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ABSTRACT: The novel donor—acceptor—donor (D—A—D)-
type fluorophore with an asymmetric structure is reported.
The twisted-induced charge transfer (TICT) luminescence
was observed. The degree of charge transfer and radiative rate
constant in the luminescence increased simultaneously with
increase in orientational polarizability of solvents. In contrast
to the numerous CT fluorophore researches, this behavior has
never been previously observed. This characteristic behavior
reveals the existence of an effective exciton coupling between
the CT states in the donor—acceptor—donor-type fluorophore
for the first time.

B INTRODUCTION

Photosynthetic organisms have evolved a system for efficiently
carrying out chemical reactions essential for supporting life
activity on earth.'™* This system is based on efficient light-
harvesting, energy transfer, and charge-separated states
originating from appropriate electronic structures and orienta-
tions of the molecules comprising photosynthetic organisms.
Among these molecules, chlorosome, found in green sulfur
bacteria, is a specific head-to-tail type aggregate (ie, J-
aggregates) with efficient light-harvesting and energy transfer
characteristics.”~” These excellent photophysical properties
have motivated researchers to study the construction of
artificial J-aggregates.*”"” Tamiaki and co-workers developed
J-aggregates constructed from various organic-modified chlor-
ophyll derivatives and successfully demonstrated their tunable
light harvesting ability.*'" This light sensitive J-aggregate
showed remarkably efficient energy donor characteristics
toward a titanium dioxide acceptor in dye-sensitized solar
cells.'” These efficient light-harvesting and energy donor
properties are based on the J-type exciton coupling, which
promotes the enhancement of the oscillator strength between
the ground state (S,) and the lowest singlet excited state (S,).

The J-type exciton coupling with an enhanced oscillator
strength is also expected to be of application in molecular
designs for strong luminescent materials.””~"” In the field of
“aggregation-induced emission (AIE)”, researchers have
reported strong luminescence based on the induced large
oscillators strength through J-aggregation.'>”"> Recently,
Lambert demonstrated an enhancement in luminescence
using a small-size molecule with several heteroexcitons in the
near excited energy level without J-aggregation.'®'” Thus,
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effective enhanced luminescence was demonstrated using
exciton coupling with large transition dipole moments.

In the field of biotechnology and optoelectronics, the design
of strong fluorophores presenting charge transfer (CT)
8-23

although
CT transition generally induces a weak dipole moment. In this

transitions have attracted considerable attention,'

article, the effect of J-type heteroexciton coupling between CT
excited states of fluorophores is reported for the first time. To
achieve effective J-type heteroexciton coupling, we applied
asymmetric donor—acceptor—donor (D—A—D)-type structures
(Figure 1a, As=D—A-D),”*™*” which are expected to present
two heteroexcitons. Specifically, carbazole (Figure 1b, D) and

Figure 1. Chemical structures of As—D—A—D (a), D (b), A (c), D—A
(d), and Sy—-D—A-D (e).
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dibenzoylmethane (Figure 1c, A) were used as a donor and an
acceptor, respectively. We also prepared a D—A-type structure
(Figure 1d) and the symmetrical D—A—D-type structure
(Figure le, Sy—D—A—D) for comparison of the photophysical
properties. The photophysical properties of the designed novel
fluorophores were discussed in terms of exciton coupling.

B EXPERIMENTAL SECTION

Apparatus. UV—vis absorption spectra were measured
using a JASCO V-670 spectrophotometer. Fluorescence and
excitation spectra were measured using an FP-6300 spectro-
fluorometer. Quantum yields were measured using an FP-6300
spectrofluorometer with an integration sphere. Fluorescence
lifetimes were recorded on a picosecond fluorescence lifetime
measurement system (C11200, Hamamatsu) equipped with
picosecond light pulser (C10196), spectrograph (C11119—02),
and streak scope (C10627). '"H NMR spectra were recorded in
CDCl,;, CD,Cl,, or DMSO-d, on a JEOL ECS-400 (400 MHz)
spectrometer; CHCl, (6 = 7.26 ppm), CH,Cl, (6 = 5.32
ppm), and DMSO (8y = 2.54 ppm) were used as internal
references, respectively. Electrospray ionization (ESI) mass
spectrometry was performed on a JEOL JMS-T100 LP
instrument. Elemental analyses were performed by MICRO
CORDER JMI0.

Materials. Sodium hydride (NaH, 55% dispersion in
paraffin liquid) was purchased from Kanto Chemical Co., Inc.
(Japan). Tetrahydrofuran, super dehydrated, with stabilizer (for
Organic Synthesis), xylene, super dehydrated, with stabilizer
(for Organic Synthesis), aluminum(III) chloride (AI(III)Cl,,
99.9%), hydrochloric acid (HCI, 6 mol/L), potassium
carbonate (K,COj, anhydrous), palladium(Il) acetate (Wako
Special grade), tri-t-butylphosphine (10 wt % in hexane),
hexane (spectroscopic grade), toluene (spectroscopic grade),
chloroform (CHCl;, spectroscopic grade), dichloromethane
(CH,Cl,, spectroscopic grade), and cyclohexane (spectroscopic
grade) were purchased from Wako Pure Chemical Industries,
Ltd. (Japan). 4-Bromoacetophenone (>98.0%), carbazole
(>96.0%), dibenzoylmethane (>98.0%), and ethyl 4-bromo-
benzoate (>98.0%) were purchased from Tokyo Chemical
Industry Co., Ltd. (Japan).

Synthetic Schemes and Their Identifications. 7-[4-(9H-
Carbazol-9-yl)phenyllethanone (D—A). The 1-[4-(9H-carba-
zol-9-yl)phenyl]ethanone was prepared according to previously
reported procedures.”® A solution of xylene, super dehydrated
(20 mL), was added dropwise to a three-necked flask
containing 4-bromoacetophenone (1.52 g, 7.67 mmol),
carbazole (1.12 g, 6.70 mmol), K,CO; (2.96 g, 21.4 mmol),
palladium(II) acetate (small amount), and tri-t-butylphosphine
(1.0 mL) under Ar. The reaction mixture was stirred for 40 h at
120 °C. The product was extracted with CH,Cl,, and the
extracts were washed three times with distilled water and
subsequently dried over anhydrous MgSO,. The solvent was
subsequently evaporated after which solid compounds were
formed. The compounds were separated by silica gel
chromatography (hexane/CH,Cl, = 1:1, R; = 0.45), which
resulted in a yellow compound.

Yield: 0.78 g (35.6%). 'H NMR (400 MHz, CDCl,, TMS):
§/ppm = 2.70 (3H, s), 7.30=7.35 (2H, m), 7.41—7.52 (4H, m),
7.69—7.74 (2H, m), 8.14—8.16 (2H, d, J = 8.0 Hz), 8.19—-8.24
(2H, d, J = 8.8 Hz).

4-(9H-Carbazole-9-yl) Benzoic Acid Ethyl Ester. The 4-(9H-
carbazole-9-yl) benzoic acid ethyl ester was prepared according
to previously reported procedures.”® A solution of xylene, super

dehydrated (40 mL), was added dropwise to a three-necked
flask containing ethyl 4-bromobenzoate (3.02 g, 13.3 mmol),
carbazole (2.20 g, 13.1 mmol), K,CO; (5.07 g, 36.7 mmol),
palladium(II) acetate (small amount), and tri-t-butylphosphine
(1.0 mL) and subsequently stirred for 48 h at 120 °C under Ar.
The product was extracted with CH,Cl,, and the extracts were
washed three times with distilled water and subsequently dried
over anhydrous MgSO,. The solvent was subsequently
evaporated after which solid compounds were formed. The
compounds were separated by silica gel chromatography
(hexane:CH,Cl, = 1:1, R; = 0.45). The compound was washed
with ethanol, and white solid was obtained.

Yield: 0.76 g (18.0%). '"H NMR (400 MHz, CDCl;, TMS):
§/ppm = 1.40—1.50 (3H, m), 4.40—4.50 (2H, m), 7.29—7.36
(2H, m), 7.39—7.51 (4H, m), 7.67—7.72 (2H, m), 8.15 (2H, d,
J = 8 Hz), 8.27—8.33 (2H, m).

1,3-Bis[4-(9H-carbazol-9-yl)phenyl]-1,3-propanedione
(As—D—A—D). A solution of superdehydrated tetrahydrofuran
(THF) (40 mL) was added dropwise to a three-necked flask
containing 4-(9H-carbazole-9-yl) benzoic acid ethyl ester (0.76
g, 2.41 mmol) and NaH (0.40 g, 9.17 mmol) and subsequently
stirred for 30 min under Ar. A solution of superdehydrated
THF (20 mL) containing 1-[4-(9H-carbazole-9-yl)phenyl]
ethanone (0.54 g, 1.90 mmol) was added dropwise to the
above solution. The reaction mixture was stirred for 24 h at 60
°C. Water was added to the reaction mixture, which was
neutralized by HCl (2 M). The product was extracted with
CH,Cl,, and the extracts were washed three times with distilled
water and subsequently dried over anhydrous MgSO,. The
solvent was subsequently evaporated after which solid
compounds were formed. The compound was purified by
reprecipitation (CH,Cl,/hexane) and recrystallization
(CH,Cl,/hexane), which resulted in a brown solid compound.

Yield: 0.47 g (44.8%). '"H NMR (400 MHz, CD,CL,): 6/ppm
= 7.08 (1H, s), 7.30—7.38 (4H, m), 7.42—7.50 (4H, m), 7.56
(4H, d, J = 8.4 Hz), 7.80 (4H, d, ] = 8.8 Hz), 8.18 (4H, d, ] =
8.0 Hz), 8.31 (4H, d, ] = 8.4 Hz), 17.1 (1H, s). HRMS(ESI):
found m/z = 555.20; caled for C;H,,N,0,: [M + H]* =
555.20.

Tris(1,3-bis[4-(9H-carbazol-9-yl)phenyl]-1,3-
propanedione)aluminum (Sy—D—A—-D). A solution of super-
dehydrated THF (20 mL) was added dropwise to a three-
necked flask containing As—D—A-D (223.1 mg, 0.40 mmol),
NaH (32.1 mg, 0.74 mmol), and AI(II[)Cl; (21.2 mg, 0.16
mmol) and subsequently stirred for 60 h under Ar. The product
was extracted with CH,Cl,, and the extracts were washed three
times with distilled water and subsequently dried over
anhydrous MgSO,. The compound was purified by reprecipi-
tation (CH,Cl,/hexane) and recrystallization (THF) to form a
yellow solid compound.

Yield: 132.8 mg (59.1%). '"H NMR (400 MHz, CD,CL,): &/
ppm= 7.26—7.35 (5H, m), 7.38—7.46 (4H, m), 7.53 (4H, d, ] =
8.4 Hz),7.77 (4H, d, ] = 8.4 Hz), 8.14 (4H, d, ] = 8.0 Hz), 8.46
(4H, d, ] = 8.8 Hz). HRMS(ESI): found m/z = 1133.36; calcd
for C,sH,AIN,O,: [M—L]* = 1133.36. Elemental analysis:
found, C 82.38%, H 4.63%, N 4.77%; calcd for C,;H;5AINOq4
+ H,0: C 82.38%, H 4.55%, N 4.93%.

B RESULTS AND DISCUSSION

As—D—A-D-Type Structure. p-Diketone derivatives
generally exist in their keto and cis-enol forms in solution at
room temperature.””’’ Here, we performed nuclear magnetic
resonance (NMR) measurements for the analysis of keto—enol
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ratio of As—D—A—D in solution. In this research, we used four
solvents, hexane, toluene, CHCl;, and CH,Cl,. Because the
fraction of cis-enol form tends to increase as the solvent polarity
decreases,”’ the NMR spectrum was measured using CD,Cl,.
NMR peaks at 17.1 (—OH) and 7.1 ppm (—CH) produced by
the cis-enol proton were observed (Figure S1), while the peak
at around 3.5—4.5 ppm (keto, —CH,) was not clearly observed.
The NMR integration ratio indicated the existence of the keto-
form (keto-form, 11%; enol-form, 89%). DFT calculations
under vacuum condition also indicated that the energy of the
enol-form was lower than that of the keto-form (Figure S2, AE
=302 cm™'). In addition, the energy of the two cis-enol forms
are equal and are present in equal amounts.’” These facts
indicate that the ground-state structure of As—D—A-D in
solution at room temperature is symmetric.

Ground State Properties of As—D—A-D and Sy—D—
A-D. The electronic absorption spectrum of As—D—A-D is
shown in Figure 2a. A sharp absorption band at around 290 nm
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Figure 2. Solvent-dependent electronic absorption spectra (a) of As—
D—A-D (cyclohexane, broken line; hexane, black line; toluene, red
line; CHCl,, blue line; CH,Cl,, green line). Electronic absorption
spectra (b) of A (broken line), D (black line), D—A (red line), As—
D—A-D (blue line), and Sy—D—A-D (green line) in CHCl,.
Normalized by intensity maxima at the long or short wavelength
bands.

and a broad band in 300—450 nm range were observed. As
shown in the electronic absorption spectra in Figure 2b, the
electronic absorption band at around 290 nm and the fraction
of the broad band at short wavelengths are assigned to localized
excited states of D and A moieties, respectively. The longest
absorption edge (Figure 2a, inset) was slightly red-shifted as a
result of the solvent polarity, suggesting that the transition band
at the longest wavelength has a weak CT character. These
absorption properties can be interpreted using DFT
calculations (see Supporting Information). The relative
absorption intensities around 290 and 330 nm were different
depending on the type of solvent. The D—A (Figure 1d), which
is expected to present an electronic structure similar to that of
the keto-form, showed absorption bands at around 290 and 330
nm (Figure 2b). The differences in the relative intensity of
these bands were produced by the different abundance ratio of
the keto-form in each solvent. This interpretation was also

supported by the change in the electronic absorption
underwent by the coordinated AI** (Sy—D—A-D, Figure le),
which exhibited a lower relative absorption intensity at around
290 and 330 nm as compared to As—D—A—D (Figure 2b). In
addition, coordination of AI’* induced a red-shift in the broad
absorption band.

Excited State Properties of As—D—A-D and Sy—-D—
A-D. The fluorescence spectra of As—=D—A—D and Sy—D—
A-D in various solvents (4., = 370 nm) are shown in Figure
3a,b, respectively. The fluorescence spectra of As—D—A-D
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Figure 3. Solvent-dependent fluorescence spectra of As—D—A—D ((a)
cyclohexane, broken line; hexane, black line; toluene, red line; CHC,,
blue line; CH,Cl,, green line) and Sy—D—A—D ((b) toluene, red line;
CHCl,, blue line; CH,Cl,, green line). Normalized by intensity
maxima.

were strongly red-shifted as a result of the orientational
polarizability of the solvents (Af),”> which indicates the
occurrence of twisted-induced charge transfer (TICT)
fluorescence. The fluorescence bandwidth increased and the
vibronic bands vanished with increase in Af, thereby revealing
an increase in the CT character with increase in Af. A similar
solvent-dependent behavior was observed for Sy—D—A-D,
although its fluorescence bandwidth was larger than that of As—
D—A-D in the same solvents (Figure 3 and Table 1),
suggesting a lower CT degree of Sy—D—A—D as compared to
As—D—-A-D.

In order to clarify the excited state properties, we performed
TD-DFT calculations for one of the As—D—A—D structures
(cis-enol form and the S, state, Table S2). The optimized As—
D—A-D structure showed different two-twisted angles
between the A and the D moieties (Figure 4a). The
luminescent state (S;) was consistent with an HOMO —
LUMO excited electronic configuration. The HOMO is the
localized orbital of the D moiety, which is strongly twisted
(89.97°) from the A moiety (Figure 4b). The LUMO
corresponds to the localized orbital of the A moiety (Figure
4b). This system induced strong CT transition with a
significantly low oscillator strength (f,,. < 0.0001). The higher
excited state (S,) in the S; structure is consistent with a
HOMO-1 — LUMO excited electronic configuration. The
HOMO-1 corresponds to a localized orbital of the D moiety,
which is moderately twisted from the A moiety (69.16°)
(Figure 4b). This moderate twisted angle induced a weaker CT
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Table 1. Photophysical Parameter of As—D—A—D and Sy—D—A-D

solvent Ae/nm (cm™") /%"
As—D—A-D cyclohexane 419 (23,870) 041
As—D—-A-D hexane 417 (23,980) 0.99
As—D—A-D toluene 440 (22,730) 124
As—D—A-D CHCl, 482 (20,750) 444
As—D—A-D CH,Cl, 500 (20,000) 46.6
Sy—D—A-D toluene 447 (22,370) 495
Sy—D—A-D CHCl, 463 (21,600) 559
Sy-D—A-D CH,CI, 487 (20,530) 60.0

lex = 390 nm. %A, = 380 nm.

7/ns” k/s7! k. /s" Af fwhm/cm ™"
3.6 1.1 x 10° 2.8 X 10° —0.004 2120
3.5 2.8 X 10° 2.8 X 10° 0.001 2120
42 3.0 X 107 2.1 x 108 0.014 2290
3.0 1.5 x 10° 1.9 x 10° 0.150 3160
49 9.5 X 107 1.1 x 10° 0.220 3550
15 3.3 x 10° 34 x 108 0.014 2160
2.7 2.1 x 10® 1.6 x 10° 0.150 2730
4.1 1.5 x 10° 9.8 X 10’ 0.220 3370
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Figure 4. Optimized structure (a) and the molecular orbitals ((b) LUMO, HOMO, HOMO-1) for As—D—A-D.

- .= 0.1220). The
higher excited states with large oscillator strengths are
presented, which correspond to localized excited states of the
A and D moieties (Table S2). These calculation results indicate
that the actual luminescent states are primarily mixed with their
excited states for As—D—A-D.

The photophysical parameters of As—D—A—D and Sy—D—
A-D are shown in Table 1. In solvents with large Af values
(CHCI; and CH,Cl,), large fluorescence quantum yields were
also observed despite the high degree of CT for As—D—A-D
and Sy—D—A—D. These results can be explained in terms of
the relatively large radiative rate constant (k) and small
nonradiative rate constant (k,) for As—D—A—D and the
relatively small k., for Sy—=D—A—D at these conditions.

The k,,, is expressed as the sum of nonradiative rate constants
from S, to S, (k) and intersystem crossing constant from S;
to T, (ki) In general, high degree of CT and a low energy gap
between S, and S, induce large k. Here, we consider several
intersystem crossing pathways. First, the ISC pathway between
charge transfer excited states is considered. The high degree of
CT induces a small energy gap between S, and T, with CT,
which is expected to induce the large k. Second, the ISC
between S, and the localized excited states of the A and D
moieties is regarded. Previous reports suggest the localized
triplet excited states of the A and D moieties to be 20,410 and
24,210 cm ™, respectively.”*”* The luminescence energy of As—
D—A~-D in hexane, toluene, and CHCI; and that of Sy—D—A—
D in toluene, CHCl;, and CH,Cl, were larger than that of the
A moiety (Table 1), indicating potential ISC pathways between
S, (CT) and the localized excited triplet state of the A moiety.
Therefore, the large Af value makes the suppressed intersystem
crossing pathway with charge transfer between S; and the
localized excited state, resulting in the small k..

However, the k, value increased for As—D—A—-D and
decreased for symmetric Sy—D—A—D with increase in Af. In

transition with a large oscillator strength (f,

the case of Sy—D—A-D, this behavior originates from the
energy difference between the unchanged localized excited state
and the changed excited degenerate CT state, depending on the
solvents. The red-shifted luminescence in high polarity solvents
induced large energy differences, which subsequently provided
CT transition states with lower mixing for the localized excited
states. This is a general phenomenon observed for CT
luminescence.>® In contrast, the radiative rate for As—D—A—
D dependent on the solvent polarity is a unique phenomenon.
The k, constants tended to increase under the expected large
energy difference between the lowest CT excited and the two
localized excited states. These results indicate that the
electronic coupling between the undegenerated CT excited
states is an important factor for the interpretation of the
photophysical behavior. To explain this unique phenomenon,
we suggest the following models. When the CT degree of the
S, state is large, the negative charge on the A moiety for the S,
states is also large. This large negative charge imparts a larger
twisted angle between the A and D moieties corresponding to
the S, states. Therefore, near two twisted angles are produced,
resulting in the lower energy difference between the S; and S,
states, which is expected to induce effective exciton coupling
between the two CT states.’®? Thus, the k, constants
increased in solvents with large Af values. Exciton coupling is
one of the advantages of the stabilized S, and unstabilized T,
states, which result in low S§;—T; energy gaps without
decreasing the exchange integral related to the orbitals.*®
This phenomenon opens the possibility for synthesizing
organic compounds with an inversion energy level between
S, and T, (Figure S10). Further study on the relationship
between S;—T, energy and exciton coupling between CT
excited states is now in progress.
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B CONCLUSIONS

In summary, we studied the photophysical properties of novel
D—A—D molecules with asymmetric structure in terms of their
heteroexciton coupling for the first time. These fluorophores
exhibited specific luminescence properties originating from the
exciton coupling between two CT states. These findings
indicating effective exciton coupling between CT states open
up new possibilities not only for the design of strong
fluorophores presenting CT transition but also synthesis of
the novel organic materials with an inversion energy level
between S, and T, for high photostability and efficient
electroluminescence without thermal-assisted delayed fluores-
cence.
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