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ABSTRACT: Two novel donor−acceptor molecules, 2,7diphenylbenzo[1,2-b:4,3-b′]difuran-4,5-dicarbonitrile and 2,7bis(4-methoxyphenyl)benzo[1,2-b:4,3-b′]difuran-4,5-dicarbonitrile containing cyano group as the electron acceptor, were
synthesized. Their single-crystal structures, molecular packing,
and self-assembly behaviors were also investigated. By simple
solvent evaporation techniques, these compounds selfassemble into various low-dimensional microstructures that
demonstrate distinctive nonlinear optical properties depending
on the orientations of their transition dipoles. This study
highlights the importance of the transition dipole moment in
the construction of low-dimensional molecular materials with
highly eﬃcient nonlinear optical properties.
KEYWORDS: intramolecular charge-transfer compounds, self-assembly, low-dimensional microstructures,
two-photon excitation ﬂuorescence, orientation of transition dipole

■

INTRODUCTION

With intrinsically high optical hyperpolarizabilities, the
intramolecular charge-transfer (ICT) compounds have been
extensively studied as eﬃcient second- and/or third-order NLO
materials.15−20 For typical ICT molecules, by virtue of the
structure-dependent properties,21−23 proper selections of the
electron donors (D) and acceptors (A), as well as the πconjugated bridges, lead to the optimization of their NLO
properties,24 which are custom-tailored depending on the
desired applications. On the other hand, owing to the fact that
device fabrication for the practical use requires the optical
functionality in the solid state rather than in a solution, the selfassembled nano- or microstructures of the ICT compounds
have attracted a lot of interest recently.24,25 Furthermore, the
well-organized self-assemblies have been demonstrated to
display a better performance than their individual constituent
molecules.26 The ability to prepare self-assemblies with deﬁned
morphologies and optical properties is an essential premise for
future applications.

1

Nonlinear optical (NLO) materials have been recognized for
several decades as a promising ﬁeld for wide applications in
compact three-dimensional data storage,2,3 upconversion
lasing,4 bioimaging,5 all optical switching,6,7 and signal
processing.8 The well-studied optical nonlinearities are typically
second- and third-order NLO processes. The third-order NLO
processes (e.g., two-photon excitation ﬂuorescence, TPF), in
contrast to the second-order processes (e.g., second harmonic
generation), which operate only in molecules without a center
of inversion,9 generate an excited state by simultaneous
absorption of two photons followed by the ﬂuorescence
processes.10 Although nearly all of the molecules possess a
nonzero third-order NLO susceptibility, typical molecules with
strong quadrupoles or octupoles display high two-photon
absorption cross sections.11 Although the studies on the thirdorder NLO materials are mainly focused on the molecular
engineering of organic dyes for high two-photon absorption
cross sections,12,13 very little attention has been paid to the
optimization of the orientations of the transition dipoles that
plays signiﬁcant roles in constructing low-dimensional
assemblies possessing strong NLO properties.11,14
© 2017 American Chemical Society
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Scheme 1. Synthetic Route to the Target Compounds DBD and BBD

Hz, 4H), 7.52 (m, 6H), 7.34 (s, 2H). 13C NMR (125 MHz, CDCl3, δ):
161.45, 150.72, 130.62, 129.25, 128.28, 126.60, 125.75, 112.68, 100.55,
93.93. HRMS (EI, m/z): [M+] calcd for C24H12N2O2 360.0899; found:
360.0893.
Synthesis of 2,7-Bis(4-methoxyphenyl)benzo[1,2-b:4,3-b′]difuran-4,5-dicarbonitrile (BBD). The method to synthesize this
compound was similar to that of DBD, except that 4b (2.7 mg, 13
mmol) was used instead of 4a. The residue was chromatographed on
the silica gel (CH2Cl2) to aﬀord BBD as a yellow solid (900 mg, 36%).
1
H NMR (400 MHz, CDCl3, δ): 7.92 (d, J = 8.8 Hz, 4H), 7.17 (s,
2H), 7.05 (d, J = 8.8 Hz, 4H), 3.91 (s, 6H). The 13C NMR spectrum
of BBD was not obtained due to its poor solubility. HRMS (EI, m/z):
[M+] calcd for C26H16N2O4 420.1110; found: 420.1104.
Controlled Assembly of DBD. DBD was grown into microstructures with two diﬀerent morphologies (i.e., microwires and
microtubes) by a solvent−vapor technique: 50 μL of DBD solution
(CH2Cl2, 1.39 × 10−3 M) was mixed with a certain volume of CH3OH
upon suﬃcient shaking. Subsequently, the mixture was dropped onto
the Si-wafers or copper grids. After the complete evaporation of the
solvents, microwires and microtubes can be obtained when the volume
ratio (CH2Cl2/CH3OH) is 5:2 and 5:4, respectively.
Controlled Assembly of BBD. BBD was fabricated by a similar
solvent−vapor technique: by injecting a saturated solution of BBD in
tetrahydrofuran (THF) into ethyl acetate with the volume ratio of 1:1.
After drop-casting the solution to the substrate and the subsequent
evaporation of the solvent, microrods were formed. By the direct
evaporation of a saturated solution of BBD in CH2Cl2, cuboid
microstructures could be obtained.
Characterization of DBD and BBD, corresponding the selfassembled structures as well as their optical properties, were
performed and are detailed in the Supporting Information.

In this contribution, we designed and synthesized two ICT
compounds (named as 2,7-diphenylbenzo[1,2-b:4,3-b′]difuran4,5-dicarbonitrile (DBD) and 2,7-bis(4-methoxyphenyl)benzo[1,2-b:4,3-b′]difuran-4,5-dicarbonitrile (BBD), see Scheme 1)
in which the cyano group acts as the electron acceptor. The πconjugated benzo[1,2-b:4,3-b′]difuran moiety has been chosen
as the core for its special V-shaped conﬁguration, allowing for
eﬃcient ICT processes.11 By regulating the donors, we have
tuned the charge-transfer processes; meanwhile, their molecular
packing, optical properties, and self-assembly behaviors have
been optimized. The introduction of two external electron
donors (i.e., methoxyl group) on the terminal benzene rings of
BBD would cause signiﬁcant steric hindrance. Therefore DBD
and BBD should have diﬀerent intermolecular forces leading to
various self-assembled structures. These structures exhibit very
distinctive nonlinear optical properties highly dependent on the
orientations of their transition dipoles. Our study highlights the
importance of the transition dipole in the construction of lowdimensional self-assembled molecular materials with highly
eﬃcient nonlinear optical properties, with promising applications in the next-generation optical circuits.

■

EXPERIMENTAL SECTION

Trimethyl(phenylethynyl)silane (2a), ((4-methoxyphenyl)ethynyl)trimethylsilane (2b), ethynylbenzene (3a), 1-ethynyl-4-methoxybenzene (3b), (bromoethynyl)benzene (4a), and 1-(bromoethynyl)-4methoxybenzene (4b) were prepared referring to the literature
reports.27−29
Synthesis of 2,7-Diphenylbenzo[1,2-b:4,3-b′]difuran-4,5-dicarbonitrile (DBD). Under the N2 atmosphere, a three-necked ﬂask
was charged with 4a (2.4 g, 13 mmol), 3,6-dihydroxyphthalonitrile (1
g, 6 mmol), K2CO3 (1.8 g, 13 mmol), and dimethylformamide (20
mL). The reaction vessel was placed in an oil bath at 110 °C for 12 h.
After that, PdCl2 (106 mg, 0.6 mmol) was added and the reaction was
performed at 130 °C for 8 h. The solvent was evaporated under
vacuum and the crude product was puriﬁed by column silica gel
chromatography (eluent: CH2Cl2) to aﬀord DBD as a light yellow
solid (500 mg, 23%). 1H NMR (400 MHz, CDCl3, δ): 7.99 (d, J = 7.6

■

RESULTS AND DISCUSSION
Syntheses and Characterizations. The two target
compounds DBD and BBD were synthesized following the
modiﬁed method referring to the literatures.27−29 Their
synthetic route and chemical structures are shown in Scheme
1. The synthesized donor−acceptor molecules have been
characterized by 1H NMR spectroscopy (Figures S1−S3),
30863
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Figure 1. Crystal structure of DBD (a) and hydrogen-bonded packing diagrams along the crystallographic (b) c axis and (c) a axis viewed along the b
axis. (d) The π−π and C−H···π interactions in this molecule.

Figure 2. Crystal structure of BBD (a) and hydrogen-bonded packing diagrams along the crystallographic (b) b axis and (c) c axis viewed along the c
axis and b axis, respectively.

high-resolution mass spectroscopy (HRMS, Figures S4 and S5),
and single-crystal X-ray diﬀraction (XRD) analysis (Table S1).
Single crystals of DBD were readily fabricated by slowly
evaporating its saturated solution in dichloromethane at room
temperature. As suggested by the single-crystal XRD analysis,

the as-grown rod-like crystals of DBD belong to the monoclinic
P21/C space group, with the unit cell parameters of a =
15.039(3) Å, b = 6.8992(14) Å, c = 17.874(4) Å, α = 90°, β =
103.23(3)°, and γ = 90° (see Table S1 for detailed
crystallographic data). As indicated in its single-crystal structure
30864

DOI: 10.1021/acsami.7b10109
ACS Appl. Mater. Interfaces 2017, 9, 30862−30871

Research Article

ACS Applied Materials & Interfaces

Figure 3. SEM and transmission electron microscopy (TEM) images of DBD: microrods (a, b), microtubes (d, e), and their corresponding
ﬂuorescence microscopic images (c, f). Inset of these pictures shows the zooming of these superstructures.

two kinds of intermolecular interactions involved in the
packing, namely the CN···H hydrogen bonds and the π−π
stacking. The CN···H hydrogen bonds between −CN and
the hydrogen in furan and benzene rings (2.613 and 2.611 Å,
respectively) drive the growth of the molecular chains along the
b axis (Figure 2b). However, the face-to-face π-stacking drives
the growth in the second dimension along the crystallographic c
axis to form a two-dimensional lamellar structure (Figure 2c).
These multiple intermolecular interactions help to create the
crystal packing structures and extend over the whole crystals to
ﬁx the molecular conformations.
Self-Assembled Microstructures. The synergistically
noncovalent intermolecular interactions drive the formation
of the superstructures of both ICT compound with diﬀerent,
well-ordered, and microsized superstructures by a simple
solvent evaporation method.32,33
DBD and BBD have poor solubility in conventional organic
solvents such as methanol (CH3OH), hexane, ethyl acetate, and
toluene, but both have relative good solubility in tetrahydrofuran (THF) and dichloromethane (CH2Cl2). The compound
DBD assembles into two diﬀerent morphologies by the
solvent−vapor techniques, namely as microtubes and microwires. In a typical process, a solution of DBD in CH2Cl2 (1.39
× 10−3 M, 50 μL) was injected into a certain volume of poor
solvent, CH3OH, with suﬃcient shaking. The mixture was
dropped onto the Si-wafers or copper grids directly for optical
or electric microscopic investigations. When the volume ratio
(CH2Cl2/CH3OH) is 5:2, the microwires were formed with an
average width of 300 nm (Figure 3a,b). The morphology of the
microstructures can be adjusted by changing the ratio of the
good-to-poor solvent. When the volume ratio (CH2Cl2/
CH3OH) reached 5:4, the microtubes with a width of nearly
1 μm (Figure 3d,e) were obtained. The scanning electron
microscopy (SEM) images reveal that the microwires and

and the packing diagram (Figure 1a−d), DBD has a nearly
planar conformation except one lateral benzene ring with a
distortion angle of 13.56° from the rest of the molecule.
Furthermore, DBD has a centrosymmetric unit cell of four
molecules, with their dipoles pointing in the opposite
directions, which is not expected to show any second-order
nonlinear optical properties.30
The packing diagrams indicate that the CN···H hydrogen
bonds between −CN and the hydrogen in furan and benzene
rings (the distance is 2.668 and 2.636 Å, respectively) drive the
growth of the molecular chains along the crystallographic c axis
(Figure 1b). Although the CN···H (2.642 Å) has hydrogen
bond between −CN and aromatic H, the H···H (2.399 Å)
hydrogen bonds between the two aromatic H lead to the
formation of molecular chains in the a axis direction (Figure
1c). Meanwhile, there are other kinds of intermolecular forces
existing in these crystal packing structures such as the π−π
interactions with an intermolecular distance of 3.365 Å (two
furan rings), 3.386 Å (benzene and furan rings), and C−H···π
interactions from the CH on the benzene ring to the benzene
ring of other molecules (2.896 Å).
By slowly evaporating the saturated solution of BBD (in
tetrahydrofuran) at room temperature, high-quality rhombusshaped signal crystals were acquired. Single-crystal XRD
analysis suggests that it belongs to a monoclinic C2/c space
group with the unit cell parameters of a = 23.162(7) Å, b =
9.176(3) Å, c = 9.967(3) Å, α = 90°, β = 105.992(4)°, and γ =
90°. Each unit cell has six BBD molecules, with their dipoles
pointing in the opposite directions. The single-crystal structure
and the packing diagrams (Figure 2a−c) reveal that BBD
molecules have a perfect planarity with the π-orbital overlap
close to its maximum value. This would be helpful to the
charge-transfer processes.31 Because of the steric hindrance
from the methoxyl group on the benzene ring, there are only
30865
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Figure 4. SEM and TEM images of microrods (a−c) and microcubes (d−f) of BBD. (c, f) The corresponding ﬂuorescence microscopic images.
These structures also suggest a strong waveguide behavior. Inset of these pictures gives the local ampliﬁcation of these superstructures.

Figure 5. (a) Normalized UV−vis absorption spectra of the donor−acceptor molecules in CH2Cl2 and (b) normalized photoluminescence emission
spectra of solution and solid states of DBD (λex = 378 nm) and BBD (λex = 397 nm).

morphologies. Rodlike architectures (Figure 4a,b) were formed
by the injection of a concentrated solution of BBD in THF into
ethyl acetate of the same volume. After the evaporation of the
solvents, the microrods with a length of approximately 9 μm
and a width of 1 μm appeared, as shown in Figure 4a. Except
for the mixed-solvent evaporation method, the direct
evaporation of a saturated CH2Cl2 solution of BBD has been
employed to prepare cuboid microstructures on the substrates.
Large-scale microcuboids with a width of about 2.5 μm and a
length of 5 μm are displayed in Figure 4d−f. Fluorescence
microscopic images of both structures show intense yellow
emission and also indicate good optical waveguide behaviors of
BBD molecules in the solid state.
Linear Optical Properties. Figure 5a shows the
normalized UV−vis absorption spectra of the two ICT
compounds in CH2Cl2 solution (concentration: 1 × 10−5 M).

microtubes have a high morphological purity. It is expected that
during the solvent−vapor process, all of the DBD molecules
segregated from CH2Cl2 should have been organized by the
intermolecular interactions to form certain structures in
methanol after the good solvent has evaporated ﬁrst.
Fluorescence microscopic images (Figure 3c,f) indicated that
the microstructures of DBD with both morphologies are
intense emitters. When excited by a UV (330−380 nm) light
source, the as-prepared microwires and microtubes exhibit a
strong blue emission. The brighter emission at the ends and
edges of the structures suggests strong waveguide behaviors.34,35 This phenomenon demonstrates that the DBD
microrods and microtubes are potential optical waveguide
materials.
The solvent−vapor techniques can also be applied to the
compound BBD to fabricate microstructures with two diﬀerent
30866
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with that of BBD at 418 nm is due to the stronger electrondonating ability of the methoxyl group in BBD, as simulated by
the DFT calculations (Tables S2 and S3, Figure S6).
The emission of the solution and the ﬁlm state of both ICT
compounds was recorded (Figure 5b). It is revealed that both
molecules yield intense ﬂuorescence in the two states. Two
prominent emission bands appeared when DBD molecules
were excited at 378 nm. The solution gives the emission band
centered at 416 nm, with a shoulder peak at 437 nm. When the
solution of BBD was excited at 397 nm, the emission band was
located at 449 nm, with a very weak shoulder peak at nearly 480
nm. The emission maxima in the solid state are longer than that
in the solution. For example, the λem of BBD is red shifted from
449 nm in the solution to 524 nm in the solid state, which may
be related to the “J-type” head-to-tail molecular aggregation in
the solid state.37,38
Nonlinear Optical (NLO) Properties. Because the DBD
and BBD molecules are arranged centrosymmetrically, the
microcrystals of both compounds are not expected to exhibit
strong second-order NLO responses. However, the extended πconjugation of both compounds allows for a third-order NLO
response, such as the two-photon absorption, resulting in the
subsequent two-photon excitation ﬂuorescence (TPF) re-

Three distinct UV−vis absorption bands are observed from
both compounds, and the bands at lower wavelengths (270 nm
for BBD and 284 nm for DBD) are attributed to the π−π*
transitions of the π-conjugated systems (Table 1).16 Bands in
Table 1. Photophysical Properties of the Two ICT
Compounds
COMPD
DBD
BBD

λabsmax
(nm)a
358, 378,
397
369, 397,
418

λem
(nm)b
416,
437
449

Φfc

Stoke’s shift
(nm)

0.56

19

0.18

31

ﬁlm
(nm)
476,
507
524

Δλem
(nm)d
60
75

Measured in solution (solvent: CH2Cl2; concentration: 1 × 10−5 M).
Excitation wavelengths: 378 nm for DBD and 397 nm for BBD.
c
Fluorescent quantum yield relative to quinine sulfate in 0.1 M H2SO4
(Φf = 0.54).39 The refractivity of water and dichloromethane are 1.333
and 1.424, respectively. dΔλem = λsolutionem − λsolidem.
a
b

the visible region could be assigned to the HOMO−LUMO
transitions from both molecules. These absorption bands would
undergo a red shift owing to the increased π-conjugation and/
or the stronger electron donors.36 The shorter maximum
absorption wavelength (λmax) of DBD at 397 nm compared

Figure 6. Two-photon excited ﬂuorescence response of DBD and BBD. (a) NLO spectra. (b) The logarithmic plots of the power dependence of
TPF from DBD and BBD. The slopes of the linear ﬁts are 2.0 and 2.1 for DBD and BBD, respectively. Polarization dependences on the vertically
aligned microrods of DBD (c) and BBD (d). The dots are the measured data and the solid lines represent the cos2 θ ﬁts for TPF.40
30867
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Figure 7. Simulations. Calculated HOMOs and LUMOs, as well as the transition densities corresponding to the S0−S1 transitions of DBD (a) and
BBD (b). Calculated at the level of B3LYP/6-31g**. Predicted morphologies of DBD (c) and BBD (d), showing the orientation of the molecules
and therefore the directions of the transition dipoles with respect to the axis of the microrods. The red arrows show the orientations of the overall
transition dipoles in the microcrystals.

sponses that are strongly dependent on the polarization of the
fundamental pump with respect to its well-oriented dipole
moments. The NLO properties of the as-prepared microcrystals
have been studied using a home-built laser scanning microscope
with the pump at 800 nm.11,40,41 From the spectra registered
from both compounds (Figure 6a), one can clearly notice the
broad ﬂuorescence peaks centered at 470 and 535 nm for DBD
and BBD, respectively, in line with the OPF measured from
their corresponding solid-state ﬁlms (Figure 5b). The
ﬂuorescence intensities from both compounds clearly show
quadratic dependences on the power of the incident pump,
conﬁrming the two-photon nature of the NLO processes
(Figure 6b). We further studied the TPF responses as functions

of the polarization directions of the pump with respect to the
axes of the microrods of both compounds. We chose the
vertically aligned microrods as objects and rotated the
polarization angle starting from 0° (p-polarization). As shown
in Figure 6c,d, both ICT compounds demonstrate dipolar
dependency behaviors, but with diﬀerent orientation angles.
For DBD, the highest TPF signal was observed when the
polarization angle was around 0 and 180°, which is
perpendicular to the vertically aligned microrod. As for the
BBD, the highest signal was collected with the polarization
angles of 140 and 320°, which is about 50° oﬀset from the
vertically aligned microrod. The polarization ratio, ρ = (Imax −
30868
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Imin)/(Imax + Imin), has been determined to be 0.76 ± 0.01 and
0.84 ± 0.01 for the microrods of DBD and BBD, respectively.
To clarify the relationship between the observed NLO eﬀects
and the architectures of the self-assembled microstructures, we
have carried out theoretical simulations at both the molecular
and supramolecular levels. The electronic structures of both
compounds in the ground and excited states have been carried
out at the level of B3LYP/6-31g**, and the results indicate
clear charge-transfer characteristics as shown in the frontier
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) of DBD (Figure 7a)
and BBD (Figure 7b), respectively. The transition dipoles
corresponding to the S0−S1 transitions of DBD and BBD, as
shown in their respective transition densities, are mainly along
the molecular long axes of both compounds. These directions,
as calculated by the Morphology module of the Material Studio
package, are 90 and 50° oﬀset from the long axes of the
microrods of DBD (the [010] direction; Figure 7c) and BBD
(the [001] direction; Figure 7d), respectively. This is in line
with the polarization dependence plots of both compounds.
Such a nice agreement between the simulated structures and
the observed NLO responses suggests that the well-oriented
transition dipoles of these self-assembled microsized architectures are indeed the key parameters for the optimization of the
supramolecular optical materials.
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■

CONCLUSIONS
In conclusion, we have designed and synthesized two
intramolecular charge-transfer (ICT) compounds based on a
π-conjugated diphenylbenzodifuran core and cyano group as
the electron acceptor. The tunability on the electron-donating
groups allows for the optimization of the ICT processes as well
as the self-assembly behaviors, which result in a very distinctive
linear and nonlinear optical properties of the formed lowdimensional microstructures, which are highly dependent on
the well-oriented transition dipoles. Our study highlights the
signiﬁcance of the transition dipoles in the design and
construction of the self-assembled low-dimensional molecular
materials with optimized linear and nonlinear optical responses
for applications in the next-generation optical circuits.
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