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Abstract: Molecular design of dual-fluorescent probes requires
precise adjustment of the energy levels of two excited states and the
energy barrier between them. While the hybridized local and charge-
transfer (HLCT) state has been recently focused as an important
excited state for high emission efficiency with a tunable energy level,
a dual emission involving the HLCT state has been only achieved with
the excited-state intramolecular proton transfer (ESIPT) system. Here,
a series of dual-fluorescent molecules involving an HLCT excited
state with the excited-state conjugation enhancement (ESCE) motif is
presented as the first case. The energy level of the HLCT state has
been adjusted by changing substituents and solvents, separately from
the ESCE energy level. The HLCT-ESCE molecular design with
tunable fluorescence properties proposes a new strategy for the
development of advanced fluorescent probes.

Introduction

Dual emission has attracted considerable attention in molecular
photochemistry due to a variety of mechanisms and the related
applications.['l With an environment-sensitive dual-fluorescent
probe,?3 ratiometric analysis can be performed by evaluating the
intensity ratio of two emission bands, which enables quantitative
environment imaging regardless of inhomogeneous distribution of
the probe molecules.*® In addition to the vital role in sensing
ionsl®” and chemical species,’®? dual-emissive molecules are
useful tools for probing local viscosity,'” temperature,'"12 pH,[3]
or tension'*"8lin complex soft matter such as living cells!'’-2% and
network polymers.'=%l Combinational use with a confocal
microscope or a hyperspectral camera allows quantitative
microenvironment imaging with a simpler setup than the
fluorescence lifetime imaging (FLIM).[26-301

As representative cases, dual emissive biosensors based
on the Forster resonance energy transfer (FRET) mechanism are
widely used for detecting microenvironments,®"32 while dual

emissive excited-state intramolecular proton transfer (ESIPT)
fluorescent probes are used as chemosensors.®® The key to
achieving dual-fluorescence is the design of molecules that
exhibit a significant structural change in the excited state as well
as an instant reversibility in the ground state (Figure 1a). A variety
of strategies have been employed to induce the large structural
change, including twisted/planarized intramolecular charge
transfer (TICT/PLICT),43% excimer formation in a fluorophore
dimer,1*-42 and excited-state conjugate enhancement (ESCE).3-
48] |n particular, a large conformational change caused by ESCE
provides a function of advanced fluorescent probes for real-time
materials imaging. Our group has developed the flexible and
aromatic photofunctional system (FLAP)#71 as a platform for
probing nanoscale environments through a molecular flapping
motion. In the ground state, FLAP takes a V-shaped, bent
conformation as the most stable geometry. When subjected to
environments with limited free volume, FLAP almost maintains
the V-shaped conformation and typically emits a blue
fluorescence from the first singlet excited state (S1) (Figure 1b).
Conversely, under conditions with sufficient free volume, FLAP
changes the conformation to a planar geometry, which typically
results in a green fluorescence from Si. The dual emission is
induced by altering the electronic configuration, classified as an
ESCE system.[ With this property, FLAP serves as a fluorescent
probe for a diverse range of applications, such as viscosity
probes,*8-50 free volume probes for polymeric materials,5" and
force probes for mechanochemistry and soft matter physics.2-54

Tuning the excited state potential energy surface is
important for the versatility of dual-emissive fluorophores.
Modulation of the donor-acceptor design for photoinduced
electron transfer®-%¢1 is a major approach to manipulate the
excited-state energy surface, with other strategies involving the
introduction of steric hindrance®®®! and excited-state
aromaticity.®l In particular, tuning the excited-state energy level
of the ESCE systems has been reported by introducing a charge
transfer (CT) moiety into dibenzo[b,flazepine, "]



tribenzo[b,d,lazepine,®! and N,N -diaryl-
dihydrodibenzo[a,e]phenazine systems.[®) The energy level of
the CT state can be readily tuned by substituents and surrounding
environments, such as solvent polarity. However, the CT state
exhibits a smaller orbital overlap between HOMO and LUMO,
which results in a decreased oscillator strength () of the lowest-
energy transition. The small oscillator strength leads to a lower
absorption efficiency and a lower radiative decay rate, which
diminishes the performance of fluorescent probes. Several
strategies have been developed to increase the orbital overlap in
the CT transition. The use of D-n-A motifs is one of the
representative approaches to solving the problem of a low
oscillator strength, often used in dye-sensitized solar cells.l®
Another approach is to hybridize the locally excited state with the
CT state, called the HLCT excited state (Figure 1c¢). The HLCT
state is characterized by each contribution of the highly emissive
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LE state and the CT state with the tunable energy level.l’'-74
Molecules with the HLCT excited state have been employed as
emitters in organic light-emitting diodes (OLEDs)"® and have also
been utilized as chemosensors."6771 Although the HLCT excited
state has been incorporated into the ESIPT dual emission
systems,[787% the adoption of the HLCT state in the ESCE dual
emission system has not been reported.

Here, we report a strategy to design a characteristic
molecule that shows dual fluorescence from the HLCT state and
the ESCE state. To construct the HLCT system Wingla-d, the
phenazine skeleton was combined with para-substituted phenyl
groups with different substituents (Figure 1d). Furthermore, this
HLCT system was embedded in the "flapping wings" of the
previously reported N-FLAP molecules (FLAP1a-d), thereby
enabling the tunable dual fluorescence.
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(a) Ground-state and excited-state energy diagram of dual-fluorescent molecules. (b) The previously reported N-FLAP molecule showing a dual

fluorescence from V-shaped and planar conformations. (c) Characteristics of an HLCT excited state compared to an LE state and a CT excited state. D: Donor, A:
Acceptor. (d) Combination of a phenazine core and para-substituted phenyl groups yielded Wing1a—d exhibiting an HLCT excited state. The substituted phenazine
moiety has been introduced as the “flapping wings” of N-FLAP (N-FLAP1a-d) to achieve dual fluorescence from the HLCT and ESCE states. The fluorescence
wavelength of the HLCT emission can be tuned by the electronic modulation of the substituents.



Results and Discussion

Construction of an HLCT unit in substituted phenazines

The synthesis of Wingla-d and the V-shaped dimers N-
FLAP1a-d is shown in Figure 2a. Key precursors Wing3 and N-
FLAP3 were prepared by bromination of 2,3-
dihexyloxyphenazine (Wing2) and corresponding FLAP (N-
FLAP2)5"54 with N-bromosuccinimide (NBS)E%8" in 89% and
82% yield, respectively. Suzuki coupling of these products with
para-substituted phenylboronic acids to afford the corresponding
HLCT units Wingla—-d from Wing3 in 95-100% yield, and N-
FLAP1a-d from N-FLAP3 in 75-77% yield. The late-step
substitution allowed easy modulation of the photophysical
properties of the phenazine and N-FLAP derivatives. X-ray crystal
structures of N-FLAP1a—-d showed V-shaped bent geometries,
taking the COT bending angle of 40.0—-48.5° (Figure 2b and S35
to S38), indicating that the most stable conformation of the aryl
substituted N-FLAP molecules is bent, as reported in the
unsubstituted ones.®"82

Wing3 89%

Wing1a: X=CF; 94%
Wing1b: X=F 95%
Wing1c: X=t-Bu 94%
Wing1d: X=OMe 100%

Br OR

jj’OR

N Br

a2

N-FLAP1a: X=CF; 77%
N-FLAP1b: X=F 75%

N-FLAP1c: X=t-Bu 76%
N-FLAP1d: X=OMe 77%

Figure 2. (a) Synthesis of Wingla—d and N-FLAP1a-d. Reagents and
conditions: (i) N-bromosuccinimide (NBS), DMF, 30 °C, 24 h; (ii) arylboronic
acid, SPhos Pd G2, KsPOs, THF/H20, 73 °C, 16 h; (iii) NBS, DMF, 30 °C, 64 h;
(iv) arylboronic acid, SPhos Pd G2, KsPO4, THF/H20, 30 °C, 17 h for N-FLAP1a,
N-FLAP1b, and N-FLAP1d, or 22 h for N-FLAP1c. (b) X-ray crystal structure
of N-FLAP1a.
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Steady-state fluorescence spectra

Photophysical properties of Wingla—-d and N-FLAP1a-d were
investigated to gain insight into the excited-state conformational
changes. The absorption spectra of Wingla—d in
dichloromethane (DCM) showed peak maxima at 375-376 nm
with the molar absorption coefficients of 1.4—1.6x10* mol L~ cm~
' (Figure 3a). The lowest-energy absorption band of these spectra
underwent a red shift along with the decreasing Hammett’s sigma
values of the substituents. Furthermore, Wingla—d exhibited
broad fluorescence spectra with the full width at half maximum
(FWHM) ranging from 3040 to 3190 cm™" and peak tops at 483
nm, 512 nm, 526 nm, and 558 nm, respectively. These broad
fluorescence spectra suggested the CT character of Wing1a-d
between the phenazine core and para-substituted phenyl groups.
The absorption spectra of N-FLAP1a—d in DCM showed a
similarity to Wing1a—d. The peak maxima were observed at 402—
403 nm with the molar absorption coefficients in the range of 3.8—
4.0x10* mol L' ecm™" (Figure 3b). In addition, the lowest-energy
absorption band of these spectra also showed redshifts, reflecting
the decreasing Hammett's sigma values of the substituents. While
the fluorescence of N-FLAP1b-d also exhibited spectral
broadening, a unique spectral shape was observed in N-FLAP1a,
characterized by an overlap of two distinct fluorescence features:
a broad band and a relatively sharp spectrum with vibrational
progression, which is a hallmark of the fluorescence from the
planarized conformation of N-FLAP molecules.l%'%4

Subsequently, the solvent effects on the photophysical
properties were also investigated, using cyclohexane, toluene,
THF, DCM, and DMF. The absorption spectra of all four Wing1a—
d compounds showed minimal variation when the solvent was
changed (Figure S43). In contrast, the fluorescence spectra
showed a red shift as the polarity of solvents increased (Figure
S43). The fluorescence peak top (Aem) of Wing1b showed a
notable red shift from 483 nm (cyclohexane) to 518 nm (DMF)
(Figure 3c). This spectral red shift also indicated the CT character
in the excited state. As for N-FLAP1a-d, the negligible solvent
effect on the absorption and the trend of red-shift in the
fluorescence by increasing solvent polarity were also observed
(Figure S44). In particular, N-FLAP1a displayed characteristic
fluorescence spectra with clear vibrational progression in these
solvents, which indicates the planarization of the COT moiety
induced by the ESCE mechanism. In the case of N-FLAP1b, the
clear vibrational progression was only observed in cyclohexane
and toluene (Figure 3d). Since the ESCE state of the FLAP
systems is independent of the solvent polarity,[5%5"the red-shifted
broad fluorescence spectra in DCM and DMF are assumed to be
a similar CT-type emission to Wing1b. In other words, the
switchable dual emission of N-FLAP1a—-d was expected by
adjusting the CT level of the “wing” part in the excited state.
Lippert—-Mataga plots for Wingla—d and N-FLAP1a—d also
showed that the dipole moment difference between the ground
and excited states increases as the electron-donating character
of the substituents increases (Figure S45, Table S2).
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Figure 3. (a,b) Absorption (solid lines) and FL spectra (dotted lines) of (a) Wing1a—d and (b) N-FLAP1a—d in DCM solution. Fluorescence (FL) spectra were
normalized at the peak top. (c,d) Solvent effects on the absorption (solid lines) and FL spectra (dotted lines) of (c) Wing1b and (d) N-FLAP1b. See Figures S43,

S44 for absorption and FL spectra of the other compounds.

Kinetics and thermodynamics in the excited state

Fluorescence quantum yield (&) and fluorescence lifetime (z)
of Wing1a were remarkably low in DCM (& = 0.004, 7 = 0.1
ns), and the fluorescence is assumed to originate from the CT
state. The & and 7 values of Wing1a—d increased as the
substituent's Hammett opaa parameter decreased (Table 1).
Among Wingla-d, Wing1d showed the largest & of 0.58 and
the longest z of 18 ns in DCM. The radiative decay rate (k) of
Wing1a—-d was almost same in DCM (k = 0.03-0.04 x 10°s™),
while the nonradiative decay rate (k.,) decreased with increasing
the Hammett parameter (k.= 8 x 10° s~ for Wing1a, k= 0.02 x
10° s~ for Wing1d). Namely, fast nonradiative decay can be
dramatically suppressed by the electron-donating ability of the
substituents. Since the rapid intersystem crossing (ISC) of the
phenazine core has been reported,® the nonradiative decay of
Wing1a-d can be mainly attributed to the ISC from the LE state
of the phenazine core. Therefore, a hybridized excited state of the
LE and CT states is suggested for Wing1a—d (see the paragraph
of the theoretical study). Since the emission bands of HLCT and
ESCE are overlapped in the fluorescence spectra of N-FLAP1a—
d, the fluorescence decay analysis was carefully performed.
While Wingl1a—d showed a simple decay profile with a single
component, N-FLAP1a,b showed a complex decay profile with
multiple components of fluorescence lifetime in DCM (Table 2).
N-FLAP1a exhibited double-component fluorescence decay
profile with % < 0.1 ns (65%) and %= 0.3 ns (35%) at Aops = 485
nm. Although N-FLAP1b also exhibited double-component
fluorescence decay profile (7 = 0.9 and 11 ns), the contribution
of the longer lifetime component was quite small (0.07% for 7 =
11 ns at Aqps = 560 nm), which is consistent with the small spectral
area of the ESCE emission band compared with that of HLCT. On
the other hand, the fluorescence decay profiles of N-FLAP1c,d
were fitted basically with a single-component function, and the 7
values as well as & were almost same as Wingic,d,
respectively. This indicates that the fluorescence from the COT-

planarized conformation was not detected in these conditions.
These results also demonstrated that switching of dual emission
on COT-fused system has been achieved by the substituents.

Table 1. Hammet constant of the substituents, fluorescence quantum yield, and
fluorescence lifetime of Wing1a-d in DCM. The rate constants of radiative decay
and nonradiative decay were also shown.

Oparal?! @ ] w/nsl Kk /109s  Kne/10°s7
Wingia 0.54 0.004 0.1 0.03 8
Wing1b 0.06 0.02 0.6 0.03 2
Wingic -0.20 0.06 1.7 0.04 0.6
Wing1d -0.27 0.58 18 0.03 0.02

[a] Hammett constant from the literature.¥ [b] Excitation dex = 380 nm. [c]
Excitation Aex = 405 nm. Observation Aws = 485 nm (Wingia), 515 nm
(Wing1b), 525 nm (Wing1c), and 560 nm (Wing1d).

Table 2. Hammet constant of the substituents, fluorescence quantum yield, and
fluorescence lifetime of N-FLAP1a-d in DCM. The rate constants of radiative
decay and nonradiative decay were also shown.

Opard® @R [P 7L/ nst k/109s"  kn/10°s7!

i < 0.1 (65%), i [
N-FLAP1a 0.54 0.02 0.3 (35%)

i 0.9 (> 99%), i @
N-FLAP1b 0.06 0.03 11 (0.07%) c c
N-FLAP1c -0.20 0.08 2.3 0.03 04
N-FLAP1d -0.27 0.58 21 0.03 0.02

[a] Hammett constant from the literature.® [b] Excitation Aex = 400 nm. [c]
Excitation Jex = 405 nm. Observation Aobs = 480 nm (N-FLAP1a), 560 nm (N-
FLAP1b), 570 nm (N-FLAP1c), and 560 nm (N-FLAP1d). [c] Decay constants
were not able to be estimated from the double-component decay profile.



Solvent effects were also examined. Taking Wing1b as an
example (Table 3), & increased and 7= got longer by increasing
the polarity of the solvent from cyclohexane (& =2.02; & = 0.004,
%L = 0.1 ns) to DMF (& =36.71; &L = 0.02, %L = 0.6 ns). While
k. is almost constant (k. = 0.03-0.04x10° s™"), k,, decreased with
increasing solvent polarity (k. = 1x10'° s7! in cyclohexane, Ky =
2x10° s7' in DMF). A similar trend was observed for Wing1a,
Wing1c, and Wing1d (see Figure S46 and Table S3). Also for N-
FLAP1a-d, the & and 7z values increased in polar solvents
(Table 4, Figures S47-S50, and Table S4). The longer lifetime
would be induced by changing the energy level of the HLCT state
in S4, causing slower ISC (see below). The ISC behavior of N-
FLAP1a—d appears to be different from that of N-FLAP2.[83]
Table 3. Fluorescence quantum yield (&) and fluorescence lifetime (zL) of

Wing1b in solvents with various relative permittivity (&). Calculated rate
constants of radiative decay (k) and non-radiative decay (knr) are also shown.

Solvent & G g /nsll k/10°sT ke /10°s7
cyclohexane 2.02 0.004 0.1 0.04 1x10
toluene 2.38 0.007 0.2 0.04 6
THF 7.58 0.009 0.2 0.04 4
DCM 8.93 0.02 0.6 0.03 2
DMF 36.71 0.02 0.6 0.04 2

[a] Excitation Aex = 380 nm. [b] Excitation Aex = 405 nm. Observation Aobs = 490
nm (cyclohexane), 510 nm (toluene), 510 nm (THF), 525 nm (DCM), and 530
nm (DMF).

Table 4. Fluorescence quantum yield (&rL) and fluorescence lifetime (zL) of N-
FLAP1d in solvents with various relative permittivity (e). Calculated rate
constants of radiative decay (k) and non-radiative decay (knr) are also shown.

Solvent & & g /nsP Kk /10°sT ka/10°s
cyclohexane 2.02 0.06 1.4 0.04 0.7
toluene 2.38 0.21 5.4 0.04 0.1
THF 7.58 0.36 12 0.03 0.05
DCM 8.93 0.58 21 0.03 0.02
DMF 36.71 0.50 20 0.03 0.03

[a] Excitation Aex = 400 nm. [b] Excitation Aex = 405 nm. Observation Aops = 500
nm (cyclohexane), 540 nm (toluene), 560 nm (THF), 560 nm (DCM), and 580
nm (DMF).

The activation energy (Ea) and enthalpy gap (AH) of the
bent-to-planar conformational change of N-FLAP1a,b in S were
determined by the Stevens-Ban plot based on variable
temperature fluorescence spectroscopy in toluene (Figure
4) 3953861 The E, barrier from the bent HLCT state to the planar
ESCE states in N-FLAP1a and N-FLAP1b were determined to
be 4.9 and 2.4 kcal/mol, respectively. The AH values were also
estimated to be —1.8 and -0.9 kcal/mol, respectively. The
tendency of smaller activation energy with decreasing enthalpy
gap is inconsistent with the Bell-Evans—Polanyi principle in Sy,
unlike the reported example.®”! Namely, the excited state
dynamics cannot be fully interpreted by the simple two-state
modelin Sy, and therefore the involvement of the ISC process to
triplet excited states is again predicted. Regarding N-FLAP1c, the
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contribution of ESCE in the fluorescence spectrum was too small
to estimate (Figure S53c), probably because E, is higher than that
of N-FLAP1a and N-FLAP1b.
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Figure 4. (a—d) Variable temperature FL spectra of (a,b) N-FLAP1a and (c,d)
N-FLAP1b. (e) Stevens-Ban plot of N-FLAP1a and N-FLAP1b. The activation
energy (Ea) and enthalpy gap (AH) between the bent and planar conformations
in S1 were estimated. See Figure S54 in detail. (f) Dual FL from the bent HLCT

and planar ESCE states, observed in N-FLAP1a and N-FLAP1b.

When dispersed in a polymethyl methacrylate (PMMA)
matrix, Wing1a—d as well as N-FLAP1a-d showed a blue shift of
the fluorescence compared to those spectra in DCM (Figure S51).
Rotation of the aryl substituents would be partially suppressed in
the rigid polymer matrix. Furthermore, the vibrational progression
of N-FLAP1a disappeared when doped in a PMMA matrix,
indicating that the planarization of the COT ring is almost
suppressed (Figure S51b).5 The fluorescence decay profiles of
Wing1a-d and N-FLAP1a—d were more complex than those in
solution (Figure S52 and Table S7).

Fast intersystem crossing transient

absorption spectroscopy

revealed by

To investigate the excited-state dynamics in more detail, transient
absorption (TA) spectra of Wing1a,d and N-FLAP1a,d in DCM
were measured using an excitation pulse centered at 400 nm.
Immediately after photoexcitation, the TA spectra of Wingla
showed a broad excited-state absorption (ESA) band (Figure 5a).
On a sub-ps time scale, the overall signal intensity of this ESA
band increased, which can be assigned to the relaxation from the
initially populated high-lying excited state (S;) to Si.
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Figure 5. Transient absorption spectra and temporal profiles of (a) Wing1a, (b) Wing1d, (c) N-FLAP1a, and (d) N-FLAP1d in DCM. The time axis is linear in the -

0.3 to 1.0 ps range and logarithmic for later delay times.

Subsequently, a further spectral change was observed on the
picosecond time scale, characterized by the growth of the ESA
signal around 750 nm. This process is assignable to the structural
relaxation of Wing1a in Sy, likely involving the rotation of the aryl
substituents on the phenazine core. The band at around 750 nm
then decayed with a time constant of 130 ps, leaving the ESA
band peaked at 560 nm as the predominant feature. This time
constant is in good agreement with z of Wing1a (= 0.1 ns),
suggesting that the 130-ps component corresponds to the ISC
process. The observation of an isosbestic point at 615 nm in the
time range of 10-300 ps (Figure S58) indicates that the ISC
occurs from the equilibrated S1. The fast ISC is consistent with the
low & of Wing1la.

The TA dynamics of Wing1d is similar to that of Wing1a at
early delay times (Figure 5b), showing sub-ps signal growth and
subsequent spectral change on the picosecond time scale. As in
the case of Wing1a, these features can be assigned to the
relaxation from the high-lying excited state (S,) and structural
changes in Sy, respectively. On the other hand, in contrast to
Wingia, the TA spectral features of Wing1d did not change
significantly after 5 ps, indicating the absence of the ISC process.
This interpretation is consistent with the long 7 (18 ns) and high
@ (0.58) of Wing1d.

N-FLAP1a exhibited more complex dynamics, as shown in
Figure 5c. On the femtosecond to picosecond time scale, its
dynamics is similar to that observed in Wing1a. However, on
longer time scales, N-FLAP1a showed more complex behavior,
characterized by time constants of 75 and 380 ps, along with a
long-lived species (>1 ns). The spectrum of the long-lived species
closely resembles that of Wing1a, allowing it to be assigned to
the triplet state. This similarity in the spectral shape also suggests
that the triplet state takes a V-shaped conformation and is formed
from the bent HLCT state. The 380-ps time constant is

comparable to the second component of % of N-FLAP1a (0.3 ns,
Table 2), and thus, we attribute this component to the ESCE state
formed from the HLCT state by the COT planarization.
Accordingly, we assign the 75-ps time constant to the lifetime of
S+, which yields the triplet state and ESCE state in parallel by the
ISC and COT planarization, respectively. In contrast to N-FLAP1a,
N-FLAP1d exhibited simpler dynamics (Figure 5d). The TA
spectra and dynamics of N-FLAP1d are almost the same as
Wing1d. As a result, the suppression of the COT planarization
and the electronically insulated phenazine moieties in the bent
HLCT state were again indicated in N-FLAP1d (Figure 5b,d). The
dynamics of each sample derived from the transient absorption
data are summarized in Figure S60.

Computational interpretation of excited state dynamics

The energy levels of the excited states were estimated by DFT
calculations using the Gaussian 16 package®”. Model structures
Wingia'-d' bearing methyl groups instead of n-hexyl groups
were calculated (Figure S61). The cam-B3LYP functional was
selected because this functional is suitable to treat long-range CT
transitions.’®® The conductor-like polarizable continuum model
(CPCM)® of DCM was used for the following calculations. The
torsion angle between the phenazine skeleton and the para-
substituted phenyl groups (Figure S62) of Wingla'—d" were
calculated to be 53.6-55.4° in Sy, and these angles decreased to
38.8—-41.3° in Sy. The configuration of Sy was mainly composed
of a CT character in Wing1a'-d’. The NTO analysis® was
performed to quantify the degree of local excitation and charge
transfer excitation (Figures 6a).
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Figure 6. DFT calculations of Wingla’-d’ at the (TD)-cam-B3LYP/def2-
TZVP/CPCM(DCM)//(TD)-cam-B3LYP/def2-SVP/CPCM(DCM) level of theory.
(a) HONTO and LUNTO of Wing1d’. Occupancy of the NTOs and the
calculated %CT with oscillator strengths are shown above and below the arrows,
respectively. (b) Energy levels of Sy and triplet excited states and SOCME
between the states calculated at the S: optimized geometries. (c) Relative
energy levels the So/S1/Ts states at the twisted/aryl-planarized conformations
for Wing1a’-d’. The energy gap between states is shown in kcal mol-'.

The highest occupied natural transition orbital (HONTO) of
Wingla'-d’ demonstrated an effective hybridization between
HOMO of phenazine and HOMO of para-terphenyl. Proportion of
the CT state (%CT) was evaluated using Multiwfn 3.8 software.®'!
In the case of Wing1a’, %CT is calculated to be 23%, and %CT
increased by decreasing Hamett parameter. Wing1d' showed the
highest %CT (39%) among Wing1a'—d". In other words, electron-
donating ability of the aryl substituents enhances the CT character
from the aryl groups to the phenazine core. The oscillator
strengths at the optimized geometries of Wing1a'-d’ in S were
calculated to be f=0.24-0.29, which is relatively high due to the
hybridization of LE and CT states.

Regarding Wing1a'—d’, the energy levels of S; and triplet
excited states (T1—T4) were calculated, and the spin-orbit coupling
matrix element (SOCME) was estimated using the ORCA 5.0.4
packagel® (Figure 6b). There are several triplet energy levels
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near Sy, while Ty is quite lower than S1 (Table S14). This trend is
typical of the HLCT fluorophores.I”? Configurations of T, and T4
are explained as local excited states (LE) of the phenazine core,
and that of T3 as n-n* excited state of the phenazine core. The
SOCME values of the S; to T3 transition (7.57-8.71 cm™') were
much higher than those of the S1 to T» transition (0.14—1.01 cm~
") and the S to T, transition (0.39-0.50 cm-"), which is consistent
with the El-Sayed rule.[®®°! Due to the decreased S; level, the
calculated energy gap between Sj to Ts significantly increased in
Wing1d' (Figure 6c), which explains the suppression of ISC
observed in TA spectroscopy of Wing1d as well as the red-shifted
fluorescence with high & and long .

In the case of N-FLAP1a’-d’, the triplet excited state with n-
n* configuration was identified to be Ts at this level of theory
(Figure 7), and the SOCME values for the HLCT to Ts(n-n*)
transition were calculated to be 6.74-8.86 cm™' (Table S16).
These calculations supported a similar trend to Wing1a'-d'.
Namely, the ISC process was significant in N-FLAP1a (low &q
and short #), while it was suppressed in N-FLAP1d (high &
and long ). The calculations are also consistent with the
observed energy shifts in the lowest-energy absorption band and
the fluorescence band (Figure 3b). The difference of the FLAP
molecules from the Wing structures is the involvement of the COT
planarization dynamics to the ESCE state, but it has been only
explicitin N-FLAP1a and N-FLAP1b because of the small energy
barrier from HLCT to ESCE. The calculation on the ESCE state
also agreed with the experiments (see Sl).
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Figure 7. Relative energy levels of the So/S1/Tx states at multiple conformations
of N-FLAP1a’-d’ at the twisted/aryl-planarized conformations. Geometry
optimization was performed at the (TD)-cam-B3LYP/def2-SVP/CPCM(DCM)
level of theory, and the energy calculations at the TD-cam-B3LYP/def2-
TZVP/CPCM(DCM) level. The energy gap is shown in kcal mol-'.

Conclusion

In conclusion, we have developed a series of novel fluorescent
molecules that show dual emission from the HLCT and ESCE
states. Combination of the phenazine core and the para-
substituted phenyl groups provided Wing1a-d, which exhibited a
hybridized LE and CT character, classified as an HLCT moiety.
The energy-tunable HLCT excited state of the skeleton was
adopted as the “flapping wings” of the COT-fused system to
develop a new FLAP molecule that shows a characteristic dual
emission from the HLCT state as well as the inherent ESCE state



of the planarized COT geometry. Excited state dynamics were
investigated with the TA measurements. As a result, the rapid
intersystem crossing was indicated for the FLAP molecule with an
electron-withdrawing substituent, N-FLAP1a, which showed a
faint dual emission from the bent HLCT and the planar ESCE
states with low & and short %. The emission wavelength of the
HLCT state can be tuned by changing the solvent. On the other
hand, the FLAP molecule with an electron-donating group, N-
FLAP1d, showed an almost same trend to the corresponding
Wing molecule, Wing1d, which showed a single-component
bright fluorescence from the HLCT state with high & and long
L. These behaviors are fully interpreted by TD-DFT calculations
on the excited state energy levels and the estimation of the spin-
orbit coupling between singlet and triplet excited states. This
study revealed the push-pull effects on the photophysical
properties of the N-FLAP molecules, which led to the
development of the dual emissive fluorophores with a new
mechanism combined with HLCT and ESCE.

Experimental Section

Details for synthesis, X-ray structure analysis, photophysical
properties, transient absorption spectroscopy, and quantum
chemical calculations can be found in the Supporting Information.
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A series of dual-fluorescent molecules involving a hybridized local and charge-transfer (HLCT) excited state with the excited-state
conjugation enhancement (ESCE) motif has been reported as the first case. The energy level of the HLCT state has been adjusted by
modulating substituents and solvents, separately from the ESCE energy level, proposing a new strategy for the development of

advanced fluorescent probes.
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