Nitrogen-Substitution in the Flapping Wings of Cyclooctatetraene-Fused Molecules

Kensuke Suga,' Takuya Yamakado,' and Shohei Saito*!
!Graduate School of Science, Kyoto University, Kitashirakawa Oiwake, Sakyo, Kyoto 606-8502, Japan

E-mail: s_saito@kuchem.kyoto-u.ac.jp
Shohei Saito

Shohei Saito received his Ph.D. degree from Kyoto University in 2010.
After working as an Assistant Professor of Nagoya University, he has been an Associate Professor of Kyoto University since

‘ ‘ 2016. His research interest is focused on flapping molecules (FLAP) for photofunctional systems. He received The Asian
’ and Oceanian Photochemistry Association (APA) award for young scientist 2018.

Abstract

New synthetic protocols to the nitrogen-embedded flapping
molecules have been developed. Gram-scale synthesis of a key
precursor, tetraamine of dibenzo[a,e]cyclooctatetraene has been
established for designing flapping quinoxaline and flapping
phenazineimide. The impact of the nitrogen substitution on the
photophysical properties and the viscosity-probing function has
been investigated in comparison with the reported flapping
anthraceneimide.
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1. Introduction

Flapping molecules (FLAP) with the formal 8= ring at its center
have attracted attention as a versatile photofunctional system.!
While dibenzo[b,floxepin? has been recognized as a classical
fluorophore with the large Stokes shift that shows a bent-to-
planar conformational change in the lowest singlet excited state
(S1), a variety of functions and applications of the FLAP series
have been recently demonstrated, such as multi-color fluorescent
dye,’ highly sensitive viscosity probe,* ratiometric force probe
(flexible mechanophore),” and light-melt adhesive.® The
mechanism of the excited-state planarization has also been
focused in relation to the excited-state aromaticity.” In this
context, structural diversity of the conformationally flexible
molecules has been rapidly enriched in recent studies, such as n-
expanded cyclooctatetraecne (COT),>*® dihydrophenazine,’
phenothiazine,'® dibenzoarsepin,!' as well as m-expanded
oxepin.'? On the other hand, the effect of nitrogen substitution to
the “wings” of the flapping molecules has not been studied,
despite the efficacy of the nitrogen-doping has been widely
recognized in tuning electronic structures and optical properties
of polycyclic aromatic hydrocarbons (PAHs).!* Here, we have
developed new synthetic protocols to the nitrogen-embedded
flapping molecules bearing quinoxaline and phenazineimide
wings (Figure 1). Since the flapping phenazineimide shows an
environment-sensitive fluorescence, its photophysical properties
and viscosity-probing function have been investigated in
comparison ~ with the previously reported flapping
anthraceneimide.
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Figure 1. Nitrogen-substitution of the reported flapping
naphthalene'* and flapping anthraceneimide®= (left), providing
novel flapping quinoxaline and flapping phenazineimide (right).

2. Results and Discussion

To develop the synthetic route to the nitrogen-embedded
flapping systems, a key precursor of
dibenzo[a,e]cyclooctatetraene(COT)-2,3,8,9-tetraamine ~ was
prepared from the previously reported tetrabromo-substituted
dibenzo[a,e]COT 1 (Figure 2).* First, Pd-catalyzed imination of
1 with benzophenone imine provided 2 in 81% yield. The
following hydrolysis of 2 in acidic conditions led to an
immediate precipitation of the corresponding tetraamine 3 in a
protonated form. Facile filtration process realized gram-scale
synthesis of 3. Since the non-protonated, neutralized form of 3
is highly electron-rich and thus gradually decomposed by
spontaneous air oxidation, the protonated form of 3 was treated
for the next reactions. Flapping quinoxaline FLAP1 was
prepared by condensation of 3 with 3,4-hexanedione in 68%
yield. Next, we attempted to synthesize flapping phenazine 5
(Figure S2.1), but the coupling reaction'® of 3 with 1,2-dibromo-
4,5-dimethylbenzene as well as the reaction of 1 with 4,5-
dimethylbenzene-1,2-diamine failed to give 5, probably due to
the poor solubility of products. To improve the solubility, we
designed flapping phenazineimide FLAP2 bearing bulky 2,6-
diisopropylphenyl substituents at the terminal positions. Pd-
catalyzed coupling reaction of 3 with dibromo-substituted
phthalimide successfully provided FLAP2 in 28% yield.
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Figure 2. Synthesis of (a) FLAP1 and (b) FLAP2. Reagents and
conditions: (i) Ph,C=NH, Pdy(dba);, (+)-BINAP, NaO'Bu,
toluene, reflux, 42 h; (ii) HCIl, H,O/THE, 25 °C, 4.5 h; (iii) 3,4-
hexanedione, CHCl3/AcOH, 70 °C, 18 h; (iv) 4, SPhos Pd G2,
SPhos, Cs,COs, toluene, reflux, 18 h.

Crystal structures of FLAP1 and FLAP2 were obtained with
bent conformations (Figure 3). The COT bending angle, defined
in Figure 5a, were 43.3° and 42.2° for FLAP1, and 40.3° for
FLAP2. Bond lengths of the central COT moieties indicated that
two 7 systems of the wings are not effectively conjugated due to
the bent form of the COT ring, which is supported by the DFT
calculations in the ground S, state (Figure S6.9, S6.11).
Consistent with the needle-like crystal morphology, the V-
shaped FLAP1 molecules form a unique two-fold columnar n-
stacking structure. The quinoxaline wings are tightly stacked on
both sides, in which the interplanar distances are both 3.4 A. In
the block crystal of FLAP2 recrystallized from a
chlorobenzene/'PrOH solution, the V-shaped molecules are not
n-stacked in the columnar manner due to the terminal bulky
groups. Instead, the phenazineimide moiety forms a cofacial
packing only on one side with the 3.4-A interplanar distance. The
other side of the phenazineimide unit sandwiches a
chlorobenzene molecule with two FLAP2 molecules.

%
¢

!

(S:a
N

AL
/TY

N
Tt

v

\
) solvent S
)

Figure 3. Single-crystal X-ray structure analysis (top) of (a)
FLAP1 and (b) FLAP2 (50% probability for the thermal
ellipsoids). Packing structures from different views are shown in
the middle. Fluorescent images of each crystal under 365-nm UV
light are displayed in the bottom.
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Figure 4. UV-visible absorption and fluorescence (FL) spectra
of FLAPO (black line), FLAP1 (blue line), and FLAP2 (red
line) in CHCls. Excitation wavelength: 340 nm for FLAP1, and
420 nm for FLAPO and FLAP2. The FL spectrum of FLAP1 is
not shown due to the very low FL quantum yield (& < 0.001).

Although the FLAP1 crystal showed a faint blue fluorescence
(Figure 3a, bottom; see the FL spectrum in Figure S4.8),
practically no emission was observed in solution. The lowest-
energy absorption band does not reach the visible region (Figure
4, blue line). On the other hand, FLAP2 has a visible absorption
band at 408 nm, and a green fluorescence (FL) at 543 nm was
observed in a CHCIs solution (Figure 4, red lines). Compared
with FLAPO, the green FL band has a remarkable shoulder
around the short-wavelength region (450-520 nm). The large
Stokes shift of 6100 c¢m™ suggested a bent-to-planar
conformational change in S;. FL quantum yield (&) and FL
lifetime (zv) of FLAP2 were determined to be 0.021 and 0.5 ns,
respectively. These values are distinct from those of FLAPO (&x
=0.31 and % = 9.8 ns in CHCIs). Lower @& and shorter 7+ of
FLAP2 can be attributed to fast nonradiative decay, induced by
the nitrogen substitution. Solvent dependence was negligible in
absorption (Figure S4.2), while a slightly red-shifted
fluorescence was observed in DMF (Figure S4.3).

To interpret the large Stokes shift based on the excited-state
behavior, constrained TD-DFT calculations were conducted for
the model structures, FLAPO’ and FLAP2', in which the
terminal bulky substituents were replaced by hydrogen atoms for
reducing the computational cost (Figure 5). Their S; energy
profiles were delineated by plotting the total energies of the S;
optimized geometries depending on the fixed COT bending
angle. As a result, both S; profiles gave double-minimum
potentials with the two minima at the bent and planar geometries.
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Figure 5. (a) Definition of the COT bending angle. Calculated
S energy profiles of (b) FLAP0' and (c) FLAP2' in G,
symmetry. The constrained structural optimizations in S; were

performed at the TD-PBE0/6-31+G(d) level of theory.



As for FLAP(', we have previously reported* that the small
shoulder FL around 450 nm can be assigned as the emission from
the S; local minimum, at which the anthraceneimide moiety is
excited in the bent conformation, and that the intense FL at 520
nm with the large Stokes shift is emitted from the S; global
minimum, at which the effectively m-conjugated system is
formed in the planarized conformation. This explanation can be
also applied to FLAP2'. In the S; profile of FLAP2' calculated
at the TD-PBE0/6-31+G(d) level, the relative energy of the bent
minimum is slightly lower than that of the planar S; minimum.
This is consistent with the more remarkable shoulder FL (450—
520 nm) of FLAP2' compared with that of FLAP0’. The detailed
calculation results are displayed in the Supporting Information,
in which the S; configuration switch during the bent-to-planar
conformational change as well as the energetically close S;
configurations at different planar geometries are discussed.
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Figure 6. Viscochromism of (a) FLAPO and (b) FLAP2 in a
mixed solvent system of hexadecane/mineral oil. Excitation
wavelength: 350 nm for FLAPO and 400 nm for FLAP2. A small
band with asterisk (*) was assigned as a Raman peak of the
solvent. (c) Forster—Hoffmann plot. The FL ratio values in
Figure 6a (1460/I513 for FLAPO, black) and Figure 6b ({497/1530 for
FLAP2, red) were plotted against the bulk viscosity in the log—
log graph. (d) Photodegradation behavior monitored at the 400-
nm absorbance (in toluene, concentration: ca. 10~ 5 M).
Continuous UV irradiation was conducted at 365 nm with 100
mW cm™? intensity.

To endorse the dynamic conformational change in S;, we
performed the fluorescence measurements of FLAP2 in viscous
media. Since the spectral broadening was observed in
DMSO/glycerol mixtures (Figure S4.6), we selected the
nonpolar mixed solvent system of hexadecane/mineral oil for
evaluating the viscosity dependence (Figure 6a-c). Bulk
viscosity of the mineral oil itself was determined by a rotational
viscometer to be 507 cP at 25 °C, and the Newtonian behavior
was confirmed for the mixed solvent system. Namely, the bulk
viscosity was constant regardless of the rotation speed of the
spindle. As a result, both FLAPQ and FLAP2 showed viscosity-
dependent dual FL properties. With the higher viscosity, the
shoulder FL band around 450-500 nm became increased,
indicating partially suppressed bent-to-planar conformational
change in S;. According to the Forster-Hoffmann plot, the
spectral sensitivity to the viscosity change in the 3-200 cP range
is relatively higher in FLAPO. In addition, it is worth noting that
the photostability of FLAP2 under UV irradiation is much

weaker than that of FLAPO (Figure 6d and S4.5). To elucidate
the photodegradation mechanism, we are currently collaborating
with laser physicists.

3. Conclusion

Nitrogen substitution in the naphthalene and anthraceneimide
wings of the photofunctional flapping molecules has been
achieved. A key precursor of dibenzo[a,e]COT tetraamine was
synthesized in gram scale. Coupling reactions with 1,2-diketone
and with dibromo-substituted phthalimide afforded COT-fused
quinoxaline dimer and phenazineimide dimer, respectively, as
novel nitrogen-embedded flapping systems. While the V-shaped
quinoxaline dimer formed a two-fold columnar n-stacking
structure in the crystalline state, the flapping phenazineimide
displayed viscosity-dependent dual fluorescence properties.
Compared with flapping anthraceneimide, the effect of the
nitrogen substitution on the photophysical properties was studied
by experiments and theory. Since the phenazine unit plays
versatile roles, such as boron-coordinating system,'® metal
ligands for coordination polymer,'” ESIPT (excited-state
intramolecular proton transfer) acceptors,'® and redox active
units showing PCET (proton coupled electron transfer),' the
nitrogen-embedded flapping molecules have the potential to
endow these roles with dynamic functions. In addition, similar
heteroatom-substitution approach will further expand the
flapping molecular series, leading to exploration of new
functional systems.
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Graphical Abstract
Nitrogen-Substitution in the Flapping Wings of Cyclooctatetraene-Fused Molecules
Kensuke Suga, Takuya Yamakado, and Shohei Saito*

<Summary>

Nitrogen atoms are embedded in the acene wings of the flapping molecules bearing a cyclooctatetraene ring at its center, and the
nitrogen substitution effects are studied. V-shaped flapping quinoxaline molecules formed a columnar m-stacking structure in the
crystalline phase. Flapping phenazineimide showed a viscosity-dependent dual fluorescence, originating from the double-minimum
energy potential in the lowest singlet excited state.
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1. General information

Synthesis

All reagents and solvents were of commercial grade and were used without further purification unless otherwise noted.
Tetrahydrofuran (THF) and dioxane were dried using Glass Contour solvent purification system. Thin layer chromatography
(TLC) was carried out on aluminum sheets coated with silica gel 60 F2s4 (Merck). Column chromatography was performed
on Wakogel® C-300 and C-400. 'H and '*C NMR spectra were recorded on a JEOL ECA-600 (600 MHz for 'H and 151 MHz
for 1*C) spectrometer. Chemical shifts were reported in ppm relative to the residual solvents as internal standards (CHCls: &
=7.26 ppm for 'H and 6 = 77.16 ppm for '*C; DMSO: 6 = 2.50 ppm for 'H and 6 = 39.52 ppm for '*C). High-resolution
atmospheric-pressure-chemical-ionization time-of-flight mass spectrometry (HR-APCI-TOF-MS) was performed with a

BRUKER micrOTOF model. Compounds 15! and 452, and FLAP0!S*! were synthesized according to the reported methods.

Photophysical measurements

UV-visible absorption spectra were recorded on a Shimadzu UV-3600 spectrometer. Steady-state fluorescence and
excitation spectra were recorded on a JASCO FP-8500 spectrofluorometer. Absolute fluorescence quantum yields were
determined on a HAMAMATSU C9920-02S apparatus. Fluorescence lifetimes were measured on a compact fluorescence
lifetime spectrometer Hamamatsu Photonics QuantaurusTau C11367 (Tables S4.1 and S4.2). Low temperature measurements
were performed using a Unisoku CoolSpeK UV USP-203-B cryostat. All measurements were conducted using a 10-mm
square quartz cell, unless otherwise noted. Bulk viscosity of the mixed system of hexadecane/mineral oil was measured at
25°C by using a DV2T touch screen viscometer (AMETEK Brookfield). Fluorescence microscope images were taken with a
digital camera (Leica DFC450 C) connected to an upright microscope (Leica DM2700 P). To evaluate the photostability of
compounds, a UV-LED light source (HAMATSU LIGHTSOURCETM LC-L1V3 equipped with C11924-111 and L11921-
400, . =365 nm, 100 mW cm2) was used.

X-ray crystallography

X-ray crystallographic data of FLAP1 and FLAP2 were collected at —180 °C with a Rigaku XtaLAB P200
diffractometer equipped with a copper MicroMax007HF generator, VariMax-Cu optics, and a PILATUS 200K two-
dimensional detector. The structure was solved by direct method SHELXT* and refined by SHELXL!S! programs. All non-
hydrogen atoms were refined anisotropically and all hydrogen atoms were placed using AFIX instructions. Crystallographic
data have been deposited in the Cambridge Crystallographic Data Center with the CCDC numbers of 2081297 (FLAP1) and
2081298 (FLAP2).
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2. Synthesis of compounds

Synthesis of 2
NH
Ph/U\Ph (5.2 eq.)
Pd,(dba)z (10 mol%)
(+)-BINAP (20 mol%)
5 Br. Br  NaO'Bu (5.2 eq.) PhPr&zCN=N N=CPh;
r Br 2C= N=CPh,
toluene, reflux, 42 h
1 2

Pd,(dba)z (630 mg, 690 umol) and (£)-BINAP (920 mg, 1.4 mmol) were placed in a two-necked flask, and the flask was
purged with argon. The mixture was dissolved with distilled toluene (170 mL), stirred at 110 °C for 30 min, and the solution
was cooled to room temperature. Compound 1 (3.5 g, 6.7 mmol), NaO'Bu (3.4 g, 35 mmol), and benzophenone imine (5.9
mL, 35 mmol) were added to the solution, and the mixture was refluxed for 42 h. The resulting mixture was cooled to room
temperature, diluted with an excess amount of CHCls, and filtered through a Celite pad. The filtrate was evaporated to obtain
a black residue. The residue was purified by silica gel column chromatography (CH>Clo/hexane/EtsN, 90:10:1) to obtain crude
product as orange solid. Through continuous precipitation from CH>Clo,/MeOH and filtration, pure compound 2 was obtained
as a yellow solid (5.0 g, 81%). "H NMR (CDCls, 600 MHz): § (ppm) 7.66 (d, J = 7.2 Hz, 8H), 7.39 (t, J= 7.8 Hz, 4H), 7.32
(t,J=7.8 Hz, 8H), 7.29 (t, J= 7.2 Hz, 4H), 7.19 (t,J = 7.5 Hz, 8H), 6.84 (d, J = 7.8 Hz, 8H), 6.21 (s, 4H), 6.10 (s, 4H); °C
NMR (CDCls, 151 MHz) ¢ (ppm) 167.43, 140.35, 140.18, 136.83, 132.53, 132.44, 130.37, 129.54, 129.47, 128.78, 128.03,
127.94, and 121.94; HR-APCI-TOF-MS (m/z) found 920.3841, calcd for CesHagNa4: 920.3873 [M]".

Synthesis of 3

Ph,C=N N=CPh, 2.5M HCI HoN NH;
Ph,C=N N=CPh, HszNHZ

THF, RT, 4.5 h “4HCI
2 3

Compound 2 (5.0 g, 5.4 mmol) was placed in a two-necked flask, and the flask was purged with argon. To the flask,
anhydrous THF (330 mL) and an aqueous solution of HCI (2.5 M, 11 mL) were added, and the reaction mixture was stirred
at 25 °C for 4.5 h. The resulting suspension was collected by filtration under nitrogen flow and dried under vacuum, providing
3 as a white solid (2.5 g, quant.). The product was used for the next step without further purification and kept under argon
atmosphere at —30 °C because of the poor stability in air. 'H NMR (DMSO-ds, 600 MHz): J (ppm) 8.4-6.9 (very broad), 6.67
(s, 4H), 6.55 (s, 4H). *C NMR (DMSO-ds, 151 MHz) 6 (ppm) 132.14, 130.00, 128.58, and 120.8-120.0 (br).
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Synthesis of FLAP1

o O

H2|_1112N f\rl\l'azz % (2.3eq.) _ %N ,\’j\lﬁ
.4HC| CHCIy/AcOH, 70 °C, 18 h

3 FLAP1

Compound 3 (150 mg, 370 mmol) was placed in a Schlenk flask, and the flask was purged with argon. To the flask,
CHCIs (4.5 mL, N, bubbled), acetic acid (2.7 mL, N> bubbled), and 3,4-hexanedione (0.10 mL, 830 mmol) were added, and
the resulting suspension was stirred at 70 °C for 18 h. The resulting mixture was cooled to room temperature and extracted
with CHCIs. The organic layer was washed with an aqueous NaHCOs3 solution, dried over anhydrous Na,SO, and then
evaporated. The crude product was purified by recrystallization from THF/MeOH to obtain pure FLAP1 as a white solid (106
mg, 68%). '"H NMR (CDCls, 600 MHz): 6 (ppm) 7.74 (s, 4H), 7.10 (s, 4H), 2.96 (q,J = 7.2 Hz, 8H), 1.33 (t,J= 7.2 Hz, 12H);
B3C NMR (CDCls, 151 MHz): 6 (ppm) 157.73, 139.93, 137.82, 133.21, 128.17, 28.75, and 12.57; HR-APCI-TOF-MS (m/z)
found 420.2306, calcd for CosHosNa: 420.2308 [M]".

Synthesis of FLAP2

SPhos Pd G2 (20 mol%)
o) SPhos (20 mol%) (@] o
r:FN NH, Br Cs,CO3 (10.6 eq.) N N
= *4HCI Br toluene, reflux, 18 h SN N=Z
O
4

3 FLAP2

Compound 4 (130 mg, 290 pmol), SPhos Pd G2 (21 mg, 29 umol), SPhos (12 mg, 29 pmol), Cs2CO3 (510 mg, 1.6
mmol), and compound 3 (60 mg, 150 pmol) were placed in a Schlenk flask, and the flask was purged with argon. To the flask,
distilled toluene (2.3 mL) was added, then the resulting suspension was refluxed for 18 h. The resulting mixture was cooled
to room temperature and filtrated through a Celite® pad. The resulting solution was evaporated under reduced pressure, and
the residue was purified by a flash silica-gel column chromatography (eluent: CHCIs/EtOAc (1:1)) for two times. The crude
product was reprecipitated from CHCl3/MeOH for three times to obtain pure FLAP2 as a yellow solid (35.4 mg, 28%). 'H
NMR (CDCls, 600 MHz): J (ppm) 8.78 (s, 4H), 8.19 (s, 4H), 7.49 (t, /= 7.8 Hz, 2H), 7.38 (s, 4H), 7.32 (d, J= 7.8 Hz, 4H),
2.73 (sep, J = 6.8 Hz, 4H), 1.18 (d, J = 6.8 Hz, 24H); '*C NMR (CDCls, 151 MHz): 6 (ppm) 166.66, 146.96, 145.52, 143.37,
141.44,133.49,131.01, 130.64, 129.65, 127.83, 126.97, 124.27, 29.60, and 24.15; HR-APCI-TOF-MS (m/z) found 866.3607,
calcd for CssHasNeOas: 866.3586 [M] .
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Attempted synthesis of 5

NH Br \@
H2N2 {

* 4HCI

HaN
BrBr = v
Figure S2.1. Schemes for the synthesis of 5. We attempted to synthesize 5 by applying the same reaction conditions in the
synthesis of FLAP2. The coupling partners of 3 and 1,2-dibromo-4,5-dimethylbenzene, as well as 1 and 4,5-dimethylbenzene-

1,2-diamine, were used for the reaction, but 5 was not obtained in this reaction condition probably because the reaction stopped

halfway due to the poor solubility.
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3. Characterization of new compounds
3.1. 'H and *C NMR spectroscopy
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Figure S3.1. "H NMR (top) and '*C NMR (bottom) spectra of 2 in CDCls. Signals marked with asterisk (*) indicate residual

solvents.
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3.2. High resolution mass spectrometry

TIMS, 0.8-1,2min #48-74]
Ph2C-N =cph2
PhzC=N Q FN=cPh,
2
i+
923,3976
CE3H48N4, , 920.3873
14
9233971 1+
A 924,4008
Te22 923 924 " 925 928 927 iz

Figure S3.5. HR-APCI-TOF-MS (positive mode) of 2 (top: observed, bottom: simulated).

Intens. ) T ’ ’ +H5, 0.6-1.2min #47-69]
(%) 1+
420.2306
/%%N N%
FLAP1
1+
422.2381 1+
423.2358
C28HZ8Ha, M, 420.2308)
1+
422.2370
- /)L r v .
422 423 424 m/z

Figure S3.6. HR-APCI-TOF-MS (positive mode) of FLAP1 (top: observed, bottom: simulated).
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Figure S3.7. HR-APCI-TOF-MS (negative mode) of FLAP2 (top: observed, bottom: simulated).
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4. Photophysical properties

4.1. UV-visible absorption and fluorescence spectra

Nag N
Q7e
ch FLAP1
~10- m p
T 7 2
= g g
2 44 5 5
& g £ ®: <0001 | E
0 e A A 0 | - | E—— \%'WMIWM'"
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
o 5
O*:§§N ; %o
] Q-
124 FLAP2

10+ -

5 8- 3

2 4 s

w 2_ S

O I ' I AR | ! A

300 400 500 600
Wavelength (nm)

Figure S4.1. UV-visible absorption (black line) and fluorescence (red line) spectra of (A) FLAPO, (B) FLAP1, (C) FLAP2
in CHCl; (excitation wavelength Aex = 340 nm for FLAP1, Acx = 400 nm for FLAPO and FLAP2).
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4.2. Solvent dependence

N, A :
5_ FLAP1
—— Toluene —— Toluene
T 4 —— CH,Cl, — ShaCh
— THF
S 3] —— THF — CHClI
D — CHCl, | DMF
S 2 DMF =4
o , o
T 1A \ = 2- /\
W W
0 T T 1 | 0 T T T T !
250 300 350 400 450 300 400 500
Wavelength (nm) Wavelength (nm)

Figure S4.2. UV-visible absorption spectra of FLAP1 and FLAP2 in various solvents with the concentration of <107 M.

FLAP2 —— Toluene

—— CH,Cl,
—— THF
—— CHCl,
—— DMF

Normalized FL intnsity

[ I I [ [
450 500 550 600 650
Wavelength (nm)

Figure S4.3. Fluorescence spectra of FLAP2 in various solvents with the concentration of 8x107® M (excitation wavelength

Aex = 340 nm). Peaks marked with asterisk (*) indicate Raman peaks delivered from the solvent.
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—— CH,CI,
— THF
—— CHCl,

DMF

FL Intensity (a.u.
\

N
| I | i

300 350 400 450 500
Wavelength (nm)

Figure S4.4. Excitation spectra of FLAP2 in various solvents with the concentration of 8x107® M (emission wavelengths

Jem = 545 nm).

Table S4.1. Absolute FL quantum yield @ of FLAP1 in various solvents (excitation wavelength Aex = 340 nm).

Dr
Toluene <0.001
CHCl, <0.001
THF <0.001
CHCI; <0.001
DMF <0.001

Table S4.2. Absolute FL quantum yield @ and FL lifetime zz of FLAP2 in various solvents or a PMMA matrix

@x F Va
Toluene 0.015 490 ps 4.10 (1** order fitting)
480 ps (>99%), 2.5 ns (0.4%) 1.10 (2™ order fitting)
CH,Cl 0.028 480 ps 1.31 (1% order fitting)
THE 0.017 480 ps 6.48 (1% order fitting)
430 ps (>99%), 1.9 ns (0.8%) 1.18 (2™ order fitting)
CHCl; 0.021 500 ps 1.31 (1% order fitting)
DMF 0.061 890 ps 1.04 (1% order fitting)
1.1ns 76.4 (1* order fitting)
PMMA 0.012 530 ps (92%), 3.0 ns (8%) 6.32 (2™ order fitting)
290 ns (80%), 1.3 ns (19%), 5.3 ns (2%) 1.32 (3" order fitting)

Excitation wavelength Aex = 400 nm for @r, and 405 nm for zr. Emission wavelength Aem = 515 nm (PMMA) and 545 nm
(other solvents) for zr. The PMMA matrix was prepared by the following method: FLAP1 (0.1 wt%) and PMMA (typical M,
= 15000, Aldrich) were dissolved in toluene, and this solution was dropped onto a quartz plate and dried under vacuum for

12 h.
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4.3. Photostability under UV irradiation

N
A
—~ FLAP2
= — O min
L0.34 : :
§ — S min — S min
0.2+ : :
S —— 30 min —— 30 min
50.1-
0 ' T ' | T 1 0 : T T |
300 400 500 600 300 400 500 600
wavelength (nm) wavelength (nm)

Figure S4.5. Evaluation of photostability of (A) FLAPO and (B) FLAP2. Concentration of FLAPO and FLAP2 in CHCl;
was adjusted with the absorbance of 0.1 at 365 nm. The CHCl; solutions were stirred under continuous spot irradiation using

a UV-LED light source (4 = 365 nm, 100 mW cm2). Photodegradation was monitored by absorption spectroscopy of the

solutions.

S15



4.4. Fluorescence spectra in the mixed solvent system of DMSO/glycerol

DMSO : glycerol

—_— 1

DMSO : glycerol
-9

O-=_2NWOUAOON®O©

CQOWoONOOOBEWN
CQOWO~NOUODEWN=
O-=2NWAOON

-
—

Normalized FL intensity 3,
Normalized FL intensity g

T T T T ] I T I I T

450 500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
Figure S4.6. Viscosity-dependent fluorescence spectra of (A) FLAPO and (B) FLAP2 in the mixed solvent system of
DMSO/glycerol. The viscosity values of the mixed system were referenced from the literature!S”), in which 668 (1:9), 338
(2:8), 169 (3:7), 86.4 (4:6), 44.9 (5:5), 23.7 (6:4), 12.8 (7:3), 7.0 (8:2), 3.9 (9:1), and 2.2 cP (10:0), respectively. Excitation

wavelength Jex = 340 nm. Peaks marked with asterisk (*) indicate Raman peaks delivered from the solvent.
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4.5. Temperature dependence

FL intensity (a.u.)

450 500 550 600 650 700
Wavelength (nm)

B C
Aem =497 nm — 208 K /\em =525 nm — 208 K
S5 S5
s )
= =
‘® ‘®
C C
2 2
£ k=
T T . T T |
300 350 400 450 300 350 400 450

Wavelength (nm) Wavelength (nm)
Figure S4.7. (A) Temperature dependent fluorescence spectra of FLAP2 in 3-methylpentane (melting point: —118 °C).

Excitation wavelength A.x = 400 nm for all measurements. (B, C) Temperature dependent excitation spectra of FLAP2 in 3-

methylpentane. Emission wavelengths: (B) 497 nm and (C) 525 nm. Peaks marked with asterisk (*) indicate Raman peaks

delivered from the solvent.
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4.6. Fluorescence of the crystals

—— FLAP1 —— FLAP2-C.H.Cl

Normalized FL intnsity

I [ | | I |
400 450 500 550 600 650 700

Wavelength (nm)

Figure S4.8. Fluorescence spectra of the crystals FLAP1 and FLAP2+C¢H;Cl.

4.7. Fluorescence in a PMMA matrix

FLAP2

— in PMMA
- CHCI; solution

— crystal

Normalized FL intnsity

T T T | |
450 500 550 600 650 700

Wavelength (nm)
Figure S4.9. Fluorescence spectra of FLAP2 in a PMMA matrix, in a CHCl; solution, and in the crystalline phase. The
preparation method for the PMMA matrix is described in Table 6.2.
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5. X-ray crystallographic analysis

Figure S5.1. (A) Crystal structure of FLAP1 from different views. Thermal ellipsoids are scaled to 50% probability.
Hydrogen atoms are omitted for clarity. (B) Representative bond lengths (A) and bond angles (°) and (C) COT bending angles
(see Figure S6.2 for the definition).
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Figure S5.2. (A) Crystal structure of FLAP2 from different views. Thermal ellipsoids are scaled to 50% probability.
Hydrogen atoms and solvent molecules are omitted for clarity. (B) Representative bond lengths (A) and bond angles (°) and

(C) COT bending angles (see Figure S6.2 for the definition). The 2,6-diisopropylphenyl groups are omitted for clarity.
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Table S5.1. Crystal Data of FLAP1 and FLAP2

FLAP1 FLAP2
Formula CasHosNy Cs6HasNO4+2(CsHsCl)
FW 420.54 1092.08
Crystal system triclinic triclinic
Space Group P-1 (No.2) P-1 (No.2)
alA 4.6738(1) 8.7565(1)
blA 15.5587(5) 16.9417(3)
cl/A 16.6456(5) 20.1692(4)
al® 68.373(3) 68.493(2)
ple 88.012(2) 82.020(1)
yl° 81.681(2) 81.345(1)
V/A3 1113.16(6) 2740.66(9)
zZ 2 2
T/K 93 93
R\ [I>20(])] 0.0494 0.0800
WR; (all data) 0.1432 0.2317
GOF 1.057 1.027
CCDC No. 2081297 2081298
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6. Theoretical calculations

Model structures FLAPO', FLAP1’, and FLAP2' were calculated, which have hydrogen atoms in place of the ethyl
groups and 2,6-diisopropylphenyl groups of the corresponding compounds (Figure S6.1). All calculations were performed at
the (TD) PBE0/6-31+G(d) level of theory, using the Gaussian 16 program'>®. All energy minimum structures had no
imaginary frequency. The COT bending angle was defined as the dihedral angle between the C1-C2-C3 and C2—-C3-C4

planes in Figure S6.2. The x, y, and z axes were defined as Figure S6.3 when a molecule has C,, symmetry.

FLAPO’
o
HN
O
('\TN NN? &\N
[
FLAP1’ FLAP2'

Figure S6.1. Structures of FLAP(0', FLAP1', and FLAP2'.

G
MXQ
_'..-" C

g =

Figure S6.2. Definition of the COT bending angle.

z C,, 6#0
X

y
X C,, 6=0
y

Figure S6.3. Definition of each axes.
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6.1. Energetically close excited states at the different planar geometries optimized in S,

o) o
A " oS ec eSSl
8- "g 0.30 -
E 6 ?g 0.25 o B,, state (planar D)
- f=0.1000
S < 0.20-
£ 4- S 015-
o) o . N Bfg state (planar Dy;,)
g S 0.10 - f=0.0000
® 27 2
E -g 0.05 - B, state (planar C,,)
0 | ﬂ E 0 ' f= 0.0590
50 40 30 20 10 . 0
Bending angle 6 (°) Bending angle 6 (°)
o] 0 0
B H"si ZyH Jeswsepesenl
. (o) %o 0
o _ © 3g 2h
£ 8ol P
_§ 6\ A, FLAP2’ §
: ; 0.8 B,, state (planar D)
< 2 ® £=0.3195
E ¢ E’ 0.6
() © =2
o 2 () B, state (planar C,,)
> = ® f=
E A’>¢=] E 04 - f=0.1877
CGK) 0 T ] &J I
50 40 30 20 0 0
Bending angle 6( ) Bending angle 6 (°)

Figure S6.4. Energetically close excited states at 8 = 0, calculated with different S; optimized geometries (See the
following pages).

(A) Three states of FLAP0’ were obtained, as shown in Figure S6.6 (B:), S6.7 (B1u), and S6.8 (B3g), respectively.
(B) Three states of FLAP2' were obtained, as shown in Figure S6.12 (B2), S6.13 (B1u), and S6.14 (Bsy), respectively.
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6.2. Optimized geometries in Sp and S;

A
) ,
V.
6=41.1°
(S optimized)
B
1.340 1_242

< 71
1.475 ,113781'419/1.4&)1'3961/4301'360 1.486

h 1.395
<< 1.438 1.436 1.448 1.424
~_123.36°

\ P /
N0 __12899° / J/
"\/ \\ // Ve Ve /

Figure S6.5. (A) Sy optimized geometry of FLAPO' with bent C», symmetry (See Figure S6.15). (B) Representative bond
lengths (A) and bond angles.

B S, optimized
| 1382 (Siop )
| ! 1212
V712093 1423 1404 1403 1404 1398 1429 1364 4 400
e 1.
: 128.87° 1.462 1.443 1.453 1.421
\129.77 1.460
1 ° /
,__14\?.42 1452 1407 1404 1398 1 407 1421 4 260 1477
1390 1214

Figure S6.6. (A) S; optimized geometry of FLAPO' with planar C,, symmetry that provides a B; state for the S configuration
(See Figure S6.4 and S6.16A). (B) Representative bond lengths (A) and bond angles.
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B (S4 optimized)
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Figure S6.7. (A) Si optimized geometry of FLAPO' with planar D>, symmetry that provides a By, state for the S;
configuration (See Figure S6.4 and S6.16B). (B) Representative bond lengths (A) and bond angles.
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Figure S6.8. (A) S| optimized geometry of FLAPO’ with planar D>, symmetry that provides a B3, state for the S;
configuration (See Figure S6.4 and S6.16C). (B) Representative bond lengths (A) and bond angles.
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Figure S6.9. (A) Sy optimized geometry of FLAP1’ with bent C,, symmetry (See Figure S6.17A). (B) Representative bond
lengths (A) and bond angles.
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Figure S6.10. (A) S; optimized geometry of FLAP1’" with planar D., symmetry that provides a Bjsg state for the S;
configuration (See Figure S6.17B). (B) Representative bond lengths (A) and bond angles.
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Figure S6.11. (A) Sy optimized geometry of FLAP2' with bent C,, symmetry (See Figure S6.18). (B) Representative bond
lengths (A) and bond angles.
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Figure S6.12. (A) S; optimized geometry of FLAP2' with planar C>, symmetry that provides a B- state for the S| configuration
(See Figure S6.4 and S6.19A). (B) Representative bond lengths (A) and bond angles.
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Figure S6.13. (A) S; optimized geometry of FLAP2’ with planar D, symmetry that provides a B, state for the S;
configuration (See Figure S6.4 and S6.19B). (B) Representative bond lengths (A) and bond angles.
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Figure S6.14. (A) S; optimized geometry of FLAP2' with planar D,, symmetry that provides a Bs, state for the S
configuration (See Figure S6.4 and S6.19C). (B) Representative bond lengths (A) and bond angles.

S28



6.3. Molecular orbitals of the Sy and S; optimized geometries

Figure S6.15. Kohn-Sham molecular orbitals and their energy levels of FLAPO' at the Sy geometry in Figure S6.5,
optimized at the TD PBE0/6-31+G(d) level of theory.

Table S6.1. Excitation energy, configuration, and oscillator strength of the So — S, (n < 3) transitions for the So optimized

FLAPO(’ at the TD PBE0/6-31+G(d) level.

Transition Excitation energy Configuration Oscillator strength
So— Si1(42) | 2.89 eV (429 nm) H — L (96%) 0.0000
So—S2(B1) | 299eV (414nm) | H— L+1 (92%) 0.0382

H-2 — L (16%)

So— 83 (B) | 318V (389mm) | T o)

0.2441
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Figure S6.16. Kohn-Sham molecular orbitals and their energy levels of FLAPO' at the different S; geometries in (A) Figure
S6.6, (B) Figure S6.7, and (C) Figure S6.8, optimized at the TD PBE0/6-31+G(d) level of theory.
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Figure S6.17. Kohn-Sham molecular orbitals and their energy levels of FLAP1' at (A) the So geometry in Figure S6.9 and
(B) at the S; geometry in Figure S6.10, optimized at the (TD) PBE0/6-31+G(d) level.

Table S6.2. Excitation energy, configuration, and oscillator strength of the So — S, (n < 4) transitions for the So optimized

FLAP1’ at the TD PBE0/6-31+G(d) level.

Transition Excitation energy Configuration Oscillator strength
H4 — L+1 (44%)
So— S1(B2) | 3.54 eV (350 nm) H-3 — L (53%) 0.0079
H-4 — L (54%)
So— S2(41) | 3.55eV (350 nm) H-3 o Lt1 (44%) 0.0016
So— S3(42) | 3.76 eV (330 nm) H — L (95%) 0.0000
. (\)
So— Ss (B) | 3.77 eV (329 nm) Eifé ggo//g 0.2182
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Figure S6.18. Kohn-Sham molecular orbitals and their energy levels of FLAP2' with different bent angles. The representative
molecular orbitals and their energy levels were calculated at the TD PBE0/6-31+G(d) level.

Table S6.3. Excitation energy, configuration, and oscillator strength of the So — S, (n < 5) transitions for the So optimized

FLAP2' at the TD PBE0/6-31+G(d) level.

Transition Excitation energy Configuration Oscillator strength
So— Si1(42) | 2.85¢eV (435 nm) H — L (96%) 0.0000
So— S2(B1) | 2.96 eV (419 nm) H — L+1 (94%) 0.0204

H-4 — L+1 (42%)
So— S3(B2) | 3.04 eV (408 nm) H-3 — L (53%) 0.0215
H—4 — L (55%)
So— Sa(41) | 3.04eV (407 nm) H-3 o L+1 (43%) 0.0002
So— S5 (B2) | 3.19 eV (389 nm) H-2 — L (83%) 0.4128
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Figure S6.19. Kohn-Sham molecular orbitals and their energy levels of FLAP2' at the different S; geometries in (A) Figure

S6.12, (B) Figure S6.13, and (C) Figure S6.14, optimized at the TD PBE0/6-31+G(d) level of theory.
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6.4. Excited-state energy levels and molecular orbitals calculated for the Sy optimized geometries

Relative energy (eV)

Bending angle 6 (°)

Figure S6.20. Potential energy diagram of the ground state Sp and excited states Sa, Sp, Sc, S, and Se for FLAPO' with fixed

bent angles of COT. The molecular geometries are optimized in So.
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Figure S6.21. Kohn-Sham molecular orbitals and their energy levels of FLAPO' with different bent angles. DFT optimized

geometries at the PBE0/6-31+G(d) level in Sp were used for the TD-DFT calculations at the same level.
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Figure S6.22. Potential energy diagram of the ground state Sp and excited states Sa, Sp, Sc, S, and Se for FLAP1' with fixed

bent angles of COT. The molecular geometries are optimized in So.
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Figure S6.23. Kohn-Sham molecular orbitals and their energy levels of FLAP1' with different bent angles. DFT optimized

geometries at the PBE0/6-31+G(d) level in Sp were used for the TD-DFT calculations at the same level.
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Figure S6.24. Potential energy diagram of the ground state Sp and excited states S, Sp, Sc, S, and Se for FLAP2' with fixed

bent angles of COT. The molecular geometries are optimized in So.
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Figure S6.25. Kohn-Sham molecular orbitals and their energy levels of FLAP2' with different bent angles. DFT optimized

geometries at the PBE0/6-31+G(d) level in Sp were used for the TD-DFT calculations at the same level.
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