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Abstract: To design ultrabright fluorescent solid dyes, a
crystal engineering strategy that enables monomeric emission
by blocking intermolecular electronic interactions is required.
We introduced propylene moieties to distyrylbenzene (DSB)
as bridges between the phenyl rings either side of its C=C
bonds. The bridged DSB derivatives formed compact crystals
that emit colors similar to those of the same molecules in
dilute solution, with high quantum yields. The introduction of
flexible seven-membered rings to the DSB core produced
moderate distortion and steric hindrance in the DSB π-plane.

However, owing to this strategy, it was possible to control the
molecular arrangement with almost no decrease in the crystal
density, and intermolecular electronic interactions were sup-
pressed. The bridged DSB crystal structure differs from other
DSB derivative structures; thus, bridging affords access to
novel crystalline systems. This design strategy has important
implications in many fields and is more effective than the
conventional photofunctional molecular crystal design strat-
egies.

Introduction

Recently, ultrabright solid-state fluorescent materials containing
organic dyes have been applied to the fabrication of organic
light-emitting devices (OLEDs)[1] and nanoparticles,[2] as well as

for circularly polarized luminescence experiments,[3] in bio-
imaging,[4] and for lasers.[5] The wide applicability of these
materials is a function of their versatility, in terms of molecular
design, and excellent processability. Optimization of the
luminous efficiencies, emission colors, crystallinities, and molec-
ular orientations of solid-state fluorescent dyes are required for
the design of advanced OLEDs. At present, the challenges
associated with these devices are as follows. 1) Developing
fluorescent dyes that exhibit high luminescence efficiencies
without concentration quenching in their solid states is
essential.[6] J-aggregates are fluorescent dyes that exhibit strong
solid-state luminescence; however, the fluorescence wave-
lengths of their aggregated forms are different with respect to
the monomer emissions.[7] These simple systems function based
on external shielding by bulky substituents (site isolation
effect),[8] or by preventing association through hydrogen
bonding or ion-pair formation.[9] Another type of system-
aggregation-induced emission (AIE) luminogens (AIEgens) has
been investigated.[10] However, in these systems, the dye
molecules are large. Small dye molecules and crystals with small
free volumes are desired for electronic device applications.[11]

2) Predicting solid-state fluorescence spectra from dilute-solu-
tion or distributed-matrix fluorescence spectra is challenging.
Numerous organic dyes form aggregates of �2 molecules in
the excited state,[12] and the fluorescence wavelengths often
change due to intermolecular electronic interactions. Therefore,
monomeric emissive dyes with high quantum yields possess
advantages in the field of materials design. 3) To obtain
monomeric emission, controlling the dye arrangement is
essential. Methodologies based on arranging molecular π-
skeletons appropriately such that dye molecules without bulky
substituents (without increased free volume) exhibit monomeric
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emission remain underdeveloped. Therefore, novel functional
groups must be attached to the π-electron framework to
control the crystalline system. In addition, introducing a new
functional group into an existing π-electronic compound may
afford a different crystalline structure. Increased diversity in
crystal engineering is important for the development of
material design strategies.

In this study, we prepared highly fluorescent monomeric
emissive dyes, di-bridged distyrylbenzenes (DSBs), DBDB[7]s,
with highly dense crystalline structures, by introducing flexible
cyclic structures into π-conjugated DSB systems. We propose a
new crystal engineering method to control luminescence and
electronic properties in which simple alkylene bridges are
introduced to π-electron compounds. We designed DBDB[7]s
with reference to a well-known fluorescent dye, viz., DSB.[13,14]

The DBDB[7] structures include two seven-membered rings
with C=C bonds bridged loosely by propylene chains, which are
much smaller functional groups than those studied in previous
reports (Figure 1). This structure design suppressed intermolec-
ular electronic interactions without distancing the chromo-
phores – a typical result of steric-hindrance-based intermolecu-
lar-interaction-suppression strategies. This result is in stark
contrast with DSB-bearing H-aggregates[15] – the DBDB[7]s
reported herein underwent only very minor emission-wave-
length shifts. Moreover, the DBDB[7]s exhibit AIE properties,
controllable fluorescence emission, and are not mechanochro-
mic.

Results and Discussion

In this study, we classified DSB analogs into two categories
dependent on their photophysical properties: Category A is
represented by DBDB[7] and structural homologues, whereas
Category B includes not only DSB but also other related dyes
that exhibit similar photophysical properties. DSB, PPB, and
DSDMB have been previously reported.[15–17] We classified the
novel compound DBDB[6] as a Category B DSB owing to its
similarity to DSBs in terms of their photophysical properties. We
synthesized DSBs and bridged DSBs (DBDB[6] and DBDB[7]s);
detailed synthetic methods[18] are described in the Supporting
Information. Previously, we proposed the concept of bridged
stilbenes for AIEgen design.[19] In that case, a flexible ring
structure mechanically controlled the accessibility of the

configuration taken during the process of quenching the
excited-state stilbene. Compared to the melting point of 4-
phenylstilbene, that of bridged 4-phenylstilbene (8-([1,1’-bi-
phenyl]-4-yl)-6,7-dihydro-5H-benzo[7]annulene)[19] was de-
creased by 120 °C, and there was not a significant increase in
the free volume in the crystal. This result inspired the design of
the new dyes presented herein. Similar results were obtained
for curved nanographene[20] and carbon nanotubes,[21] whose
solubility was improved by introducing a seven-membered ring.

Photophysical properties

The photophysical properties, that is, the molar absorption
coefficient (ɛ), the maximum absorption wavelength (λabs),
maximum fluorescence emission wavelength (λfl), and quantum
yield Φfl, in both tetrahydrofuran (THF) and the solid-state, are
listed in Table 1. Although DSBs have been reported
previously,[15–17] a systematic study of the photophysical proper-
ties of DSBs, in both dilute solution and the solid state, has not
been reported. Therefore, we synthesized DSBs to perform a
study of this type. For example, for DSB, λabs, λfl, and Φ were
measured in dilute dichloromethane and in a single crystal; for
PPB, λabs and λfl were measured in dilute THF and in the
aggregated form; and for DSDMB, λabs was measured in dilute
chloroform only.

Dilute solutions of DSB, DSDMB, and DBDB[6] in THF exhibit
similar λabs of ~350 nm and ΦTHF of ~0.90. Meanwhile, PPB,
which contains methyl groups at the C=C bonds, exhibits a
~40 nm blue-shifted λabs of 314 nm and nearly quenched
fluorescence with a ΦTHF of 0.01. DBDB[7], with a flexible
propylene bridge, also exhibits a blue-shifted λabs (320 nm) and
a low ΦTHF (0.11). Moreover, introducing methyl groups at the
central benzene or bridging C=C bonds results in further blue-
shifting of λabs (DBDMDB[7]: λabs=273 nm, DBαMDB[7]: λabs=
284 nm), with ΦTHF values of <1%.[22] The value of ɛ depends
on the planarity of the molecular structure and decreases in the
following order: structures without cyclic moieties> six-mem-
bered ring> seven-membered ring>methyl-substituted C=C;
this order correlates with increasing π-conjugation length and
destabilization of the Franck–Condon (FC) energy at the excited
state. All the compounds, except DBαMDB[7], 5DBαMDB[7], and
tBuDBαMDB[7] (these had no emissions; we refer to these as
the DBαMDB[7]s compounds in this report), exhibited similar

Figure 1. Previously reported organic dyes that exhibit solid-state fluorescence[8a,b] and the solid-state-fluorescing organic dye designed in this work.
Functional groups are shown in red.
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fluorescence maxima λfl,THF (392–426 nm). This also implies that
their lowest singlet excited states have similar geometries
(S1 min structures), regardless of the existence of a bridged
structure or of the introduction of methyl groups at the C=C
bonds.

We calculated the radiative and non-radiative transition
rates (kr and knr, respectively) of DSB, DSDMB, DBDB[6], and
DBDB[7] in THF solutions. In the case of DSB, fluorescence
lifetimes (τ) of both the solution and solid have two
components. However, since the contribution of one of the
lifetime components was far more significant, that value was
used to approximate the rate constant. All the kr values were
similar (5.2–7.1×108 s� 1), but for DBDB[7], knr is more than 50-
fold larger than those of the other compounds (Table 1). The
fluorescence quenching of the DBDB[7]s in solution occurs
through pyramidal structures due to cleavage of π-conjugation
of the C=C bonds, similar to the situation in stilbene
derivatives.[19,23] In addition, the conjugation lengths shorten,
and the FC energies are destabilized.

This fact explains the low ɛ, λabs, and ΦTHF values of the
DBDB[7]s and PPB. The photophysical properties of DSDMB and
DBDB[6] are similar to those of DSB, as the planarity of the DSB
structure is preserved in these molecules.

The quantum yields of DSB, DSDMB, and DBDB[6] are higher
in dilute solution than in the solid state, which is typical

behavior for dyes exhibiting concentration quenching. In
contrast, PPB and the DBDB[7]s, which exhibit weak
fluorescence in dilute solution, display solid-state Φs values
that are >0.80 higher than those in solution. The λfl,solid values
of the DSBs are red-shifted by approximately 50 nm with
respect to the corresponding λfl,THF values, whereas those of the
DBDB[7]s, except tBuDBαMDB[7], are approximately 400 nm.
The λfl,solid value of tBuDBαMDB[7] is 365 nm, which is 40 nm
shorter than those of the other DBDB[7]s. The fluorescence
lifetimes of the solids (τsolid) are �2.0 ns for all the compounds
except DBDB[6] (τsolid=3.92 ns). Bridged DSB derivatives cannot
form excimers. Between the dilute THF solution and solid states,
the kr values differ by >0.31 ns� 1 for DSB and DBDB[6], whereas
this difference is only 0.05 ns� 1 for DBDB[7]. We analyzed the
differences between the fluorescence properties in solution and
the solid state for the two categories shown in Figure 2.

Category A

In general, efficient solid-state fluorescence usually occurs for
aggregates, such as J-aggregates,[7] or excimers,[24] or solid-state
monomeric emission can be efficient.[6] For DBDB[7],
DBDMDB[7], and DBαMDB[7], the change in the fluorescence
wavelength is minor (wavelength shift, <10 nm; Figure 3a), and

Table 1. Photophysical properties of DSBs, DBDB[6], and DBDB[7]s in THF and their solid states.

ɛ
[M cm� 2]

λabs
n

[nm]
λfl,THF

a

[nm]
λfl,solid
[nm]

ΦTHF
[a] Φsolid τTHF

f

[ns]
τsolid
[ns]

kr,THF

[108 s� 1]
kr,solid

[108 s� 1]
knr,THF

[108 s� 1]
knr,solid

[108 s� 1]

DSB 59000 355 411 465[b] 0.89 0.53[c] 1.45[h] 1.76[f i] 6.14[l] 3.01[m] 0.76[l] 2.67[m]

DSDMB 45000 353 426 451[c] 0.91 0.45[c] 1.54 –[j] 5.91 – 0.58 –
PPB 36000 314 411 456[d] 0.01 0.96[b] – 1.36[f] – 6.99 – 0.37
DBDB[6] 44000 349 423 451[b] >0.99 0.70[b] 1.40 3.92[f] 7.07 1.79 0.07 0.26
DBDB[7] 36000 320 408 400[d] 0.11 0.94[b] 0.21 1.61[f] 5.24 5.71 42.4 0.50
DBDMDB[7] 40000 273 392 382[e] 0.01 0.93[e] – –[k] – – – –
DBαMDB[7] 28000 284 – 413[d] <0.01 >0.99[b] – 1.21[f] – 8.18 – 0.08
5DBαMDB[7] 31000 286 – 407[d] <0.01 >0.99[b] – 1.00[f] – 9.90 – 0.10
tBuDBαMDB[7] 26000 283 – 365[e] <0.01 0.84[d] – –[g,j,k] – – – –

Excitation wavelength: [a] max λabs, [b] 370 nm, [c] 400 nm, [d] 330 nm, [e] 300 nm, [f] 379 nm, and [g] 269 nm. [h] Only τ2 is shown as its contribution to the
overall decay is 91%. τ1=0.74 ns (9%). [i] Only τ1 is shown as its contribution to the overall decay is 93%. τ2=3.92 ns (7%). [j] Two components. DSDMB:
0.82 ns (63%) and 1.67 ns (37%); tBuDBαMDB[7]: 0.13 ns (32%) and 1.74 ns (68%). [k] As we did not have the proper wavelength cutting filter or LED laser,
it was not possible to obtain these values for DBDMDB[7], and the result for tBuDBαMDB[7] might be inaccurate. [l] Calculated from τ2. [m] Calculated from
τ1. [n] Dilute THF solution. The absorption spectra of the solid-state compounds were measured by the diffuse-reflection method (Figure S3).

Figure 2. Structures of the DSBs, DBDB[6], and DBDB[7]s classified into two categories.
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the quantum yield is >0.8 higher in the solid state than in
solution. Although new band structures were observed for
these dyes, the changes were small; therefore, the fluorescence
properties are comparable to those of monomeric lumines-
cence.

DBDB[7], DBDMDB[7], and DBαMDB[7] agglomeration ex-
periments were performed to better understand the photo-
physical characteristics of these molecules and to determine
whether their photophysical properties in the agglomerated
state and the solid state differ. The agglomeration study of
DBDB[7], DBDMDB[7], and DBαMDB[7] in THF/water reveals that
λabs, λfl, and ɛ in a 90% water suspension were similar to those
in dilute THF solutions. However, for the aggregates in 70 or
80% water suspensions, large blue-shifts in λfl (particularly for

DBαMDB[7]) and decreases in ɛ were observed, possibly owing
to differences in the molecular conformations taken compared
to those in dilute THF solution or the solid state (Figures S11–
13, Tables S1–3).

Photophysical measurement of powdered DBαMDB[7] was
performed (Figure S6). λfl and Φsolid were similar before and after
grinding, revealing that DBαMDB[7] is not a mechanochromic
dye.[25]

5DBαMDB[7] exhibits emission characteristics similar to
those of DBαMDB[7], whereas tBuDBαMDB[7], which has a
bulky substituent, exhibits a high Φsolid value (0.84), although
λfl,solid for this molecule is approximately 40 nm shorter than
those for the other molecules due to conformational change.
tBuDBαMDB[7] in the solid state and DBαMDB[7] in a 70–80%
water suspension exhibit identical conformations, as their λfl
values are similar. Steric hindrance caused by bulky substituents
at the axial positions in tBuDBαMDB[7] results in a larger
distance between the π-electron systems in the core than in the
other DBDB[7]s. The introduction of substituents along the π-
electron framework axis enables control over the crystal
structure and fluorescence wavelength (Figure 4).

Although the conjugation lengths were shortened by the
introduction of flexible bridges, it is apparent that this design
strategy is advantageous for the development of AIEgens
because DBDB[7]s exhibited almost no emission in THF but
strong fluorescence in the solid state.

Category B

In a previous study,[15,16] DSB and PPB were found to form H-
aggregates in the solid state. Compared to PPB in solution,
solid-state PPB exhibits a longer λfl,solid (Figure 3b) and a higher
Φsolid value.

The fact that the λfl and Φfl values of DSDMB and DBDB[6]
are comparable to those of the DSBs implies that these
molecules are likely to form H-aggregates, and the crystal
structures of DSDMB and DBDB[6] are similar to that of DSB
(Figures S21, S22, and S24). In DSB with methyl groups
introduced at the lateral positions (DSDMB) or DSB with a

Figure 3. Fluorescence spectra of a) DBDB[7]B, DBDMDB[7], and b) DSBs in
dilute THF (dashed lines) and in the solid state (solid lines).

Figure 4. Single-molecule and crystal structures of DBDB[7], DBDMDB[7], DBαMDB[7]-cross, and DBαMDB[7]-parallel. The central benzene groups are shown in
red, and the bridging groups are shown in blue.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202201884

Chem. Eur. J. 2022, 28, e202201884 (4 of 10) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 14.09.2022

2252 / 260166 [S. 39/45] 1



highly planar six-membered-ring core (DBDB[6]), monomeric
emission is unfavorable in the solid state, and in solution.

Single-crystal X-ray structure analysis

We analyzed the relationships between the photophysical
properties and crystal structure among the investigated dyes.

Category A

The torsion angles between the C=C bonds and the central and
outer benzene rings are ϕi and ϕo, respectively, as shown in
Figure 5.

In DSB, the central and outer benzene rings occupy almost
parallel planes. Conversely, DBDB[7] and DBDMDB[7] have large,
twisted structures. The difference between ϕi and ϕo in DBDB[7]
is only 7–9°; thus, the central and outer benzene rings are
twisted to the same degree with respect to the double bond.
DBDB[7] exists as one of two structures with different bridge
configurations, and the two crystal structures are enantiomeric.
In DBDMDB[7], ϕi is approximately 74° larger than ϕo, indicating
that the central benzene ring is more twisted with respect to
the double bond, compared to the outer benzene ring.
DBαMDB[7] was dissolved in a hexane/dichloromethane mix-
ture, and then the solution was gradually evaporated under
atmospheric conditions to yield two types of single crystals: a

cross type, with twisted central and outer benzene rings, and a
parallel type, with almost no twisting (Figure 5). In both
structures, the magnitudes of ϕo and ϕi are similar, and the
central and outer benzene rings are twisted equally with
respect to the bridging double bond. The λfl and Φ values of
the two DBαMDB[7]-cross/parallel single crystals are shown in
Figure 6.

In DBDB[7], DBDMDB[7], and DBαMDB[7], the benzene rings
of adjacent overlapping molecules are almost orthogonal; thus,
the electronic interactions are negligible. These three molecules
exhibit solid-state monomeric emission. The molecular structure
is probably similar to that in dilute THF solution, as their
fluorescence properties in dilute THF solution and the solid
state are similar.

In the case of DBαMDB[7], the molecular conformation can
be controlled by recrystallization, and the conjugation length
and luminescence properties of the chromophore can therefore
be manipulated. Moreover, the λfl values of the DBαMDB[7]
aggregate in a 70% water suspension and the DBαMDB[7]-
parallel crystal were shown to be similar, indicating that these
conformations are the same.

Finally, in terms of the molecular densities and occupancies,
no difference was observed between the DSBs and DBDB[7]s
(Table S6). Introducing a flexible bridging structure into the π-
framework results in a different crystal, but the free volume is
not increased.

The molecular structure of 5DBαMDB[7] was similar to that
of DBαMDB[7]-cross, and that of tBuDBαMDB[7] was identical to
that of DBαMDB[7]-parallel (Figure S20). For tBuDBαMDB[7], the
distance between the benzene rings in adjacent molecules that
overlapped in-phase was approximately 1.1 Å longer than that
for DBαMDB[7]-parallel. We were not able to analyze the
fluorescence properties of the DBαMDB[7]s in detail because

Figure 5. a) Definitions of ϕo and ϕi. b) Torsion angles of DBDB[7],
DBDMDB[7], DBαMDB[7]-cross, and DBαMDB[7]-parallel.

Figure 6. Fluorescence spectra, λfl, and Φ of DBαMDB[7]-cross and
DBαMDB[7]-parallel.
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they exhibited no fluorescence in dilute THF solutions (AIE).
However, these molecules are expected to exhibit monomeric
fluorescence in the solid state, based on their Φsolid and τsolid
values and crystal structures.[26]

Category B

Each molecule is highly planar, and DSB, PPB, and DBDB[6]
adopt edge-to-face herringbone structures. The intermolecular
distances between the chromophores (dchr, Figure 7c) of DSB
and DBDB[6] are 3.6 Å, whereas that of PPB is 3.7 Å. We define
the tilt angle between the central and outer benzenes in
adjacent molecules as α and β, respectively (Figure 7a). The
magnitudes of α follow the order DBDB[6]>PPB>DSB, whereas
those of β follow PPB>DSB>DBDB[6] (Figure 7b). In PPB, the
electronic interactions are weak because the molecule exhibits
a dchr value larger than those of the other compounds, and α
and β are >70°, suggesting large dihedral angles between
adjacent molecules. Thus, the quantum yield of PPB is higher
than those of the other DSBs. Conversely, DSDMB adopts a
face-to-face zigzag column structure. In DSDMB, the dchr value is
3.7 Å, which is the same as that of PPB, but stronger electronic
interactions exist compared to those of PPB owing to the face-
to-face structure, which might explain its low Φsolid value.

DBDB[7] has unique crystal structures differing from those
of any DSB derivatives, and exhibits many excellent character-
istics. The introduction of flexible cyclic structures into π-cores
contributes to diversity in crystal chemistry.

Theoretical study

We calculated the transition from the ground to the excited
states of a single molecule with the configuration it takes in a
single crystal using time-dependent self-consistent field theory
at the ωB97XD/6-311G (d,p) level of theory. The calculated
absorption wavelengths in the solid state are similar to the
experimental values (Table S10). It is challenging to precisely
assess the absorption wavelengths and molecular packing
structures in the solid state using low-resolution diffuse-

reflection spectra or these calculations. Therefore, herein we
present a qualitative discussion of the photophysical property
trends. Each of the compounds exhibited an So!S1 transition in
which the highest occupied molecular orbital (HOMO)–lowest
unoccupied molecular orbital (LUMO) transition was dominant
(Table S10). The HOMO and LUMO electron cloud distributions
and energy levels are shown in Figures S31 and S32 as well as
Table S11. In DBDMDB[7], π-conjugation is localized and not
extended. In contrast, in the other compounds, π-conjugation is
extended over the entire molecule. Because ϕi of DBDMDB[7] is
>90°, the π-conjugation is localized within the outer rings.
Considering the HOMO and LUMO energies of all the com-
pounds with respect to those of DSB, the HOMO energies are
within �0.4 eV but the LUMO energies differ by up to 1.5 eV.
The HOMO energy levels of DBαMDB[7]-cross and DBαMDB[7]-
parallel, in particular, are similar, although their molecular
structures differ considerably.

We calculated the overlap between the natural bond
orbitals (NBOs) of adjacent molecules for the DSBs, DBDB[7],
DBDMDB[7], and DBαMDB[7]-cross/parallel in single crystals at
the ωB97X/6-311G(2d,2p) level of theory (Figures S33–S39). We
analyzed only the overlap between occupied and unoccupied
C=C bonding orbital of adjacent molecules because our focus
was the molecular light-emitting behaviors in the solid state.
Overlap between the NBOs in DSDMB was observed, but in
DBDMDB[7], with the introduction of the bridging structure,
NBO overlap was not observed. The NBO overlap of
DBαMDB[7]-parallel is 0.49 kcalmol� 1 less than that of PPB;
conversely, that of DBDB[7] is 0.79 kcalmol� 1 greater than that
of DSB, and that of DBαMDB[7]-cross is 0.63 kcalmol� 1 greater
than that of PPB.

These results are not in accordance with the results of our
photophysical study, which indicate that there is little electronic
interaction between individual DBDB[7] molecules. However,
NBO analyses evaluate the states of bonding orbitals isolated
from the stabilizing structure of the π-conjugated system.
Therefore, it is reasonable to suggest that the DBDB[7]
molecules exist in unique crystal structures with few intra-
molecular electronic interactions, despite the close proximity of
their adjacent π-conjugated planes.

Conclusion

We have successfully synthesized bridged DSBs (DBDB[7]s), and
crystal structures with compact packing, and solid-state mono-
meric fluorescence spectra similar to the dilute-solution
fluorescence spectra were obtained. Unlike conventional design
methods based on the use of bulky functional groups or
capsules to isolate dyes, introducing small functional groups
(flexible propylene bridges) to a π-conjugated system yielded
monomeric emission in the solid state. The π-distortion and
appropriate degree of steric hindrance generated by the flexible
propylene bridges enabled the DBDB[7]s to form compact
crystal structures with few intermolecular electronic interac-
tions. The DBDB[7]s also possess the following valuable
characteristics: 1) AIE character (Φsolid>0.80); 2) low melting

Figure 7. a) Arrangements of adjacent DSB,[14] PPB,[15] and DBDB[6] molecules
in the solid state. The angles between the central (top row, α) and outer
(bottom row, β) benzene rings are defined. b) Values of α and β for each
compound. c) Definition of dchr.
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points (Table S7) and good processability because they can
adopt many conformations owing to their flexible cyclic
structures; and 3) they are not mechanochromic. The fact that
they are not mechanochromic means that these dyes have no
limitations in terms of the processing methods that can be used
in applications, and hence they can be incorporated into
materials and devices. In other words, their application perform-
ance is, to a certain extent, independent of the environment.
These unique properties suggest that the DBDB[7] molecules
will contribute to future material design strategies. For example,
a desired luminescence color can be generated by arranging
multiple dyes with different luminescence wavelengths without
them interacting with each other. The crystal structure obtained
by introducing flexible cyclic structures to π-cores will depend
on the selected π-electron molecule. This strategy dramatically
expands the diversity of crystal structure fabrication ap-
proaches.

We plan to introduce alkylene bridges to various skeletons
and further study the crystal chemistry of this class of molecules
in the future. Development of the flexible-alkylene-bridge
concept should reveal novel functions for materials based on
hardly soluble rigid-rod π-conjugated molecules and
polymers.[27] For these rod-shaped molecules, there is a trade-
off between improving the processability and molecular align-
ment; this is an obstacle to improving device performance that
we are currently attempting to resolve.

Experimental Section
Measurement methods of photophysical properties: UV-Vis spec-
tra were recorded on a JASCO V-670 UV-vis spectrophotometer,
and fluorescence spectra were recorded on a JASCO FP-6500
spectrofluorometer. The wavelengths obtained by the fluorescence
spectrometer were converted to wavenumber using the equation
I(~v)=λ2I(λ)4. Absolute quantum yields were measured by a
Hamamatsu Photonics Quantaurus QY apparatus.

All photophysical measurements were performed using dilute
solutions with optical densities (ODs) around 0.1 at the maximum
absorption wavelength in 1 cm path length quartz cells at room
temperature (298 K). In addition, all sample solutions were
deaerated by bubbling with argon gas for 15 min prior to the
quantum yield.

Emission lifetimes were obtained using a Horiba FluoroCube time-
correlated single-photon counting system. The excitation light
sources were LED pulse lamps (NanoLED, 269 and 379 nm). The
solution samples were dissolved in THF and purged with argon for
20 min before lifetime measurements. In all samples, the time-to-
amplitude converter ranges were 50 ns, and the amounts of counts
were 10000. Reptation rates were 1 MHz in solution samples and
100 kHz in solid samples.

Diffuse-reflectance spectra were recorded on a JASCO FP-6500
spectrofluorometer equipped with an integration sphere detec-
tor. Thus, the experimental error arising from the fluorescence,
typically encountered with diffuse-reflectance spectrometers
producing polychromatic outgoing light, was avoided. Samples
and references were charged in a JASCO powder sample cell to
obtain a sufficiently thick powder layer. Just before each
measurement, the synchronous spectrum of the NaBr powder
was measured as a reflectance spectrum of a standard reference

rstandard(λ). Then, a reflectance spectrum of each sample rsample(λ)
was obtained following the same procedure. In addition to neat
powder samples, the spectra of samples adsorbed on the NaBr
powder were measured at a concentration of 1.0×10� 3 M. The
obtained reflectance spectra rsample(λ) and rstandard(λ) were con-
verted to Kubelka–Munk functions f(r∞) by using the following
equation:

f r∞ð Þ ¼
1 � r∞ lð Þð Þ2

2r∞ lð Þ
; where r∞ lð Þ ¼

rsample lð Þ

rstandard lð Þ

All diffuse-reflectance spectra are displayed at plots of the Kubelka-
Munk functions, i. e., f(r∞) as a function of the wavelength, λ.

X-ray crystallographic data: Deposition Numbers 2168494 (for
DSDMB), 2168495 (for DBDB[6]), 2168496 (for DBDB[7]), 2168497
(for DBDMDB[7]), 2168498 (for DBαMDB[7]-cross), 2168499 (for
DBαMDB[7]-parallel), 2168500 (5DBαMDB[7]), and 2168501 (for
tBuDBαMDB[7]) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Synthesis of DBDB[7]s (Scheme 1)

1-Methylene-1,2,3,4-tetrahydronaphthalene (7a): Meth-
yltriphenylphosphonium bromide (8.0 g, 22.3 mmol) was dis-
solved in THF (50 mL) under argon and stirred at 0 °C. Potassium
tert-butoxide (1.7 g, 22.1 mmol), and α-tetralone (6, 1.99 mL,
15.0 mmol) were added to the mixture and stirred at room
temperature for 1 h. Saturated aqueous NH4Cl was added, and
the mixture was extracted with ethyl acetate. The organic layer
was washed with water three times, dried over MgSO4, filtered,
and evaporated under reduced pressure to give a residue. The
residue was chromatographed over silica gel, eluting with
hexane/dichloromethane (3 : 1, v/v) to give crude 7 a as colorless
oil. Yield: 85%; 1H NMR (500 MHz, CDCl3): δ=7.65 (d, J =7.3 Hz,
1H), 7.18–7.13 (m, 2H), 7.10 (d, J =7.3 Hz, 1H), 5.48 (s, 1H), 4.95 (s,
1H), 2.85 (t, J =6.1 Hz, 2H), 2.55 (t, J =5.8 Hz, 2H), 1.91–1.86 (m,
2H; Figure S49).

1-Ethylidene-1,2,3,4-tetrahydronaphthalene (7b): Following a sim-
ilar procedure used for the synthesis of 7 b from ethyltriphenyl-
phosphonium Iodide (6.16 g, 14.7 mmol) and α-tetralone (6,
1.33 mL, 10.0 mmol) stirred at room temperature for 4 h,
chromatography over silica gel, eluting with hexane/dichloro-
methane (4 : 1, v/v) gave crude 7 b as a colorless oil. Yield:

Scheme 1. Synthesis of DBDB[7], DBDMDB[7], and DBαMDB[7].
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97%;1H NMR (399 MHz, CDCl3): δ=7.57–7.55 (m, 1H), 7.42 (dt, J =

8.5, 3.4 Hz, 0H), 7.18–7.07 (m, 3H), 6.14–6.08 (m, 1H), 5.57 (q, J =

7.3 Hz, 0H), 2.83 (t, J =6.6 Hz, 1H), 2.76 (t, J =6.2 Hz, 1H), 2.50 (t,
J =6.4 Hz, 1H), 2.43–2.39 (m, 1H), 1.93–1.79 (m, 5H; Figure S50;
7 b was a mixture of E and Z configurations).

5,7,8,9-Tetrahydro-6H-benzo[7]annulen-6-one (8a):[18] 7a (1.83 g,
12.7 mmol) was dissolved in 95% methanol (60 mL), and
[hydroxy(tosyloxy)iodo]benzene (5.01 g, 12.8 mmol) was added.
The solid dissolved evolution of heat rapidly to a yellow solution.
The solution was stirred at room temperature for 20 min, and the
solvent was removed in vacuo. Dichloromethane and water were
added, and the mixture was extracted with dichloromethane. The
organic layer was washed with water and brine three times, dried
over MgSO4, filtered, and evaporated under reduced pressure to
give a residue. The residue was chromatographed over silica gel,
eluting with hexane/ethyl acetate (3 : 1, v/v) to give crude 8a as a
colorless oil. Yield: 84%; 1H NMR (500 MHz, CDCl3): δ=7.22–7.14 (m,
4H), 3.73 (s, 2H), 2.95 (t, J=6.3 Hz, 2H), 2.57 (t, J=6.9 Hz, 2H), 2.02–
1.97 (m, 2H; Figure S51).

5-Methyl-5,7,8,9-tetrahydro-6H-benzo[7]annulen-6-one (8b):[18] Fol-
lowing a similar procedure used for the synthesis of 8a from 7b
(1.36 g, 8.6 mmol), chromatography over silica gel, eluting with
hexane/ethyl acetate (3 :1, v/v) gave crude 8b as a colorless oil.
Yield: 69%;1H NMR (399 MHz, CDCl3): δ=7.24–7.18 (m, 3H), 7.16–
7.10 (m, 1H), 3.88 (q, J=7.2 Hz, 1H), 2.97 (qd, J=7.3, 4.6 Hz, 1H),
2.87–2.80 (m, 1H), 2.68–2.63 (m, 1H), 2.48 (qd, J =5.9, 4.2 Hz, 1H),
2.09–2.04 (m, 1H), 1.98–1.87 (m, 1H), 1.45 (d, J=6.9 Hz, 3H;
Figure S52. The compound was a 11 :5 mixture of ketone and
acetal).

6,7-Dihydro-5H-benzo[7]annulen-8-yl trifluoromethanesulfonate (9a):
8a (1.70 g, 10.6 mmol) was dissolved in THF (30 mL) under argon.
The reaction mixture was cooled to � 20 °C, and potassium tert-
butoxide (1.58 g, 14.1 mmol) was added to the mixture and stirred
at 0 °C for 1 h. The mixture was cooled to � 20 °C, and N-
phenylbis(trifluoromethanesulfonimide) (4.95 g, 14.1 mmol) was
added to the mixture and stirred at � 20 °C for 1 h, and then stirred
at 0 °C for 4 h. Water was added, and the mixture was extracted
with ethyl acetate. The organic layer was washed with water and
saturated with aqueous NaHCO3, dried over MgSO4, filtered, and
evaporated under reduced pressure to give a residue. The residue
was chromatographed over silica gel, eluting with hexane/ethyl
acetate (6 :1, v/v) to give crude 9a as a colorless oil. Yield: 93%;
1H NMR (500 MHz, CDCl3): δ=7.21–7.16 (m, 3H), 7.11 (t, J=4.1 Hz,
1H), 6.59 (s, 1H), 2.89 (t, J=4.9 Hz, 2H), 2.79 (t, J=6.6 Hz, 2H), 2.02–
1.97 (m, 2H; Figure S53. (The compound was a 5 :1 mixture of 9a
and N-phenylbis(trifluoromethanesulfonimide).

9-Methyl-6,7-dihydro-5H-benzo[7]annulen-8-yl trifluoromethanesulfo-
nate (9b): Following a similar procedure used for the synthesis of
9a from 8b (1.16 g, the amount of ketone=4.4 mmol), chromatog-
raphy over silica gel, eluting with hexane/ethyl acetate (6 : 1, v/v),
gave crude 9b as a colorless oil. Yield: 41%; 1H NMR (399 MHz,
CDCl3): δ=7.32–7.28 (m, 2H), 7.24–7.21 (m, 2H), 2.69 (t, J=6.6 Hz,
2H), 2.32–2.22 (m, 4H), 2.17 (s, 3H) (Figure S54).

1,4-Bis(6,7-dihydro-5H-benzo[7]annulen-8-yl)benzene (DBDB[7]): A
mixture of 9 a (0.90 g, 3.1 mmol), 1,4-benzendiboronic acid
bis(pinacol) ester (0.47 g, 1.4 mmol), K3PO4 (2.06 g, 9.7 mmol),
and Pd(PPh3)4 (0.18 g, 0.16 mmol) was dissolved in THF/water
(5 : 1, v/v; 15 mL) under argon. The reaction mixture was refluxed
at 60 °C overnight and then cooled to room temperature. The
organic layer was washed with water three times, dried over
MgSO4, filtered, and evaporated under reduced pressure to give
a residue. The residue was chromatographed over silica gel,
eluting with hexane/dichloromethane (9 : 1, v/v), and recrystalliz-

ing from hexane/dichloromethane (3 : 1, v/v) to give DBDB[7] as a
yellowish solid. Yield: 17%; Mp: 181.2 °C; 1H NMR (399 MHz,
CDCl3): δ=7.52 (s, 4H), 7.26–7.21 (m, 4H), 7.19 (d, J =6.4 Hz, 2H),
7.17–7.13 (m, 2H), 6.86 (s, 2H), 2.83 (t, J =6.2 Hz, 4H), 2.67 (t, J =

6.9 Hz, 4H), 2.27–2.21 (m, 4H) (Figure S55); 13C NMR (100 MHz,
CDCl3): δ=142.9, 142.5, 141.4, 137.6, 130.5, 129.1, 128.5, 126.7,
126.2, 126.1, 34.4, 32.4, 30.9 (Figure S56); HRMS (EI) calcd for
C28H26: 362.2035; found: 362.2028 (Figure S73).

8,8’-(2,5-Dimethyl-1,4-phenylene)bis(6,7-dihydro-5H-
benzo[7]annulene) (DBDMDB[7]): Following a similar procedure
used for the synthesis of DBDB[6] from 9 a (0.90 g, 3.1 mmol) and
2,5-dimethyl-1,4-dibenzenediboronic acid bis(pinacol) ester
(0.50 g, 1.4 mmol), refluxed at 50 °C overnight, chromatography
over silica gel, eluting with hexane/dichloromethane (9 : 1, v/v),
and recrystallization from hexane/dichloromethane (2 : 1, v/v)
gave DBDMDB[7] as a colorless solid. Yield: 55%; Mp: 156.9 °C;
1H NMR (399 MHz, CDCl3): δ=7.21–7.11 (m, 8H), 7.06 (s, 2H), 6.41
(s, 2H), 2.94–2.91 (m, 4H), 2.55 (t, J =6.4 Hz, 4H), 2.34 (s, 6H),
2.20–2.13 (m, 4H) (Figure S57); 13C NMR (100 MHz, CDCl3): δ=

144.4, 144.3, 141.4, 136.9, 131.9, 130.7, 130.3, 129.9, 129.2, 126.6,
126.1, 36.2, 35.4, 29.3, 19.6 (Figure S58); HRMS (EI) calcd for
C30H30: 390.2348; found: 390.2351 (Figure S74).

1,4-Bis(9-methyl-6,7-dihydro-5H-benzo[7]annulen-8-yl)benzene
(DBαMDB[7]): Following a similar procedure used for the synthesis
of DBDB[6] from 9b (0.31 g, 1.0 mmol) refluxed at 50 °C for 1.5 h,
chromatography over silica gel, eluting with hexane/dichloro-
methane (9 :1, v/v), and recrystallization from methanol/dichloro-
methane (3 :1, v/v) gave DBαMDB[7] as a colorless solid. Yield: 49%;
Mp: 163.3 °C; 1H NMR (399 MHz, CDCl3): δ=7.37 (dd, J=7.8, 0.9 Hz,
2H), 7.31–7.27 (m, 6H), 7.23 (dd, J=7.3, 1.8 Hz, 2H), 7.19 (td, J =7.1,
1.4 Hz, 2H), 2.71 (t, J=6.9 Hz, 4H), 2.20 (m, 8H), 2.10 (s, 6H)
(Figure S59); 13C NMR (100 MHz, CDCl3): δ=143.6, 142.0, 140.3,
137.9, 131.8, 128.6, 128.3, 126.6, 126.2, 34.7, 32.9, 32.2, 20.1
(Figure S60); HRMS (EI) calcd for C30H30: 390.2348; found: 390.2350
(Figure S75).
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