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Push-Pull Bridged Distyrylbenzene with Highly Bright Solid-

State Red-Orange Aggregation-Induced Emission

Yoshimichi Shimomura® and Gen-ichi Konishi*?!

Abstract: Multiple emission colors in solid-state organic
fluorophores with the same main skeleton are essential for
improving the performance of light-emitting devices/materi-
als. Specifically, emission in the red/near-infrared region is of
great importance in the biological field. Previously, we
developed di-bridged-distyrylbenzene DBDB[7] with high-
brightness solid-state blue and aggregation-induced emis-
sions (AIE) by introducing the bridging structures of a seven-
membered ring into the vinylene groups of distyrylbenzene
(DSB). Herein, we synthesize MNDBDMeODB[7] (1), which
features substituted methoxy and malononitrile groups as
donor and acceptor groups, respectively, in DBDB[7]. In
solvents more polar than THF, MNDSDMeOB (3), which has

~

the same main skeleton as 1 but without bridges, shows no
emission in the solid state, whereas 1 exhibits highly bright
red-orange emission in the solid state owing to the
suppression of intermolecular electronic interactions by the
bridges and the AIE property. We also synthesize
MNDSD(EHO)B (2) in which the methoxy groups of 3 are
replaced by ethylhexyloxy groups, thus disrupting the
crystallinity of the molecule. 2 exhibits positive fluorescence
solvatochromism and has a high fluorescence quantum yield
in the solid state as a red-emitting DSB derivative. The solid-
state emission properties of 1 and 2 will improve the
applicability of DSBs and functionalities of light-emitting
devices/materials.
_/

Introduction

Organic light-emitting materials, such as OLEDs," bioimaging,”
lasers,” security inks,” and high-sensitivity chemical sensors,”
are widely used in the 21% century owing to their low cost, light
weight, processability, versatility in molecular design, and no
resource risks involving rare metals. However, to achieve higher
performance and diversification, these devices require the
development of high-performance advanced fluorescent dyes.
An effective strategy to develop such dyes includes the
synergistic effect of m-electron backbone and polar functional
groups. A common luminescent m-conjugated molecule is
trans-distyrylbenzene (DSB).” DSB is an oligo-phenyleneviny-
lene molecule with a simple structure, three benzene rings, and
easily introduced substituents. DSB exhibits high molar absorp-
tion and a high-emission quantum yield (@) in both the
solution (0.89) and solid states (0.53).” Moreover, it has
excellent properties that do not cause concentration quenching
in the solid state, which usually occurs in the case of conven-
tional fluorescent dyes.® Owing to the interesting features of
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DSB, many DSB derivatives substituted with various functional
groups have been developed. These derivatives can be
categorized into three groups: unsubstituted vinylene unit
group,® methyl-substituted vinylene unit group,"” and cyano-
substituted vinylene unit group.®™ In particular, the cyano-
substituted DSBs have been extensively investigated because
their dyes form J-aggregates and exhibit strong emissions.
Meanwhile, for molecular imaging applications in biological
and material sciences, balancing red emission and aggregation-
induced emission (AIE) properties is important. The red/near-
infrared emission range is considered as the so-called “bio-
logical window” because it shows high permeability in bio-
logical tissues and hence is used in high resolution imaging
techniques.'”? AIE has been extensively studied™' since Tang
proposed™ it as a quenching phenomenon in solution and as
an emission property of the solid/aggregate states. The
applications of AIE include the background-free analysis of
living systems,!'® non-invasive treatments for cancer and other
diseases,"” and the design of highly efficient solid-state light-
emitting materials."® Numerus studies related to DSB have
been conducted, some of which report the solid-state red/near-
infrared emission properties of DBS-based dyes."” However,
(22,2 7)-2,2' -(1,4-phenylene)bis(3-(4-
(dibutylamino)phenyl)acrylonitrile), substituted cyano groups
into the vinylene units, is known as one example of red-
emitting AIE type DSB derivative.”” Such a DSB dye emits light
by forming J-aggregates. Because of the importance of red-
emitting AIE luminogens (AlEgens), more AlE-type red-emitting
DSB derivatives need to be developed. Monomeric luminescent
AlEgens, which emit light in a physically adsorbed state, are
particularly useful in molecular imaging. Moreover, to develop
the crystal forms of organic light-emitting compounds with

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Chemical structures of previous and this works' compounds. DSB,* DBDB[7],” MNDSDMeOB,* BPST[7],"* DSDMB,” DBDMDBI[7]".

diverse functions, unsubstituted vinylene DSBs need to be
developed.

Recently, we succeeded in providing DSB with AIE functions
by introducing a bridging structure into the stilbene moiety,
1,4-bis(6,7-dihydro-5H-benzo[7]annulen-8-yl)benzene (di-
bridged-DSB: DBDBI[7], Figure 1).” The bridging structure is a
seven-membered ring in which a propylene group connects the
vinyl group and outer benzene ring of DSB. This bridging
structure increases the accessibility of the conical intersection
(Cl) of DSB with vinyl group cleavage in dilute solutions, which
is common in stilbene-based molecules,”” and promotes non-
radiative decay from excited states. DBDB[7] exhibits high @
with high dye density, unlike typical AlEgens, such as
tetraphenylethene (TPE) and hexaphenylsilole (HPS)."™ In the
solid/aggregate states, a singular conformation and steric
hindrance decrease intermolecular electronic interactions, and
DBDB[7] exhibits monomeric emission with high @. We
hypothesized that a red-emitting-AIE DSB independent of J-
aggregate formation could be designed by introducing a
bridging structure into red-emitting DSBs with unsubstituted
vinylene. We chose 2,2'-((((1E,1'E)-(2,5-dimethoxy-1,4-
phenylene)bis(ethene-2,1-diyl))bis(4,1-phenylene))bis(meth-
aneylylidene))dimalononitrile (MNDSDMeOB (3), Figure 1) as a
model red-emitting DSB, which was reported by Li et al.”? In
the literature, 3 emits red color only in highly polar solvents
and shows fluorescent solvatochromism.”? However, its lumi-
nescence properties in the solid state have not been inves-
tigated. We synthesized 3 and investigated its photophysical
properties in the solid state; 3 showed no emission. The
fluorescence quenching of 3 in the solid state is due to the
formation of H-aggregates.

In this study, we developed 2,2-(((2,5-dimethoxy-1,4-
phenylene)bis(6,7-dihydro-5H- benzoannulene-8,3-
diyl))bis(methaneylylidene))dimalononitrile (MNDBDMeODBI7])
(1), which features bridging structures at the vinylene units of 3,
to prepare AlEgens that exhibit red emission in the solid state,
and examined the photophysical properties of the resulting
compound in the solution and solid states. We have shown that
the introduction of the bridging structure into a vinylene unit is
useful for designing AlEgens and achieving strong solid-state
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luminescence without using J-aggregate formation. Further-
more, we designed 2,2"-((((1E,1'E)-(2,5-bis((2- ethylhexyl)oxy)-
1,4-phenylene)bis(ethene-2,1-diyl))bis(4,1-phenylene))bis-
(methaneylylidene))dimalononitrile (MNDSD(EHO)B) (2), in
which the ethylhexyloxy groups replace the methoxy groups of
3 with decreased crystallinity, and investigated its photo-
physical properties. 2 showed red fluorescence in both solution
and the solid state. Thus, a non-luminescent DSB dye in the
solid state could be transformed into a luminescent dye by
introducing substituents that prevent the formation of crystals
in the m-electron backbone.

Results and Discussion

We synthesized 1 using a scheme similar to that employed to
obtain DBDBI[7] (Scheme 1 and 2, see the Experimental Section).
6-Bromo-1-tetralone was used as the starting material, Br was
transformed into a formyl group, and 1 was obtained via
Knoevenagel condensation with malononitrile. 2 and 3 were
obtained using the Mizoroki-Heck reaction and Knoevenagel
condensation. (Scheme S1)

The photophysical properties of 1, 2, and 3 in toluene,
chloroform (CHCI,), tetrahydrofuran (THF), dichloromethane
(CH,CL,), dimethylformamide (DMF), their solid states, and
0.1 wt.% doped polymethylmethacrylate (PMMA; M,=100 k)
cast films are shown in Table 1. The fluorescence lifetimes (z),
radiative decay rates (k,), and non-radiative decay rates (k,,) of
these compounds in CHCl;, THF, DMF, these solid states, and
cast films are shown in Table 2.

~N,
o . o ~o 9>§7
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Scheme 1. Synthesis of 2,5-dimethoxy-1,4-benzenedibronic acid
bis(pinacol)ester (ii).
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Scheme 2. Synthesis of MNDBDMeODB(7] (1).

1 has a unimodal peak with a maximal absorption wave-
length (4,,) of approximately 400 nm in each solvent inves-
tigated (Figure 2a). Moreover, its molar absorption coefficients
(€) are approximately 45000 M~'cm™" in CHCl;, THF, and CH,Cl,,
and 32000 M'em™' in DMF. The absorption spectrum of 1
exhibited a shoulder at approximately 300 nm only in DMF. An
accurate € could not be measured in toluene owing to the poor
solubility of the compound. The A; of 1 red-shifted with

550 650

450
Wavelength [nm]

750

Figure 2. Absorbance (dashed line) and fluorescence (solid line) spectra of
(@) 1 and (b) 2 in various solvents.

increasing solvent polarity from 552 nm in toluene to 660 nm in
CH,Cl,. The @ of 1 in toluene and CHCl; are 0.171 and 0.224,
respectively; however, in other solvents, they are less than 0.05.
1 possesses one 7 component in CHCl; and THF, and its 7 and k,
in THF are less than half those in CHCl;. Meanwhile, 2 and 3
exhibited maximum local absorption at approximately 370 and
480 nm, respectively, and small shoulders at approximately

Table 1. Photophysical properties of 1, 2, and 3 in various solvents (1.0x 107> M), these solid states, and these 0.1 wt.% doped PMMA (M, =100 k) cast films.
State Af 1 2 3
£ Aabs ™ o Av” £ Aabs 24 D (A0 Av” Aabs A D (A,
MTem™ [nm]  [nm]  [-] [em™ M Tem™l [nm]  [nm]  [-] [em™  [m]  [hm]  [-]
Toluene 0.012 - 396 552 0.171 7100 23000 375 561, 0.777 3100 373 558, 0.920
589 (375 nm) 582 (373 nm)
66000 477 0.810 472 0.864
(477 nm) (472 nm)
CHCl, 0.148 45000 403 614 0.224 8500 27000 382 630 0.740 4500 373 622 0.752
(382 nm) (373 nm)
68000 492 0.773 483 0.799
(492 nm) (483 nm)
THF 0.210 47000 394 637 0.044 9700 27000 376 637 0.706 5100 374 637 0.820
(376 nm) (374 nm)
68000 480 0.702 474 0.766
(480 nm) (474 nm)
CH,Cl, 0.217 43000 400 660 0.033 9800 28000 380 661 0.590 5300 370 644 0.732
(380 nm) (370 nm)
69000 489 0.616 479 0.711
(489 nm) (479 nm)
DMF 0.274 32000 392 654 0.011 10200 f 359 514 0.096 7500 358 530 0.073
(359 nm) (358 nm)
474 552, 0.033 466 554, 0.052
735 (474 nm) 674 (466 nm)
Solid - - - 6089 0.418 - - 708 0.258" - - - <0.01
Cast - - 396 534 0.530 - - 371 582 0.743 - 475 575 0.765
film (371 nm)
478 0.796
(478 nm)
[a] € could not be measured accurately due to its poor solubility, and Av™are similar to 2 except for in DMF; thus, they are omitted. [b] Excited at 1,,,, [c] at
each absorption peak, [d] at 450 nm, and [e] at 560 nm. [f] They could not be measured accurately due to their poor solubility.
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Table 2. Fluorescence lifetimes (7) and radiative/non-radiative (k,/k,,) rates of 1, 2, and 3 in various states.

Entry State Aex [NM] 7, [ns] 7, [ns] k. [10%s7"] k, [10857"] ko [10857"] ko, [10857"]
1 CHCl, 41 0.98 - 2.29 - 7.93 -
THF 401 0.36 - 1.01 - 22.03 -
DMF® - - - - - - -
Solid 444 0.58 2.56 741 1.68 9.83 2.23
(0.07) (0.93)
Cast film 401 0.87 2.52 6.09 2.10 5.40 1.87
(0.24) (0.76)
2 CHCl, 379 2.10 - 3.52 - 1.24 -
510 2.18 - 3.55 - 1.04 -
THF 379 2.30 - 3.07 - 1.28 -
510 235 - 2.99 - 1.27 -
DMF 379 0.56 1.97 1.71 0.49 16.14 4.59
(0.12) (0.88)
510 0.17 1.83 1.88 0.18 56.94 5.29
(0.08) (0.92)
Solid 510 3.36 7.65 0.77 0.34 2.21 0.97
(0.20) (0.80)
Cast film 379 2.11 - 3.52 - 1.22 -
510 2.26 - 3.52 - 0.90 -
3 CHCl, 379 2.06 - 3.65 - 1.20 -
510 2.07 - 3.86 - 0.97 -
THF 379 231 - 3.55 - 0.78 -
510 233 - 3.29 - 1.00 -
DMF 379 0.53 2.06 1.38 0.35 17.49 4.50
(0.15) (0.85)
510 0.18 1.60 2.28 0.27 53.28 5.99
(0.19) (0.82)
Solid™® - - - - - - -
Cast film 510 231 - 3.31 - 1.02 -

[a] Not measured accurately due to its low @ and the resolution; the resolution of the excitation laser is > 0.2 ns; however, one of the lifetime components

is below 0.2 ns. [b] No fluorescence.

300 nm in all solvents investigated (Figure 2b). The ¢ values of 2
in all solvents except DMF are 27000 (excited at ~380 nm) and
68000 M~'cm™' (excited at ~485 nm). The € of 2 in DMF and 3
in all solvents could not be measured because of their poor
solubility. The fluorescence spectra of the two absorption peaks
of 2 overlap in all solvents except DMF (Figure S2), with @
greater than 0.59. In DMF, 2 shows different fluorescence
spectra, with @ less than 0.10. The same trend was observed for
3 (Figure S1, S3).

The 7 of 2 and 3 shows a single component in CHCl; and
THF and two components in DMF. In CHCl;, the k, values of 2
excited at 379 and 510 nm were nearly identical at 3.52x10°
and 3.55x10% s7, respectively. The k, of 2 in THF and 3 in CHCl,
and THF showed the same trend. However, compared with
those in other solvents, the major components of 7 in DMF
were approximately 1/10™ the value of k..

Previously, Li et al. reported the photophysical properties of
3 in toluene, CHCl,, ethyl acetate, acetone, and acetonitrile.”? In
the m-conjugated system of 3, electron delocalization and
strong intramolecular charge transfer (ICT) effects occur via the
push-pull system, and the local maximum absorptions observed
at approximately 370 and 480 nm are derived from the m-m*
transition and ICT effect, respectively. By contrast, the
fluorescence spectra of 3 in solvents other than DMF exhibited
only ICT bands and positive solvatochromism. The 7 of 3 in THF
and CHCl; has only one component. Moreover, local excited
(LE) band fluorescence was observed at 400-500 nm when 3
was excited at 300 nm in the solvents (Figure S4). However, this

Chem. Eur. J. 2023, 202301191 (4 of 10)

fluorescence intensity is less than 3% of the ICT band, except in
DMF. Therefore, internal conversion from the LE state to the ICT
state occurs promptly in 3 in solvents other than DMF;
consequently, the fluorescence spectra of the two absorption
peaks of this compound are similar. The same explanation can
be given for 2. However, differences in the fluorescence spectra
and lifetime components show that the photophysical behav-
iors of 2 in DMF is clearly different from that in other solvents.

To obtain a more detailed discussion of the fluorescence
properties of 2 in DMF, we measured the excitation spectra at
its local maximum fluorescence (Figure S5). The excitation
spectra at 4;=514 and 552 nm show the same shape. The local
maxima are located at 344 and 416 nm. The excitation spectrum
at 1;=735nm has a maximum at 478 nm, and the peak at
367 nm is the instrumental second-harmonic generation. We
also performed fluorescence measurements of 2 and 3 in DMF
under excitation at 510 nm (Figure S6). The compounds show
only a unimodal peak at 1;=732 nm, and no peak is observed
at approximately 550 nm. An excitation wavelength of 510 nm
is included in the absorption band of the ICT effect; therefore,
this fluorescence peak is the ICT band. Hence, the 4 of 2 at 514
and 552 nm are the LE bands, and that at 735 nm is the ICT
band. The excitation wavelengths of the ICT band cause the LE
band to shift, and the difference in the longer 14 between 2 and
3 is due to the overlap of the LE and ICT bands. These facts
suggest that the rate of internal conversion from the LE to the
ICT state is slower than the rate of radiative decay from the LE

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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state in DMF, unlike in other solvents. This phenomenon may
be attributed to the high viscosity of DMF.

1 has only one absorption peak, unlike unbridged 2 and 3,
because of the overlap of two absorption peaks from the m—m*
and ICT transitions via bridging. In fact, calculations using time-
dependent density functional theory (TD-DFT) at the wB97XD/
6-311G(d,p) level reveal that the trend of the absorption spectra
of 1 and 3 in THF is similar to that observed in the experimental
spectra (Figure 522).2 Furthermore, no correlation between &
and solvent polarity is observed, thus suggesting that the
conformational change is not caused by permittivity. 1 has
positive solvatochromism owing to excited ICT, similar to 2 and
3. We compared the fluorescent solvatochromic properties of 1
and 2 using the Lippert-Mataga equations® (1) and (2), which
are defined as follows (Table 1):

e—1 n*—1
A= e t)
- 2(p. — 15)°
Av = v, — V.= WAf + constant (2)

where Af is a polar parameter, Av” is the Stokes shift (cm™),
and v7, and v7, are the wavenumbers of 4,,, and A, respectively.
The Lippert-Mataga plots of 1 and 2 in each solvent show good
linearity (Figure 3). 1 and 2 exhibit similar A4 in THF and CH,Cl,,
which suggests that the luminescent species in their excited
states in highly polar solvents are ICT complexes with the same
electronic states. However, the A4 values of 1 in toluene and
CHCIl; were approximately 10 nm more red-shifted than those
of 2. In addition, the k, and k,, of 1 revealed more rapid changes
in THF and CHCl; compared with those of 2 and 3. Therefore,
the ICT states of 1 differ from those of 2 in their excited states
in low-polarity solvents. Moreover, the rapid decrease in @
between low- and high-polarity solvents is observed in 1 but
not in 2 and 3. The @ of 1 in solvents more polar than THF is
less than that of 2 with longer wavelength emission in the
same solvents. Therefore, the accessibility of the Cl, rather than
the energy gap law, reduces the @ of 1 to less than 0.05 via
flexible bridging for the vinylene groups, similar to our 8-([1,1-
biphenyll-4-yl)-6,7-dihydro-5H-benzo[7]annulene; (bridged-phe-
nylstiloene: BPST[7])"* and DBDB[7]"” (Figure 1). In general, the
dipole moments of push-pull dyes interact strongly with
solvents as the solvent polarity increases, and the ICT state in
the excited states changes significantly.”’ Consequently, large

12000
R2 = 0.977
o | ....“.0..9....3-...
T L eeeeemeeettt ‘ ------
£ 8000 @t :
o | Re = 0.9954
B 4000 | s @ ‘
..... .
< 4000 [ ieeeassseenenettt
@ ol
2000 |
0 ) . | | |
0 0.05 0.1 0.15 - e )

Figure 3. Lippert-Mataga plot of 1 and 2.
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alternations in A4 are often observed in solvents. In addition, the
emission behavior of 1 differs from that in the twisted ICT (TICT)
state, where the 14 are extremely red-shifted, and the energy
gap law is violated, as noted above. These phenomena change
the accessibility of the Cl. Similar characteristics have been
previously reported for wavelengths shorter than that of 1.9
However, the relationship between solvent polarity and the Cl
is not often discussed because of the many complex factors
involved in the photophysical process of push-pull type
AlEgens. In addition, quantum calculations of the excited states,
especially the Cl, are extremely challenging for molecules as
large as 1. Therefore, this study only describes these possibil-
ities. Both 1 and 2 have a large Av™. In particular, the absorption
and fluorescence spectra of 1 hardly overlap. A large Av™ is
useful for various applications because it inhibits molecular self-
absorption.

Next, the photophysical properties of the target compounds
in the solid-state and PMMA cast films are discussed. In the
solid state, 1 exhibits strong red-orange emission (1;=608 nm,
@ =0.418) with 7,=0.58 ns (7 %) and 7,=2.56 ns (93 %), while 2
emits a red color (14=708 nm, ®=0.258) with 7,=3.36 ns
(20%) and 7,=7.65ns (80%) (Figure 4). However, 3 showed
almost no emission in the solid state. In the PMMA cast films, 1
exhibited the shortest 44 (534 nm) with @=0.530 in all states,
whereas 2 and 3 showed the same A; and @ observed in
toluene as well as structureless emission bands (Figure 4b, S7).

Gierschner reported that DSB forms pronounced H-aggre-
gates with long lifetimes and fast exciton migration, and the
exciton is mainly trapped by polarons, structural dislocations,
triplets, and impurities; thus, intrinsically polycrystalline samples
of H-aggregates with highly bright emission are difficult to
achieve.”” Therefore, the fluorescence quenching of 3 via
intermolecular electronic interactions is due to its good packing
and formation of strong H-aggregates in the solid state. By
contrast, disruption of the molecular packing by ethylhexyl

A
=
N
—
=

a) 1.2
E] ol
s 1 3 1
< 3
g o8 Zos | — Solid
[0} c
€ 06 _‘0530.6 | C;TSt
o IIm
go4t 804 |
= =
E 02| £o2 |
2 S
p=4 0 A

300 400 500 600 700 800
Wavelength [nm]

300 400 500 600 700 800
Wavelength [nm]

Figure 4. Absorption (dashed line) and fluorescence (solid line) of (a) 1 and
(b) 2, and (c) fluorescence images of 1, 2, and 3 (left to right) in their solid
states.
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groups or bridging suppresses the formation of H-aggregates;
thus, 1 and 2 show notable emissions. 1 had a higher @ in the
solid state than in the solvents and exhibited AIE properties in
solvents more polar than THF and the solid state imply that an
intermolecular electronic interaction occurs in the solid state,
which is different from that observed in DBDB[7]. However, the
flexible bridges of the molecule adopt an alignment with
enhanced radiative decay, such as J-aggregates,” or suppress
quenching via intermolecular electronic interactions; as a result,
the @ of 1 in the solid state is higher than that in the solvents.
Although 2 emits a red color, it is 100 nm red-shifted compared
with the emission of 1. The numbers of the lifetime compo-
nents of 2 in THF and the solid state are different, similar to 1.
Thus, intermolecular electronic interactions also occur in 2 in
the solid state. Previous reports indicated that DSB and
((1E,1"E)-(2,5-dimethyl-1,4- phenylene)bis(ethene-2,1-
diyl))dibenzene (distyryldimethylbenzene: DSDMB), which have
two methyl groups substituted into the central benzene of DSB
(Figure 1), exhibit longer 14 in the solid state than in THF
because of their highly planar conformations despite the
occurrence of intermolecular electronic interactions in the solid
state (DSDMB: g 1s=426 nm, Ay o iq=451 nm).7? On the
other hand, DBDBI[7] and 8,8'-(2,5-dimethyl-1,4-
phenylene)bis(6,7-dihydro-5H-benzo[7]annulene)  (di-bridged
DSDMB; DBDMDB[7], Figure 1) form twisted bridged C=C or
twisted C—C bonds combining bridged C=C and central
benzene rings in the solid state, and show similar 44 in the solid
state and THF (DBDMDBI(7]: Aq, 14 =392 nm, g soia= 382 nm).”
The same change in the photophysical properties of 2 and
DSDMB in THF and the solid state suggests that the molecular
structure of 2 in the solid state is highly planar. Because the 4,
of 1 is shorter than that of 2 in the solvents and PMMA cast
films, 1 is likely to form a twisted C—C conformation, similar to
DBDMDBI7]. Therefore, differences in conformation consider-
ably affect the 4, of 1 and 2. 2 realizes red emission owing to its
extended m-conjugation by forming a planar conformation. The
single-crystal X-ray structural analysis of 1 and 2 could not be
performed; thus, we calculated the optimized structure of 1 in
vacuo using DFT at the ®B97XD/6-311G(d,p) level of theory.”
The results showed that the C—C bonds connecting the bridged
C=C bonds and central benzene rings of 1 are twisted
(Figure S23a). The planar conformation of the optimized
structure of 3 is shown Figure S23b, and 2 is expected to form a
conformation similar to that of 3.

2 shows a significant difference in @ and A, between the
solid and thin-film forms. When a film was prepared using
dilute CHCI; solutions of the dye and PMMA, the crystallinity of
the dye was lower than that of the polycrystalline solid
obtained by recrystallization. In the thin film, the intermolecular
distance between two molecules of 2 is longer than that in the
polycrystalline solid, and its intermolecular electronic interac-
tions are greatly suppressed. In other words, 2 forms H-
aggregates like 3 more hardly in the thin film than in the solid
state. This consequently leads to the significant difference in
the @ and Ay 1 also shows a difference in the @ and 4,
between the solid and thin-film forms; however, the difference
is smaller than that of 2, implying that the intermolecular
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electronic interactions of 2 are stronger than those of 1 in the
solid state.

For  further  discussion,  2,2'-(((2,5-di-tert-butoxy-1,4-
phenylene)-bis(6,7-dihydro-5H-benzo[7]annulene-8,3-
diyl))bis(methaneylylidene))dimalononitrile (MNDBD'BuODBI[7])
(4), in which tert-butoxy groups replace the methoxy groups of
1, was synthesized and its photophysical properties were
measured in THF, the solid state, and a 0.1 wt.% doped PMMA
cast film (Table 3). In THF, the photophysical properties of 4 are
slightly different from those of 1. However, in the solid state, 4
shows a 37 nm blue-shifted A, and its @ was 0.211 smaller than
that of 1. Furthermore, even in the PMMA cast film, 4 exhibits a
13 nm blue-shifted 14 with a shoulder at approximately 480 nm,
and its @ is 0.208 smaller than that of 1.

The change in the crystalline system assumes a large
influence on 44 and @ if the strong crystalline fluorescence of 1
is derived from crystalline systems that improve the radiation
rate, such as J-aggregates. The substituent size of 4 with tert-
butoxy groups is larger than that of 1 with methoxy groups.
Thus, the photophysical properties of 4 may be attributed to
several aspects. One possibility is that the disordering of the
ideal J-aggregate packing by tert-butoxy groups may reduce
the 15 and @ of 4 relative to those of 1. Another possibility is
that the long distance between chromophores generally
reduces intermolecular electronic interactions and avoids con-
centration quenching, which tends to result in a high @. In fact,
1, 2, and 3 show stronger emissions in PMMA cast films than in
the solid state. 4 has a smaller @ than 1 in the solid state and
PMMA cast film; however, bulky substituents are expected to
increase the distance between chromophores. In DBDB[7]s, the
introduction of bulky tert-butyl groups alters the molecular
conformation in the solid state and decreases @.”' Therefore,
molecular conformational changes are also possible in 4.

The following section discusses whether 1 forms J-aggre-
gates. We performed an aggregation experiment of 1 in a THF/
water mixed solvent (Table S1, Figure 7, S17-20) to consider the
luminescence mode of 1 in the solid state. In 10-40% water
suspensions, no significant changes in the absorption spectra of
1 and almost no emissions are observed. In the 50% water
suspension, € decreases by 10000 M~'cm™' compared with that
in THF. In the 60-80% water suspension, 1 has four absorption
peaks, and in the 90% water suspension, the absorption peak is
384 nm and has a much broader band (Figure 5). In suspensions

Table 3. Photophysical properties of 4 in dilute THF and this solid state.

State eMTem™] Aaps [NM] Aq [nm] P[]
THF 55000 396 652 0.014
Solid - - 571 0.207
Cast film - 397 521 0.322
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Figure 5. Absorption spectra of 1 in THF/water mixed solvent. % shows
water fraction.

containing over 60% water, 14 is 601-622 nm for most of the
absorption peaks, with @ close to 0.100 or greater.

The changes in the absorption spectra indicate that 1 forms
aggregates in suspensions containing over 60% water. J-
aggregates have red-shifted, sharper absorption peaks com-
pared with the absorption peak in solution because of the one-
dimensional binding of dyes. The absorption peaks and @ of J-
aggregates continuously increase, and their fluorescence spec-
tra gradually red-shift as the degree of dye aggregation
increases. The aggregates of 1 exhibit more red-shifted
absorption peaks in the mixed solvent than in THF; however,
the peaks are broad and do not change continuously. In
addition, @ is smaller in the 80% suspension than in the 60%
suspension, and Aq is almost constant. Thus, we can assume
that 1 does not form J-aggregates because aggregates of 1
exhibit an emission behavior different from that of typical J-
aggregates. These results suggest that 1 has strong emissions
owing to the suppression of intermolecular electronic inter-
actions in the solid state via bridging, and that the difference in
fluorescence characteristics between 1 and 4 is due to the
difference in their molecular conformations. The basic skeleton,
3, shows no emission in the solid state. However, emission in
the solid state is possible by collapsing the molecular packing
through the introduction of bridging or ethylhexyl groups. 1 is
an AlEgen that can be used in solvents more polar than THF
and exhibits strong red-orange fluorescence in the solid state.
Thus, 1 has potential applications in the medical field because
long-wavelength luminescence is less harmful to living organ-
isms. By contrast, 2 emits light in the near-infrared region in the
solid state. Few organic light-emitting dyes with such colors are
available. Therefore, 2 may potentially be used for red-light-
emitting materials. In addition, substituents such as tert-butoxy
groups can control molecular conformations. The dyes emit
light of different colors.

Chem. Eur. J. 2023, 202301191 (7 of 10)

owing to its high crystallinity and strong intermolecular
electronic interaction. The bridging structure improved the
accessibility of the Cl in solution and imparted AIE properties to
1, especially in highly polar solvents. The introduction of the
bridging structure into the vinylene group is a powerful
strategy for the design of AlEgens. MNDSD(EHO)B (2), in which
the methoxy groups of 3 are replaced with disordered ethyl-
hexyloxy groups, showed red fluorescence with 1;=708 nm
and ©=0.258 in the solid state, in addition to solvatochromic
properties similar to those of 3 in solution. Only by introducing
a bridging structure were red-emitting AlE-type DSB derivatives
achieved. 1 and 2 has Av™ in both solution and the solid states
that are so large that their absorption and fluorescence spectra
do not overlap. A large Av™is an important factor in the design
of light-emitting devices and materials because it decreases
self-absorption. In addition, 1 and 2 emit colors in PMMA cast
films that are significantly different from those observed in the
solid state, thus suggesting that multiple fluorescent colors can
be obtained with appropriate processing. DSB derivatives with
fluorescence properties, such as 1 and 2, have not been
previously reported. Dyes with the same main skeleton show
reduced topological defects during mixing and may be highly
applicable to multicolor devices/materials if their fluorescence
colors can be freely tuned. Obtaining red to near-infrared
emission is advantageous for biological tissue permeability and
noninvasiveness. Overall, this study can potentially improve the
functionality of devices and materials using the DSB framework.
In future work, we will replace the methoxy groups of 1 with
stronger donor groups, such as dialkylamino groups, to obtain
an AlEgen with red/near infrared emission in the solid state.

Experimental Section
Synthesis of MNDBDMeODB[7]"”

Synthesis of 2,5-dimethoxy-1,4-benzenediboronic acid (i)*°”

1,4-Dibromo-2,5-dimethoxybenzene (1.40g, 4.7 mmol) was dis-
solved in THF (30 mL) under an argon atmosphere and cooled to
—78°C. Next, 2.6 M n-BuLi in hexane (3.82 mL) was dropped into
the solution over 15 min, and the mixture was stirred at —78°C for
5 h. Then, triisopropyl borate (4.77 mL, 20.8 mmol) was added to
the mixture, which was subsequently stirred at —78°C overnight.
The mixture was added with 5% aqueous HCl and evaporated
under reduced pressure. The residue was filtered, washed three
times with water, and dried in a dryer to give crude i as a colorless
solid. Yield: 53%; 'H NMR (500 MHz, DMSO-D6) & 7.79 (s, 4H), 7.16
(s, 2H), 3.77 (s, 6H) (Figure S24).
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Synthesis of 2,5-dimethoxy-1,4-benzenediboronic acid
')[30b]

bis(pinacol)ester (ii

i (0.45 g, 2.0 mmol) and pinacol (0.52 g, 4.4 mmol) were dissolved
in diethyl ether (15 mL). The reaction mixture was stirred at room
temperature for 20 h and then evaporated under reduced pressure.
The residue was extracted with CH,Cl,, and the organic layer was
washed three times with water, dried over MgSO,, filtered, and
evaporated under reduced pressure to give crude ii as a colorless
solid. Yield: 94%; 'H NMR (500 MHz, CDCl;) & 7.15 (s, 2H), 3.82 (s,
6H), 1.35 (s, 24H) (Figure S25).

Synthesis of 6-bromo-1-methylene-
')[30c]

1,2,3,4-tetrahydronaphthalene (iii
Methyltriphenylphosphonium bromide (5.36 g, 15.0 mmol) was
dissolved in THF (30 mL) under an argon atmosphere and cooled to
0°C. Potassium tert-butoxide (1.68 g, 15.0 mmol) and 6-bromo-1-
tetralone (2.25 g, 10.0 mmol) were added to the solution, and the
reaction mixture was stirred at room temperature for 2 h. Saturated
aqueous NH,Cl was added to the mixture, which was subsequently
extracted with ethyl acetate. The organic layer was washed with
three times with water, dried over MgSO,, filtered, and evaporated
under reduced pressure. The residue was chromatographed over
silica gel by eluting with hexane to give crude v as a colorless oil.
Yield: 93.2%; 'H NMR (399 MHz, CDCl;) & 7.49 (dd, J=5.5, 3.7 Hz,
1H), 7.27-7.25 (m, 2H), 5.46 (s, 1H), 497 (s, 1H), 2.81 (t, J=6.2 Hz,
2H), 2.54-2.51 (m, 2H), 1.89-1.83 (m, 2H) (Figure S26).

Synthesis of 5-methylene-5,6,7,8-tetrahydronaphthalene-
2-carbaldehyde (iv)

iii (2.08 g, 9.32 mmol) was dissolved in dry THF under an argon
atmosphere and cooled to —78°C. Next, 2.6 M n-BulLi in hexane
(3.94 mL) was dropped into the solution over 15 min, and the
mixture was stirred at —78°C for 30 min. Then, DMF (0.85 mL,
10.2 mmol) was added to the mixture, which was subsequently
stirred at room temperature for 1.5 h. Saturated aqueous NH,Cl was
added, and the mixture was extracted with ethyl acetate. The
organic layer was washed three times with water, dried over
MgSO,, filtered, and evaporated under reduced pressure. The
residue was chromatographed over silica gel by eluting with
hexane/ethyl acetate (4:1, v/v) to give crude iv as a yellow oil.
Yield: 87%; 'H NMR (500 MHz, CDCl;) & 9.95 (s, 1H), 7.78 (d, J=
8.2 Hz, 1H), 7.65 (d, J=8.2 Hz, 1H), 7.61 (s, TH), 5.63 (s, TH), 5.13 (s,
1H), 2.92 (t, J=6.3 Hz, 2H), 2.58 (t, /=5.8 Hz, 2H), 1.93-1.88 (m, 2H)
(Figure S27).

Synthesis of 6-oxo-6,7,8,9-tetrahydro-5H-benzo[7]annulene-
2-carbaldehyde (v)?*"

iv (1.39 gm, 8.1 mmol) was dissolved in 95% CH;OH (40 mL).
[Hydroxy(tosyloxy)iodolbenzene (3.17 g, 8.1 mmol) was added to
the mixture, which was subsequently stirred at room temperature
for 20 min. Water was added, and the mixture was extracted with
CH,Cl,. The organic layer was washed three times with water, dried
over MgSO,, filtered, and evaporated under reduced pressure. The
residue was chromatographed over silica gel by eluting with
hexane/ethyl acetate (3:1, v/v) to give crude v as a yellow oil. Yield:
81%; "H NMR (500 MHz, CDCl;) § 9.98 (s, TH), 7.70 (d, J=7.9 Hz, 2H),
7.33 (d, J=7.6 Hz, 1H), 3.81 (s, 2H), 3.05 (t, J/=6.3 Hz, 2H), 2.60 (t, J=
6.9 Hz, 2H), 2.06-2.01 (m, 2H) (Figure S28).
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Synthesis of 3-formyl-6,7-dihydro-5H-benzo[7]annulen-8-yl
')[30e]

trifluoromethanesulfonate (vi
v (1.23 g, 6.5 mmol) was dissolved in THF (20 mL) under an argon
atmosphere and cooled to —20°C. Potassium tert-butoxide (0.81 g,
7.2 mmol) was added to the solution, and the reaction mixture was
stired at 0°C for 1h and then cooled to —20°C. N-
Phenylbis(trifluoromethanesulfonimide) (2.58 g, 7.2 mmol) was
added to the mixture, which was subsequently stirred at —20°C for
1 h and then at 0°C for 4 h. Water was added, and the mixture was
extracted with ethyl acetate. The organic layer was washed three
times with water, dried over MgSO,, filtered, and evaporated under
reduced pressure. The residue was chromatographed over silica gel
by eluting with hexane/ethyl acetate (6:1, v/v) to give crude viii as
a yellow oil. Yield: 78%; 'H NMR (500 MHz, CDCl;) & 9.98 (s, TH),
7.71 (d, J=79Hz, 1H), 7.63 (s, 1H), 7.34 (d, J=7.6 Hz, TH), 6.65 (s,
1H), 2.98 (t, J=5.0 Hz, 2H), 2.83 (t, J=6.6 Hz, 2H), 2.05-2.01 (m, 2H)
(Figure S29).

Synthesis of 8,8'-(2,5-dimethoxy-1,4-phenylene)bis(6,7-dihydro-
5H-benzo[7]annulene-3-carbaldehyde) (vii)**"

vi (0.67g, 2.1 mmol), ii (0.32g, 0.8 mmol), Pd(PPh;), (0.03g,
0.03 mmol), and K;PO, (0.53 g, 2.5 mmol) were dissolved in THF/
water (15 mL; 5:1, v/v) under an argon atmosphere and stirred at
30°C for 24 h. Water was added, and the mixture was extracted
with CH,Cl,. The organic layer was washed three times with water,
dried over MgSO,, filtered, and evaporated under reduced pressure.
The residue was chromatographed over silica gel by eluting with
CH,Cl, to give crude vii as a yellow solid. Yield: >99%; 'H NMR
(500 MHz, CDCl;) 6 9.98 (s, 2H), 7.70 (d, J=6.7 Hz, 4H), 7.33 (d, J=
7.9 Hz, 2H), 6.86 (s, 2H), 6.66 (s, 2H), 3.85 (s, 6H), 2.95 (t, J=6.1 Hz,
4H), 2.64 (t, J=6.6 Hz, 4H), 2.27-2.22 (m, 4H) (Figure S30).

Synthesis of (MNDBDMeODB[7] (1)

vii (0.42 g, 0.9 mmol) was dissolved in CH,Cl, (15 mL) and added
with malononitrile (0.14 g, 2.2 mmol) and one portion of triethyl-
amine. The reaction mixture was stirred overnight at room temper-
ature in the dark and then evaporated. The residue was chromato-
graphed over silica gel by eluting with CH,Cl, and then
recrystallized to give MNDBDMeODB[7] (1) as a red solid. Yield:
30%; 'H NMR (500 MHz, CDCl5) & 7.77 (d, J=9.2 Hz, 2H), 7.70 (d, J=
2.7 Hz, 4H), 7.31 (d, J=7.9 Hz, 2H), 6.84 (s, 2H), 6.63 (s, 2H), 3.85 (s,
6H), 2.94 (t, J=6.0 Hz, 4H), 2.68 (t, J=6.4 Hz, 4H), 2.25-2.20 (m, 4H)
(Figure S31); FTIR (KBr) 2230 cm™"; HRMS (FAB) Calcd for C35H3,N,O,:
574.2369, Found 574.2372 (Figure 543). *C NMR spectra could not
be measured due to poor solubility of the compound in CDCl;.
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