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Fluorescent-state switching of a 10-hydroxybezo
[h]lquinoline skeleton through the electronic nature
of substituents

Marino Miwa® and Akitaka Ito (2 *aP

The spectroscopic and photophysical properties of novel 10-hydroxybenzolhlquinoline (HBq) derivatives
with various para-substituted phenyl groups at the 7- and 9-positions (1R; R = -NMe,, —-OMe, —Me, —H,
—F, =Cl, —CF5, —CN, and —NO,) were evaluated by the electron-donating and electron-withdrawing
ability of the substituent R in terms of the Hammett substituent constant. The electronic nature of the
INO, exhibited a
nonfluorescence rate constant than that predicted from the energy gap dependence, and the
fluorescence from 1INO, was solvent-dependent, distinct from that of the other derivatives. The TD-DFT
calculations revealed that the excited-state derivatives except for INO, adopted the keto-form

substituents controlled the excited-state properties. In particular, larger

structures generated by ESIPT, whereas INO, exhibited non-ESIPT excited-state geometry. The
difference originates from the variation in the charge-transfer characters: in the former, charge transfer
occurs within the HBg moiety, whereas in the latter, charge transfer proceeds from the HBg moiety to
the 4-nitrophenyl groups. The systematic tuning of the electronic transition demonstrated control of the
excited-state geometry of HBq derivatives and provided important insights into proton transfer in the
excited state. The introduction of 4-substituted phenyl groups also controlled the basicity of the
derivatives in the ground states and, notably, INMe, exhibited pronounced fluorescence color variations,
ranging from the near-infrared to the blue region, as a function of the concentration of trifluoroacetic acid.

Introduction

Owing to their applicability in photochemical applications,
such as fluorescent probes, organic light-emitting diodes and
fluorescent sensors, a variety of organic fluorophores have been
developed based on their chemical and electronic structures.'™
The structure of a molecule in the light-emitting state is
different from that in the ground state. For example, the C-C
bond lengths of aromatic hydrocarbons (ie., benzene and
anthracene) are elongated in the excited state upon the elec-
tronic transition from the bonding 7-orbital to the antibonding
m*-orbital. As an intriguing example, 4-(N,N-dimethylamino)
benzonitrile is known to exhibit dual fluorescence arising from
two structurally distinct excited states: locally-excited (LE) state,
with a planar structure similar to the ground state, and twisted
intramolecular charge transfer (TICT) state, in which the di-
methylamino group is twisted.> These TICT-type dual fluores-
cent systems were utilized as chemical probes to achieve
sensitive and quantitative detection on the basis of the TICT/LE
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fluorescence intensity ratio.® In addition to the TICT systems,
dynamic structural changes in the excited state have been
exploited for multicolor fluorescence from single chemical
species,”® fluorescent probes for the surrounding environment®
and related applications. Thus, controlling the excited-state
structure is one of the most important factors in fine tuning
the emission characteristics of fluorophores and their
applications.

Excited-state intramolecular proton transfer (ESIPT) is an
excited-state isomerization process in which a hydrogen atom
or an ion migrates to a different position in a molecule. It was
reported by Weller in the 1950s that salicylic acid has a large
absorption-fluorescence energy difference (A7) compared to
that of methyl salicylate and was attributed to the proton
migration between the hydroxy and carboxy groups upon elec-
tronic transition owing to the difference in their acidities.'>*
Since the isomerization process strongly stabilizes the excited
state energetically, resulting in a large A?, ESIPT-type
compounds can emit efficiently even in the aggregated state
by avoiding self-absorption. In practice, 2-(2-hydroxyphenyl)
benzothiazole (HBT), a representative ESIPT-type compound,
exhibits intense green fluorescence in the solid state (fluores-
cence quantum yield & = 0.38) with a large AV of
~9300 cm ™ ".»® Therefore, ESIPT-type compounds have recently
attracted increasing attention as a strategy to enhance the A7

RSC Adv, 2026, 16, 8453-8465 | 8453


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09266c&domain=pdf&date_stamp=2026-02-11
http://orcid.org/0000-0002-0893-5535
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09266c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016010

Open Access Article. Published on 11 February 2026. Downloaded on 3/12/2026 5:25:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

toward solid-state fluorophores. As examples, compounds
exhibiting significant zwitterionic character were reported by
Yamaguchi and coworkers.*»*® Furthermore, unique ESIPT-
based molecules have been developed, including those exhib-
iting near-infrared emission'*** and involving multiple proton
transfer processes.'>*® In contrast to such fascinating proper-
ties, reports on ESIPT-type compounds are limited to a few
structural classes, such as HBTs,>** benzophenones,**
anthraquinones®™® and flavones.” This fact highlights the
importance of achieving a unified understanding of the
chemical/electronic structures dominating ESIPT and eluci-
dating the proton-transfer mechanism. Systematic modulation
of the electronic structures of an ESIPT-type skeleton has not,
however, been performed since most ESIPT-type compounds
are less or non-emissive in diluted solutions (e.g., @ = 0.005 for
HBT in benzene).”

We focused on 10-hydroxybenzo[k]quinoline (HBq), an
ESIPT-type molecule,* as a target skeleton in the present study.
As shown in Fig. S1, both absorption and fluorescence spectra
of HBq are completely different from those of benzo[Z]quino-
line without a hydroxy group. HBq exhibits fluorescence with
a large Av of 11 300 cm™!, and the & value in diluted solution
(0.018 in THF) is satisfactorily large to detect owing to its
structural rigidity. These properties allow us to perform pho-
tophysical studies in a diluted solution. Prior to the experiment,
theoretical calculations using density functional theory (DFT)
and time-dependent DFT (TD-DFT) were performed for HBq as
shown in Fig. S3. Structural optimizations and Gibbs-energy
evaluations at fixed O-H distances revealed that the enol form
with an O-H bond is the most stable in the electronic ground
state and that the keto form with an N-H bond is the most
stable in the lowest-energy singlet excited (S;) state. The results
strongly suggest the existence of the ESIPT process. The S;
absorption transition that triggers ESIPT was ascribed to
a HOMO — LUMO transition. The HOMO of HBq corresponds
to the m-orbital with a large contribution of the oxygen atom,
while the LUMO populates the nitrogen atom more. As a result,
the S; state of HBq is wrt* with a weak charge-transfer character,
and the electron densities of the oxygen and nitrogen atoms
decrease and increase, respectively, upon photoexcitation.
Therefore, it can be expected that the ESIPT process corre-
sponds to an intramolecular acid-base reaction between the
photoacidic hydroxy and photobasic imine moieties and that
the proton-transfer process is controllable by tuning the charge-
transfer character within the HBq moiety. In this study, we
designed and synthesized novel HBq derivatives with various
para-substituted phenyl (4-Rphenyl) groups at the 7- and 9-
positions of HBq (1R; R = -NMe,, -OMe, -Me, -H, -F, -Cl, -CF3,
—-CN, -NO,, see Scheme 1). Since the substituents R were
introduced via the phenylene moiety to avoid steric repulsion
between the benzo[/]quinoline backbone and substituents, the
spectroscopic and photophysical properties of 1R could be
evaluated by the electron-donating and -withdrawing ability of
the substituent R in terms of the Hammett substituent constant
(65).°" Through the systematic variation of o, the charge-
transfer character to give the S; state of a derivative was
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Scheme 1 Chemical structures of 1R (R = -NMe,, —-OMe, —Me, —H, -
F, =Cl, —=CFs, —CN, and —=NO,).

successfully tuned, and 1NO, with strong electron-withdrawing
nitro groups exhibited non-ESIPT fluorescence.

Experimental

Synthesis and characterization

Reagents purchased from FUJIFILM Wako Pure Chemical
Corporation, Tokyo Chemical Industry Co., Ltd or NACALAI
TESQUE, Inc. were used for synthesis as supplied. Reaction
products were purified by column chromatography by using
silica gel 60 (particle size: 63-210 um, KANTO CHEMICAL Co.,
Inc.), medium-pressure column chromatography (stationary
phase: Yamazen Science Inc., universal column premium silica
gel 30 um and inject column silica gel, flow rate: 40 mL min™")
or gel-permeation chromatography (Japan Analytical Industry
preparative recycling chromatography LC908 System, stationary
phase: JAIGEL-1H x 2 + JAIGEL-2H x 1, flow rate: 3.5
mL min~", eluent: HPLC-grade chloroform with 0.3 vol% tri-
ethylamine). Thin-layer chromatography was performed using
silica gel 60 F,s4 neutral, on aluminum sheets (Merck Milli-
pore), and spots were visualized using an ASONE SLUV-6 handy
UV lamp. Melting points of the compounds were determined
using an MPA100 melting point apparatus (Stanford Research
Systems). 'H-NMR spectra in CDCl; (NMR grade, KANTO
CHEMICAL Co., Inc.) were recorded on a JEOL JMN-ECZ400S
spectrometer (399.78 MHz). Chemical shifts of the spectra
were reported in ppm with tetramethylsilane as an internal
standard (0.00 ppm). Electrospray ionization mass spectrometry
(ESI-MS) was performed by injecting a sample solution in
acetonitrile containing 0.1 vol% formic acid into the mass
detector of a Bruker compact QTOF system. Infrared (IR) diffuse
reflectance spectra of the compounds diluted in potassium
bromide (KBr) were recorded on a Jasco FT/IR-4600 Fourier-
transform infrared spectrometer.

A crystal of 1R (R = -NMe,, -OMe, -Me, -H, -F and -CF;) was
picked up under an optical microscope and, then, single-crystal
XRD measurements were performed using a Rigaku XtaLAB
Synergy-S/Mo system (Mo Ka, A = 0.71073 A). X-ray diffraction
data were collected at 93 K by a HyPix-600HE photon counting
detector and analyzed using Olex2 crystallographic software

© 2026 The Author(s). Published by the Royal Society of Chemistry
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package.*” The structure was solved by direct methods
(ShelXT*®) and refined through full-matrix least-squares tech-
niques on F° using ShelXL.** All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms were placed at calculated positions and refined “riding”
on their corresponding carbon, nitrogen or oxygen atoms.
Synthesis of  7,9-diiodo-10-hydroxybenzo[h]quinoline
(HBqI,). Synthesis was performed with minor changes in the
report procedure.* After adding an aqueous solution of sodium
carbonate (0.12 M (= mol dm?), 100 mL) to a solution of HBq
(2.08 g, 10.7 mmol) in THF (100 mL) in an eggplant flask, iodine
(13.2 g, 52.0 mmol) was added in several portions. The mixture
was refluxed for 2 days. After being allowed to cool to ambient
temperature, an aqueous solution of sodium thiosulfate (1.0 M,
100 mL) was added. Resulting precipitates were collected by
suction filtration and washed with water (50 mL x 2). Purifi-
cation by column chromatography (dichloromethane), followed
by recrystallizations from toluene twice, afforded HBqI, as
orange needles (3.57 g, 75%). Ry = 0.35 (ethyl acetate/n-hexane =
1/4 (v/v)); m.p. 249.4 °C (decomposition); "H-NMR (CDCl,): 6 =
16.7 (s, 1H, OH), 8.86 (dd, 1H, J = 1.6, 4.8 Hz, 2-Ar-H), 8.57 (s,
1H, 8-Ar-H), 8.34 (dd, 1H, J = 1.6, 8.0 Hz, 4-Ar-H), 8.09 (d, 1H, J
=9.2 Hz, 5- or 6-Ar-H), 7.77 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H), 7.66
ppm (dd, 1H, J = 4.4, 8.0 Hz, 3-Ar-H); HRMS (ESI): calcd for [M +
H]": m/z = 447.8690; found: 447.8689; IR (KBr): # = 3072 (Ar),
3051 (Ar), 2442 (OH), 1508 (Ar), 1452 (Ar), 1421 (Ar), 1407 (Ar),
1392 (Ar), 1209 (Ar), 1127 (Ar), 1027 (Ar), 827 (Ar), 810 (Ar), 699
(Ar), 628 (Ar), 570 (Ar), 522 cm ™" (Ar).
7,9-Bis[4-(N,N-dimethylamino)phenyl]-10-hydroxybenzo[ h]
quinoline (1NMe,). Synthesis was performed by Suzuki-
Miyaura cross coupling, similar to the literature report.*® To
a solution of HBqI, (0.24 g, 0.54 mmol) and 4-(N,N-di-
methylamino)phenylboronic acid (0.20 g, 1.2 mmol) in toluene
(9 mL) in a three-necked round-bottom flask, an aqueous
solution of Na,CO; (2.0 M, 4 mL) was added. The biphase
mixture was deaerated by bubbling argon gas for 15 minutes at
ambient temperature. Tetrakis(triphenylphosphine)palla-
dium(0) ([Pd(PPhs),], 0.02 g, 0.02 mmol) was added, and then,
the mixture was refluxed for 70 h. After being allowed to cool to
ambient temperature, water (50 mL) was added, and products
were extracted with dichloromethane (50 mL x 4). The
combined organic phase was washed with brine (100 mL), dried
over anhydrous MgSO, and evaporated under reduced pressure.
Purification by column chromatography (dichloromethane/n-
hexane = 4/1 (v/v)), followed by repeated recrystallizations from
acetonitrile, afforded 1NMe, as orange blocks (0.05 g, 22%). R¢
= 0.38 (dichloromethane/n-hexane = 4/1 (v/v)); m.p. 252.7-
255.4 °C; "H-NMR (CDCl,): 6 = 15.9 (s, 1H, OH), 8.79 (dd, 1H, ] =
1.4, 4.6 Hz, 2-Ar-H of HBq), 8.24 (dd, 1H, J = 1.8, 7.8 Hz, 4-Ar-H
of HBq), 8.02 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H of HBq), 7.76 (td,
2H,J =2.7,9.5 Hz, Ar-H of ph), 7.74 (s, 1H, 8-Ar-H of HBq), 7.56
(dd, 1H, J = 4.2, 8.2 Hz, 3-Ar-H of HBq), 7.53 (d, 1H, J = 4.2,
8.2 Hz, 5- or 6-Ar-H of HBq), 7.41 (td, 2H, J = 2.6, 9.2 Hz, Ar-H of
ph), 6.88 (td, 4H, J = 2.4, 9.2 Hz, Ar-H of ph), 3.04 (s, 6H, NCHj3),
3.00 ppm (s, 6H, NCH;); HRMS (ESI): calcd for [M + H]": m/z =
434.2227; found: 434.2190; IR (KBr): # = 3095 (Ar), 3042 (Ar),
2982 (Ar), 2880 (CH), 2847 (CH), 2795 (Ar), 2697 (OH), 1610 (Ar),
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1524 (Ar), 1499 (Ar), 1468 (Ar), 1444 (Ar), 1422 (Ar), 1396 (Ar),
1352 (C-N), 1314 (Ar), 1199 (Ar), 1123 (Ar), 1062 (Ar), 946 (Ar),
824 (Ar), 812 (Ar), 700 (Ar), 624 (Ar), 539 cm ™" (Ar).

Synthesis of 7,9-bis(4-methoxyphenyl)-10-hydroxybenzo[#]
quinoline (10Me). The reaction was performed similar to the
synthesis of 1NMe, using HBqI, (0.23 g, 0.51 mmol), 4-m-
ethoxyphenylboronic acid (0.19 g, 1.3 mmol), toluene (9 mL),
aqueous Na,COj; solution (1.9 M, 4 mL) and [Pd(PPhj;),] (0.02 g,
0.02 mmol). After refluxing for 70 h, followed by neutralization
with hydrochloric acid (0.5 M, 30 mL), products were extracted
with dichloromethane (50 mL X 3). The combined organic
phase was washed with brine (100 mL), dried over anhydrous
MgSO, and evaporated under reduced pressure. Purification by
column chromatography (dichloromethane), followed by
recrystallizations from ethanol twice, afforded 10Me as orange
needles (0.11 g, 56%). Ry = 0.38 (dichloromethane); m.p. 184.3-
185.0 °C; "H-NMR (CDCl,): 6 = 16.0 (s, 1H, OH), 8.80 (dd, 1H,J =
1.6, 4.8 Hz, 2-Ar-H of HBq), 8.26 (dd, 1H, ] = 1.8, 8.2 Hz, 4-Ar-H
of HBq), 7.94 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H of HBq), 7.79 (td,
2H, ] = 2.6, 9.4 Hz, Ar-H of ph), 7.70 (s, 1H, 8-Ar-H of HBq), 7.58
(dd, 1H, J = 4.8, 8.0 Hz, 3-Ar-H of HBq), 7.57 (d, 1H, J = 9.2 Hz,
5- or 6-Ar-H of HBq), 7.44 (td, 2H, J = 2.6, 9.2 Hz, Ar-H of ph),
7.04 (qd, 4H, J = 2.8, 4.5 Hz, Ar-H of ph), 3.90 (s, 3H, OCHj,),
3.88 ppm (s, 3H, OCHj,); HRMS (ESI): calcd for [M + H]": m/z =
408.1594; found: 408.1573; IR (KBr): # = 3009 (Ar), 2963 (Ar),
2833 (Ar), 2541 (OH), 1607 (Ar), 1515 (Ar), 1498 (Ar), 1463 (Ar),
1395 (Ar), 1322 (Ar), 1284 (Ar), 1265 (Ar), 1248 (C-O-C), 1181
(Ar), 1121 (Ar), 1033 (C-O-C), 888 (Ar), 833 (Ar), 573 (Ar), 550
(Ar), 524 (Ar), 513 cm " (Ar).

Synthesis of 7,9-bis(4-methylphenyl)-10-hydroxybenzo[ 4]
quinoline (1Me). The reaction was performed similar to the
synthesis of 1NMe, using HBql, (1.15 g, 2.6 mmol), 4-methyl-
phenylboronic acid (0.87 g, 6.4 mmol), toluene (40 mL), ethanol
(15 mL), aqueous Na,COjs solution (2.0 M, 20 mL) and [Pd(PPhs),]
(0.12 g, 0.11 mmol). After refluxing for 45 h, followed by
neutralization with hydrochloric acid (0.1 M, 250 mL), the
products were extracted with dichloromethane (250 mL x 3). The
combined organic phase was washed with brine (500 mL), dried
over anhydrous MgSO, and evaporated under reduced pressure.
Purification by column chromatography (dichloromethane/n-
hexane = 1/1 (v/v)), followed by recrystallizations from
dichloromethane/ethanol twice, afforded 1Me as orange needles
(0.25 g, 28%). Ry = 0.48 (dichloromethane/n-hexane = 1/1 (v/v));
m.p. 171.3-172.1 °C; 'H-NMR (CDCl,): 6 = 16.0 (s, 1H, OH),
8.81 (dd, 1H,J = 1.4, 4.6 Hz, 2-Ar-H of HBq), 8.27 (dd, 1H,J = 2.0,
8.4 Hz, 4-Ar-H of HBq), 7.96 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H of
HBq), 7.73 (td, 2H, J = 2.0, 8.0 Hz, Ar-H of ph), 7.72 (s, 1H, 8-Ar-H
of HBq), 7.59 (dd, 1H, J = 4.4, 8.4 Hz, 3-Ar-H of HBq), 7.58 (d, 1H,
J=9.2 Hz, 5- or 6-Ar-H of HB(q), 7.42 (td, 2H, J = 2.0, 8.2 Hz, Ar-H
of ph), 7.31 (dd, 4H, ] = 4.6, 7.8 Hz, Ar-H of ph), 2.47 (s, 3H, CHj3),
2.43 ppm (s, 3H, CH;); HRMS (ESI): caled for [M + H]": m/z =
376.1696; found: 376.1679; IR (KBr): # = 3022 (Ar), 2918 (CH),
2862 (CH), 2472 (OH), 1513 (Ar), 1480 (Ar), 1394 (Ar), 1327 (Ar),
1206 (Ar), 1122 (Ar), 917 (Ar), 902 (Ar), 827 (Ar), 773 (Ar), 743 (Ar),
734 (Ar), 705 (Ar), 628 (Ar), 565 cm ™! (Ar).

Synthesis of 7,9-diphenyl-10-hydroxybenzo[ #]quinoline (1H).
The reaction was performed similar to the synthesis of 1NMe,

RSC Adv, 2026, 16, 8453-8465 | 8455
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using HBqI, (0.68 g, 1.5 mmol), phenylboronic acid (0.44 g, 3.6
mmol), toluene (24 mL), ethanol (9 mL), aqueous Na,COj3
solution (2.1 M, 12 mL) and [Pd(PPh;),] (0.06 g, 0.05 mmol).
After refluxing for 45 h, followed by neutralization with hydro-
chloric acid (0.1 M, 205 mL), products were extracted with di-
chloromethane (150 mL x 3). The combined organic phase was
washed with brine (300 mL), dried over anhydrous MgSO, and
evaporated under reduced pressure. Purification by column
chromatography (dichloromethane/n-hexane = 1/1 (v/v)), fol-
lowed by recrystallizations from ethyl acetate/n-hexane twice,
afforded 1H as yellow needles (0.33 g, 63%). Ry = 0.48 (di-
chloromethane/n-hexane = 1/1 (v/v)); m.p. 186.8-188.7 °C; 'H-
NMR (CDCl;): 6 = 16.1 (s, 1H, OH), 8.83 (dd, 1H, J = 1.4,
4.6 Hz, 2-Ar-H of HBq), 8.29 (dd, 1H, J = 1.5, 8.0 Hz, 4-Ar-H of
HBq), 7.96 (d, 1H,J = 9.2 Hz, 5- or 6-Ar-H of HBq), 7.85 (td, 2H, J
= 1.6, 7.8 Hz, Ar-H of ph), 7.74 (s, 1H, 8-Ar-H of HBq), 7.61 (dd,
1H, J = 4.2, 8.6 Hz, 3-Ar-H of HBq), 7.60 (s, 1H, J = 8.8 Hz, 5- or
6-Ar-H of HBq), 7.55-7.47 (m, 6H, Ar-H of ph), 7.43 (tt, 1H, ] =
1.7, 6.5 Hz, Ar-H of ph), 7.37 ppm (tt, 1H, /= 1.0, 7.4 Hz, Ar-H of
ph); HRMS (ESI): caled for [M + H]": m/z = 348.1383; found:
348.1367; IR (KBr): # = 3051 (Ar), 3027 (Ar), 2592 (OH), 1609 (Ar),
1577 (Ar), 1504 (Ar), 1470 (Ar), 1437 (Ar), 1399 (Ar), 1325 (Ar),
1308 (Ar), 898 (Ar), 890 (Ar), 834 (Ar), 781 (Ar), 758 (Ar), 740 (Ar),
726 (Ar), 700 cm " (Ar).

Synthesis of 7,9-bis(4-fluorophenyl)-10-hydroxybenzo[ /]
quinoline (1F). The reaction was performed similar to the
synthesis of 1NMe, using HBqI, (0.24 g, 0.54 mmol), 4-fluoro-
phenylboronic acid (0.16 g, 1.1 mmol), toluene (9 mL), aqueous
Na,CO; solution (1.9 M, 4 mL) and [Pd(PPhj),] (0.02 g, 0.02
mmol). After refluxing for 45 h, followed by neutralization with
hydrochloric acid (0.5 M, 50 mL), the products were extracted
with dichloromethane (50 mL x 3). The combined organic
phase was washed with brine (100 mL), dried over anhydrous
MgSO, and evaporated under reduced pressure. Purification by
column chromatography (dichloromethane/n-hexane = 1/1 (v/
v)), followed by recrystallization from n-hexane (2 times) and
ethanol, afforded 1F as yellow needles (0.13 g, 62%). R¢ = 0.50
(dichloromethane/n-hexane = 1/1 (v/v)); m.p. 181.1-181.3 °C;
'H-NMR (CDCl,): 6 = 16.1 (s, 1H, OH), 8.84 (dd, 1H, J = 1.8,
4.6 Hz, 2-Ar-H of HBq), 8.31 (dd, 1H, J = 1.6, 8.0 Hz, 4-Ar-H of
HBq), 7.89 (d, 1H,J = 9.2 Hz, 5- or 6-Ar-H of HBq), 7.83-7.78 (m,
2H, Ar-H of ph), 7.66 (s, 1H, 8-Ar-H of HBq), 7.62 (dd, 1H, J =
4.4, 8.0 Hz, 3-Ar-H of HBq), 7.62 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H
of HBq), 7.50-7.45 (m, 2H, Ar-H of ph), 7.23-7.15 ppm (m, 4H,
Ar-H of ph); HRMS (ESI): calcd for [M + H]": m/z = 384.1194;
found: 384.1182; IR (KBr): # = 3460 (Ar), 3043 (Ar), 2581 (OH),
1604 (Ar), 1514 (Ar), 1499 (Ar), 1473 (Ar), 1323 (Ar), 1224 (H-F),
1158 (Ar), 828 (Ar), 562 (Ar), 527 cm ™" (Ar).

Synthesis of 7,9-bis(4-chlorophenyl)-10-hydroxybenzo[h]
quinoline (1Cl). The reaction was performed similar to the
synthesis of 1NMe, using HBqI, (0.24 g, 0.54 mmol), 4-chloro-
phenylboronic acid (0.20 g, 1.3 mmol), toluene (8 mL), ethanol
(3 mL), aqueous Na,COj; solution (2.0 M, 4 mL) and [Pd(PPh;),]
(0.03 g, 0.02 mmol). After refluxing for 20 h, followed by
neutralization with hydrochloric acid (0.1 M, 70 mL), products
were extracted with dichloromethane (50 mL x 3). The
combined organic phase was washed with brine (100 mL), dried
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over anhydrous MgSO, and evaporated under reduced pressure.
Purification by column chromatography (dichloromethane/n-
hexane = 1/1 (v/v)), followed by repeated recrystallizations from
ethyl acetate/n-hexane, afforded 1Cl as yellow needles (0.08 g,
36%). The obtained yellow needles were further purified by
medium-pressure  liquid column chromatography (di-
chloromethane/n-hexane = 1/4 (v/v)) and GPC (chloroform with
3 vol%-triethylamine) and evaporated under reduced pressure,
affording yellow powder (0.01 g, 4%). R = 0.45 (di-
chloromethane/n-hexane = 1/1 (v/v)); m.p. 197.6 °C (decompo-
sition); "H-NMR (CDCl;): 6 = 16.2 (s, 1H, OH), 8.85 (dd, 1H, J =
1.8, 4.6 Hz, 2-Ar-H of HBq), 8.31 (dd, 1H, J = 1.6, 8.0 Hz, 4-Ar-H
of HBq), 7.88 (d, 1H, J = 8.8 Hz, 5- or 6-Ar-H of HBq), 7.78 (td,
2H, ] = 2.2, 8.8 Hz, Ar-H of ph), 7.65 (s, 1H, 8-Ar-H of HBq), 7.63
(d, 1H, J = 9.2 Hz, 5- or 6-Ar-H of HBq), 7.63 (dd, 1H, J = 4.4,
8.0 Hz, 3-Ar-H of HBq), 7.50-7.43 ppm (m, 6H, Ar-H of ph);
HRMS (ESI): caled for [M + H]": m/z = 416.0603; found:
416.0583; IR (KBr): 7 = 3423 (OH), 2992 (Ar), 2938 (Ar), 2677
(OH), 1615 (Ar), 1474 (Ar), 1400 (Ar), 1324 (Ar), 1088 (C-Cl), 1011
(Ar), 905 (Ar), 825 (Ar), 812 (Ar), 746 (Ar), 566 (Ar), 540 (Ar),
516 cm™ " (Ar).

Synthesis of 7,9-bis(4-trifluoromethylphenyl)-10-hydrox-
ybenzo[k]quinoline (1CF3). The reaction was performed similar
to the synthesis of 1NMe, using HBql, (0.23 g, 0.51 mmol), 4-
trifluoromethylphenylboronic acid (0.23 g, 1.2 mmol), toluene
(9 mL), aqueous Na,COj; solution (1.9 M, 4 mL) and [Pd(PPhj;),]
(0.02 g, 0.02 mmol). After refluxing for 45 h, followed by
neutralization with hydrochloric acid (0.5 M, 50 mL), products
were extracted with dichloromethane (50 mL x 3). The
combined organic phase was washed with brine (100 mL), dried
over anhydrous MgSO, and evaporated under reduced pressure.
Purification by column chromatography (dichloromethane/n-
hexane = 3/7 (v/v)), followed by recrystallizations from ethanol
twice, afforded 1CF; as orange needles (0.05 g, 20%). Ry = 0.45
(dichloromethane/n-hexane = 3/7 (v/v)); m.p. 183.1-184.4 °C;
'H-NMR (CDCl,): 6 = 16.3 (s, 1H, OH), 8.87 (dd, 1H, J = 1.8,
4.6 Hz, 2-Ar-H of HBq), 8.34 (dd, 1H, J = 1.4, 8.2 Hz, 4-Ar-H of
HBq), 7.96 (d, 2H, J = 8.0 Hz, Ar-H of ph), 7.89 (d, 1H, J = 9.2 Hz,
5- or 6-Ar-H of HBq), 7.76 (dd. 4H, J = 8.2, 14 Hz, Ar-H of ph),
7.70 (s, 1H, 8-Ar-H of HBq), 7.68 (d, 1H, J = 9.6 Hz, 5- or 6-Ar-H
of HBq), 7.66-7.64 ppm (m, 3H; 3-Ar-H of HBq and Ar-H of ph);
HRMS (ESI): caled for [M + HJ|: m/z = 484.1131; found:
484.1332; IR (KBr): 7 = 3045 (Ar), 2450 (OH), 1614 (Ar), 1586 (Ar),
1509 (Ar), 1472 (Ar), 1406 (Ar), 1326 (CF;), 1161 (Ar), 1122 (Ar),
1107 (Ar), 1070 (Ar), 1017 (Ar), 920 (Ar), 843 (Ar), 829 (Ar), 777
(Ar), 722 (Ar), 682 cm ™" (Ar).

Synthesis of  7,9-bis(4-cyanophenyl)-10-hydroxybenzo[}]
quinoline (1CN). The reaction was performed similar to the
synthesis of 1NMe, using HBqI, (0.19 g, 0.43 mmol), 4-cyano-
phenylboronic acid (0.15 g, 1.0 mmol), N,N-dimethylformamide
(DMF, 7 mL), aqueous Na,CO; solution (1.9 M, 3 mL) and
[PA(PPhs),] (0.02 g, 0.02 mmol). After refluxing for 48 h, fol-
lowed by neutralization with hydrochloric acid (2 mL) and
aqueous NaHCOj; solution (8 mL), the products were extracted
with dichloromethane (40 mL X 3). The combined organic
phase was washed with brine (100 mL), dried over anhydrous
MgS0O, and evaporated under reduced pressure. Purification by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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column chromatography (dichloromethane/n-hexane = 5/1 (v/
v)), followed by repeated recrystallizations from acetonitrile,
afforded 1CN as orange needles (0.05 g, 31%). Ry = 0.20 (di-
chloromethane/n-hexane = 5/1 (v/v)); m.p. 268.1-269.6 °C; 'H-
NMR (CDCl;): 6 = 16.5 (s, 1H, OH), 8.88 (dd, 1H, J = 1.6,
4.8 Hz, 2-Ar-H of HBq), 8.36 (dd, 1H, J = 1.6, 8.0 Hz, 4-Ar-H of
HBq), 7.97 (td, 2H, J = 1.9, 8.7 Hz, Ar-H of ph), 7.84 (d, 1H, ] =
9.2 Hz, 5 or 6-Ar-H of HBq), 7.82 (td, 2H, ] = 1.9, 8.3 Hz, Ar-H of
ph), 7.78 (td, 2H, J = 1.8, 8.6 Hz, Ar-H of ph), 7.71 (d, 1H, ] =
9.2 Hz, 5 or 6-Ar-H of HBq), 7.69 (dd, 1H, J = 5.0, 8.2 Hz, 3-Ar-H
of HBq), 7.66 (s, 1H, 8-Ar-H of HBq), 7.64 ppm (td, 2H, J = 2.0,
8.4 Hz, Ar-H of ph); HRMS (ESI): calcd for [M + H]": m/z =
398.1288; found: 398.1276; IR (KBr): # = 3080 (Ar), 3036 (Ar),
2520 (OH), 2231 (CN), 1604 (Ar), 1515 (Ar), 1472 (Ar), 1428 (Ar),
1405 (Ar), 1328 (Ar), 1308 (Ar), 1197 (Ar), 1120 (Ar), 902 (Ar), 835
(Ar), 828 (Ar), 773 (Ar), 706 (Ar), 621 (Ar), 556 (Ar), 542 cm ™" (Ar).

Synthesis of 7,9-bis(4-nitrophenyl)-10-hydroxybenzo[k]quin-
oline (1NO,). The reaction was performed similar to the
synthesis of 1INMe, using HBql, (0.25 g, 0.56 mmol), 4-nitro-
phenylboronic acid (0.23 g, 1.4 mmol), toluene (8 mL), ethanol
(3 mL), aqueous Na,COj; solution (2.2 M, 4 mL) and [Pd(PPh;),]
(0.02 g, 0.02 mmol). After refluxing for 70 h, followed by
neutralization with hydrochloric acid (0.2 M, 100 mL), the
products were extracted with dichloromethane (50 mL x 3).
The combined organic phase was washed with brine (100 mL),
dried over anhydrous MgSO, and evaporated under reduced
pressure. Purification by column chromatography (di-
chloromethane/n-hexane = 7/3 (v/v)), followed by washing with
dichloromethane/n-hexane = 1/1 (v/v) (20 mL), afforded 1NO, as
an orange powder (0.07 g, 27%). Ry = 0.45 (dichloromethane/n-
hexane = 7/3 (v/v)); m.p. 285.0-287.0 °C; *H-NMR (CDCl;): 6 =
16.6 (s, 1H, OH), 8.91 (dd, 1H, J = 1.4, 4.6 Hz, 2-Ar-H of HBq),
8.41-8.35 (m, 5H, Ar-H of ph and 4-Ar-H of HBq), 8.04 (td, 2H, J
=2.3, 9.3 Hz, Ar-H of ph), 7.87 (d, 1H, J = 9.2 Hz, 5- or 6-Ar-H of
HBq), 7.72 (s, 1H, 8-Ar-H of HBq) 7.75-7.69 (m, 3H, 3-Ar-H of
HBq and Ar-H of ph), 7.71 ppm (d, 1H, J = 8.8 Hz, 5- or 6-Ar-H
of HBq); HRMS (ESI): caled for [M + H]": m/z = 438.1084; found:
438.1068; IR (KBr): 7 = 3106 (Ar), 3080 (Ar), 2445 (OH), 1590 (Ar),
1510 (NO,), 1344 (NO,), 1126 (Ar), 1110 (Ar), 856 (Ar), 841 (Ar),
734 cm™ " (Ar).

Deuteration of the hydroxy group in 1Me and 1NO,. Hydroxy
groups in 1Me and 1NO, were not deuterated upon cycles of
dissolution in CD;0D and evaporation, although the hydrogen in
HBq was successfully deuterated as reported by Joo and
coworkers.*” The results are reasonable since the hydroxy groups
in 1R are more strongly bound to the imine nitrogen in benzo[%]
quinoline moieties than that in HBq as their "H-NMR signals are
observed in the low-field region (Fig. S2 and S5-S13; do-1x =
16.0 ppm for 1Me, 16.6 ppm for 1INO, and 14.9 ppm for HBq).
Thus, the hydroxy groups of the derivatives were deuterated by
employing the acid-base reaction. 1Me or 1NO, was added to
a suspension of potassium hydroxide (>0.23 g, >4.1 mmol) in 1,4-
dioxane (2 mL). After stirring at room temperature overnight, the
reaction mixture was neutralized by adding acetic acid-d,, evap-
orated and dried under vacuum. On the basis of the "H-NMR
spectra (Fig. S14 and S$15), 39 and 30% of hydroxy groups of
1Me and 1NO, were deuterated, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Spectroscopic and photophysical measurements

HB(q, purchased from Ambeed, Inc., was purified by recrystal-
lization from n-hexane.*® Dichloromethane for fluorometry
(KANTO CHEMICAL Co., Inc), ethyl acetate, acetone, DMF for
spectroscopy (FUJIFILM Wako Pure Chemical Corporation),
HPLC-grade acetonitrile (Merck Millipore) and trifluoroacetic
acid for HPLC/Spectro grade (TFA, Thermo Fisher Scientific)
were used without purification.

Absorption spectra of the derivatives were measured using
a Hitachi High-Technologies U-3900 spectrophotometer (slit
width: 1 nm, scan speed: 120 nm min~"). Fluorescence spectra
were obtained, and the @; values were determined using
a Hamamatsu Photonics Quantaurus-QY Plus C13534-02 (exci-
tation wavelength: 375-415 nm, averaging: 1000-(without TFA)
or 200-times (with TFA)). In fluorescence decay measurements,
a second harmonic femtosecond-pulsed Ti:sapphire laser
(395 nm, 1 MHz) from MKS Instruments Spectra-Physics
Tsunami® 3941-M1BB oscillator with 3980 or GWU-UHG-
2PSK-W pulse picker/frequency doubler was used as an excita-
tion light. Fluorescence from the sample was detected by
a Hamamatsu Photonics C4334 streak camera equipped with
a C5094 spectrograph. The fluorescence decay profiles were
successfully fitted using a single-exponential decay function by
convoluting the instrumental response function obtained as the
excitation-light scattering by colloidal silica LUDOX® HS-30
(Sigma-Aldrich Co. LLC). All the spectroscopic and photo-
physical data were analyzed using OriginPro 2023 software.

'H-NMR titration for the addition of trifluoroacetic acid

CDCIl; was employed as the solvent by considering the solubil-
ities of derivatives. Reagents and 'H-NMR measurement
conditions are the same as those described above. A solution of
TFA in CDCl; (100 mM, each 0.010 mL) was added 10 times to
solutions of 1R (R = -OMe to -NO,) in CDCl; (1.00 mL). For
1NMe,, CDCIl; solutions of TFA with concentrations of 20, 100
and 1000 mM were used. Concentrations of 1R before the TFA
addition were ~5 mM for the derivatives, except for 1INO, and
4.3 mM for 1NO,. Low concentration of 1NO, is due to its low
solubility in CDCl;.

Theoretical calculations

The calculations were performed using Gaussian 16W (Revision
A.03).* Ground-state geometries of a molecule or its protonated
ion were optimized by using the B3LYP*® functional with the 6-
311+G(d,p)** basis set unless otherwise specified. Two steric
structures with different relative dihedral orientations of the 4-
Rphenyl groups were optimized, and the one with a lower Gibbs
energy was used for subsequent calculations. It should be noted
that two optimized steric structures of the present derivatives
possess comparable Gibbs energies. The TD-DFT calculations
were conducted to estimate the energies and oscillator
strengths of the 30 lowest-energy singlet absorption transitions.
Excited-state geometries of a molecule or ion were optimized by
the TD-DFT method under the B3LYP/6-31G(d,p) level, and
then, the transition energies and oscillator strengths to give the
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3 lowest-energy singlet and triplet excited states were calculated
under the B3LYP/6-311+G(d,p) level. No connectivity was spec-
ified in the calculations. Dichloromethane or acetonitrile was
considered as a solvent by using a conductor-like polarizable
continuum model (CPCM).** The Kohn-Sham molecular
orbitals were visualized using GaussView 6.0.16.*

Results and discussion

Crystal structures and ground-state optimized geometries

Thermal recrystallizations of 1R (R = -NMe,, -OMe, -Me, -H, -F,
-CF;) from acetonitrile, ethanol or ethyl acetate/n-hexane gave
single-crystal samples suitable for X-ray crystallographic anal-
yses. Crystal structures and crystallographic data are shown in
Fig. S16-S21 and Tables S1 and S2, respectively. Some
compounds contained a disordered component in which the
HBq moiety was flipped, and therefore, all the crystal structures
were not necessarily solved in very good quality. All the C-O
lengths at the 10-position of the HBq moieties (Table S3) were
larger than 1.35 A. Although hydrogen atoms are not experi-
mentally observable in the crystallographic analysis, the C-O
lengths comparable to that of 1-naphthol in the crystalline phase
(1.376(2) A)* strongly suggest that the molecules in the ground
states are enol forms. Dihedral angles between the HBq moiety
and 4-Rphenyl groups were determined to be +40-158° and
+23-447° at the 7- and 9-positions, respectively (Table S3). The
variations of the dihedral angles are presumably due to molec-
ular packing in the crystalline phases. To compare the structures
of 1R without the effects of packing, the ground-state geometries
of the molecules were optimized by DFT calculations. The opti-
mized geometries in Fig. S22 agreed with the structures obtained
from crystallographic analyses. All the derivatives adopted enol
forms with an intramolecular hydrogen bond, although no bond
connectivity was specified in the optimization process. Upon
decreasing the electron-donating ability, followed by increasing
the electron-withdrawing ability of the substituent R, both C-O
and N---H lengths slightly decreased (e.g., 1.351 A (C-O) and
1.633 A (N-H) for 1NMe,, 1.342 A (C-O) and 1.614 A (N-H) for
1NO,) with an increase in the O-H length (e.g., 1.003 and 1.009 A
for 1NMe, and 1NO,, respectively): see Table S4. The trend is
explainable by a decrease in electron density at the oxygen atom
and consistent with the downfield shift of the O-H signal in the
"H-NMR spectra of 1R in CDCl; (Fig. S5-S13; do_y = 15.9 and
16.6 ppm for 1NMe, and 1NO,, respectively). The absolute values
of dihedral angles between the HBq moiety and the 4-Rphenyl
groups were determined to be 54-60° and 42-46° at the 7- and 9-
positions, respectively, irrespective of the substituent R. The
results indicate that the spectroscopic and photophysical prop-
erties of 1R are best characterized by the electron-donating/-
withdrawing nature of the substituent R.

Absorption spectra in dichloromethane

Fig. 1 shows the absorption spectra of 1R in dichloromethane at
room temperature, along with that of HBq. Spectroscopic
properties of 1R are summarized in Table 1. All the derivatives
exhibited multiple absorption bands in the measured
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Fig. 1 Absorption spectra of 1R and HBq in dichloromethane at room
temperature.

wavelength region, and the lowest-energy absorption band was
observed at around 400 nm. The bands were of lower energy
than that of HBq, reflecting the extended m-system arising from
the electronic interactions between the HBq moiety and 4-
Rphenyl groups at the 7- and 9-positions. Since the energy and
intensity of the lowest-energy band of 1R were varied by varying
the substituent R, we evaluated the band by accounting for the
Hammett substituent constant at the para position (c,). The
value is determined by the acidity index (pK,) of 4-substituted
benzoic acid relative to that of benzoic acid and is a measure of
the electron-donating/-withdrawing ability of the substituent.*
Fig. 2 shows plots for the maximum wavenumber (7,) and the
molar absorption coefficient (en,ax) Of the lowest-energy band of
1R against the o, value. The band of 1NMe, was observed at the
lowest energy among the present derivatives, and the energy
increased with a decrease in the electron-donating ability of the
substituent, accompanied by a decrease in the molar absorption
coefficient. The behavior can be explained as follows. The
presence of strong electron-donating dimethylamino groups
extends the charge-transfer interaction in the HBq moiety, and
the transition dipole moment decreases upon decreasing the
electron-donating ability of the substituent. On the other hand,
when strong electron-withdrawing substituents were intro-
duced, the band exhibited the opposite trend: low-energy shift
and enhancement upon increasing the electron-withdrawing
ability of the substituent. The results indicate a contribu-
tion(s) of another electronic transition(s) to the lowest-energy
transition of the derivatives with the electron-withdrawing
groups. To investigate the electronic transitions of the deriva-
tives, TD-DFT calculations were performed. The calculated
excited states are summarized in Tables S5-S13. As the calcu-
lated electronic transitions sufficiently agree with the observed
absorption spectra within the accepted error of transition
energies (<10%, see Fig. S23), our TD-DFT calculations repro-
duce the present molecules well. The lowest-energy singlet
excited (S,) states of the derivatives except for 1NO, are best

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Spectroscopic and photophysical properties of 1R in dichloromethane at room temperature

Derivative Aabs/mm (¢/10° M~ em ™) Ag“/mm D t¥/ns k107 st kq</10° st

1NMe, 246 (3.68), 269 (4.42), 310 (2.76), 409 750 0.004 0.046 8.4 22
(1.20)

10Me 234 (3.66), 264 (3.89), 339 (0.68), 395 695 0.007 0.10 6.9 9.9
(0.98)

1Me 231 (3.53), 262 (4.62), 333 (0.67), 393 687 0.007 0.17 4.0 5.8
(1.00)

1H 231 (3.25), 260 (4.17), 331 (0.66), 390 680 0.01 0.17 6.3 5.7
(1.01)

1F 229 (3.26), 257 (4.34), 331 (0.65), 390 678 0.01 0.18 6.4 5.6
(0.97)

1cl 232 (3.97), 264 (4.76), 329 (0.85), 390 668 0.01 0.19 6.1 5.2
(1.02)

1CF, 233 (3.61), 267 (3.73), 325 (0.83), 389 663 0.02 0.28 8.1 3.5
(1.07)

1CN 238 (5.04), 280 (3.87), 337 (1.28), 390 657 0.02 0.37 6.3 2.6
(1.02)

1NO, 244 (3.90), 293 (2.26), 350 (1.49), 392 651 0.02 0.21 8.0 4.8
(1.89)

@ Jex = 375-415 nm. ? Ao, = 395 nm. © & = kerp = kel(ke + k).

26.0

E(a) mm Ny
n 25.5 5 [ |
g E
Q
> 250F
=245} m
_ | (b) O
5
2 16.0}
p=
S [
Z 120 = .
g =
W HS “m

1.0 =05 00 05 1.0

Hammett Constant o,

Fig.2 Dependences of g, on the absorption maximum wavenumber
(@) and the corresponding molar absorption coefficient (b) of the
lowest-energy band of 1R in dichloromethane. The colors correspond
to those indicated in Fig. 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry

characterized by the HOMO — LUMO transitions. The Kohn-
Sham orbitals corresponding to the S; states of 1R are shown in
Fig. 3. Their S; states belong to the 7wr* transition with a small
contribution of charge-transfer character in the HBq moiety.
The distribution of the HOMO has extended to the 4-Rphenyl
groups as the electron-donating ability of the substituent R
increased. This result indicates that the introduction of
electron-donating substituents, such as dimethylamino groups,
increases the contribution of ground-state orbitals, leading to
an enhanced charge-transfer character of the HBq moiety as
expected above. The absorption band generally shifts to longer
wavelength with increasing charge-transfer characteristics, and
an increase in the transition dipole moment results in an
increase in the molar absorption coefficient, which is consistent
with the present experimental results. On the other hand, the 4-
Rphenyl groups with the electron-withdrawing substituents
have contributed to the LUMO of a derivative and reduce the
charge-transfer character in the HBq moiety. Especially, the
lowest-energy absorption transition of 1NO,, having the stron-
gest electron-withdrawing nitro group, corresponded to the
HOMO — LUMO (69%)/LUMO + 1 (31%) transition, where the
LUMOs were localized exclusively on the 4-nitrophenyl groups.
The lowest-energy transition of 1NO, is, thus, ascribed to
a charge-transfer transition from the HBq moiety to the 4-
nitrophenyl groups. To understand the excited-state switching
behavior obtained for 1NO,, we examined the TD-DFT results in
detail (Fig. S24). As described above, the charge-transfer excited
states in the HBq moiety were obtained as the S, state for the
derivatives except for 1NO,, and the transition energy increased
with increasing ¢,. An excited state with similar electronic
character was also found for 1NO, as the upper-lying excited (S;)
state. Meanwhile, the excited state ascribed to the charge-
transfer from the HBq moiety to the 4-Rphenyl group at the 7-
position, which was obtained as the S; state for 1NO,, was
upper-lying for the other derivatives, and the transition energy

RSC Adv, 2026, 16, 8453-8465 | 8459
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Fig. 3 Kohn-Sham orbitals relating to the S; states of 1R in dichloromethane.

increased with decreasing o, (not found in the S,-S;, states of
1NMe,). As a result of the g, dependences of two charge-transfer
excited states, the electronic character of 1NO, with the stron-
gest electron-withdrawing group was switched with those of the
other 1R. Such a difference in the electronic structures of the
lowest-energy excited states of 1R is expected to affect the
fluorescence behavior of the derivatives.

Fluorescence properties in dichloromethane

All the derivatives exhibited orange-red fluorescence in diluted
solutions. Fig. 4(a) shows the fluorescence spectra of 1R and
HBq in dichloromethane at room temperature, and their fluo-
rescence characteristics are summarized in Table 1. The
intensities of the fluorescence spectra are scaled so that the
integration of the spectrum in the wavenumber scale corre-
sponds to the fluorescence quantum yield. The spectral band
shape of 1R was broad/structureless and much lower in energy
than the absorption band (A7 > 10 000 cm '), irrespective of the
derivatives. Since these characteristics originate from large
excited-state reorganization, the fluorescence of 1R seems to be
from the keto forms generated by intramolecular proton
transfer. The fluorescence energy monotonically increased with
increasing o, as shown in Fig. S25(a), whereas the absorption
energy decreased in the order of 1CF; (g, = +0.54), 1CN (0, =
+0.66), 1NO, (g, = +0.78), and the TD-DFT calculation assigned
the S; state of 1NO, to the charge transfer from the HBq moiety
to the 4-nitrophenyl group, which appears free from the proton-
transfer process. To explain such differences between absorp-
tion (excitation) and fluorescence processes, either excited-state
switching owing to large reorganization energy upon the proton
transfer process or the presence of another excited-state stabi-
lization process with a reorganization energy comparable to
that of the proton transfer is required. As indicating the latter
contribution, in contrast to the spectral similarity, the photo-
physical properties of 1NO, did not follow the trend of the other

8460 | RSC Adv, 2026, 16, 8453-8465

derivatives. Although the fluorescence quantum yield (&) and
fluorescence lifetime (tf) increased with an increase in the
fluorescence energy and o), fluorescence from 1NO, (¢ = 0.02
and t¢ = 0.21 ns) was weaker and shorter-lived than that from
1CN (@¢ = 0.03 and 7y = 0.37 ns). The results indicate that the
fluorescence and/or nonfluorescence processes of 1NO, are
different from those of the other derivatives. The fluorescence
rate constant (k) varied by up to 2.1-fold among the derivatives
(4.0 x 107 s™" for 1Me and 8.4 x 10” s~ " for 1NMe,, see Table 1
and Fig. S25(b)). Although the difference in k¢ suggests
successful tuning of the electronic structures of 1R by varying
the substituent R, the trend is not clear among the present
derivatives. On the other hand, the nonfluorescence rate
constant (kg) exhibited an obvious fluorescence-energy depen-
dence. As shown in Fig. 4(b), In k4 of 1R except for 1NO, linearly
decreased with increasing the fluorescence maximum wave-
number 7, as expressed by the energy gap law.**™*” The kq value
for 1NO, was, however, larger than that expected from the
fluorescence energy. In practice, the coefficient of determina-
tion for the linear regression for all the derivatives (R =
0.89361) was worse than that for the derivatives without 1NO,
(R* = 0.94690). We recently reported fluorescent solvatochromic
derivatives with a 4-nitrophenyl group (i.e., 1-methoxy-4-(4-
nitrophenyl)naphthalene and its relatives) and their nonfluo-
rescent pathways.”® The charge-transfer excited states of the
derivatives have exhibited the V-shape energy gap dependence
of In kg, and it deactivates via the internal conversion to the
ground state when the fluorescence energy of the derivative is
smaller than 17 000 cm ™. The kg4 value of 1NO,, whose partial
structure is comparable to 1-methoxy-4-(4-nitrophenyl)
naphthalene, obeys the energy gap plots for derivatives with
a 4-nitrophenyl group (see Fig. $26). It strongly suggests that
fluorescence from 1NO, originates from the charge-transfer
transition to the 4-nitrophenyl group rather than the keto
form generated by ESIPT. The low-energy fluorescence from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Fluorescence spectra (Aex = 375-415 nm) and (b) energy gap
plots of 1R in dichloromethane at room temperature. The grey curve in
(@) represents a spectrum of HBqg in dichloromethane at room
temperature. The colors correspond to those indicated in Fig. 1.

1NO,, can be explained by the large stabilization of its charge-
transfer excited state with a large electric dipole moment due
to solvation. The charge-transfer character of the excited state of
1NO, was also suggested by comparing with the fluorescence
properties in the crystalline phase. The derivatives exhibited
more intense fluorescence in the crystalline phases (Fig. S27
and Table S14) than in dichloromethane. The intense fluores-
cence originates from 1.6-4.1-times smaller k4 for the deriva-
tives except for 1NO,. In contrast, the k4 value of 1INO, in the
crystalline phase was 7.2-times smaller than that in di-
chloromethane. The results indicate the impact of solvation on
the excited-state dynamics of 1NO,.

Geometries of 1R in the S; states were optimized by the TD-
DFT method (Fig. 5 and S28), and excited states in the S;-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimized geometries were calculated (in Tables S15-523). The
derivatives, except for 1NO,, possessed the keto form generated
by ESIPT. On the other hand, in 1NO,, the 4-nitrophenyl group
at the 7-position was perpendicularly oriented to the HBq
moiety (dihedral angle being 89.76°). Such differences in the
excited-state geometry are considered to originate from
a change in the charge distribution associated with photoexci-
tation. The ESIPT process is driven by the charge-transfer
transition in the HBq moiety, upon which charge distribu-
tions on the photoacidic oxygen atom decrease and that on the
photobasic imine nitrogen atom increases. Thus, the charge
transfer from the HBq moiety to the 4-nitrophenyl group
without the charge distribution change on the nitrogen atom
did not induce the proton-transfer process in 1NO,. In practice,
the Gibbs energy of the S; state of 1NO, as a function of the O-H
distance possessed a local minimum at ~1.1 A, which corre-
sponds to the non-ESIPT geometry, with an activation energy
toward the proton-transfer pathway being ~0.05 eV (see
Fig. S29) in contrast to other derivatives including HBq without
any activation barrier (Fig. S3). The difference in the excited-
state character of 1NO, is also observed as the solvent depen-
dence of the fluorescence spectra (see Fig. S30 and Table S24).
Although typical ESIPT-type fluorescence from an HBq deriva-
tive is insensitive to solvents, 1NO, showed significant fluores-
cence quenching with increasing solvent polarity. We note that
the k4 values increased upon ~30% deuteration of the hydroxy
groups in 1Me and 1NO, by a factor of ~1.3 (Fig. S31 and Table
S25) and that differences in the spectroscopic and photo-
physical characteristics between the derivatives are not clear at
this stage. Joo and coworkers have reported that the proton
transfer occurs in 12 + 6 and 25 + 5 fs in HBq and its deuterated
derivative, respectively.?” The time scale is much faster than that
of the fluorescence lifetime in the present study (>45 ps), and
therefore, a significant difference might not be observed
between ESIPT-type 1Me and non-ESIPT-type 1NO,.

TFA addition in acetonitrile

The introductions of 4-Rphenyl groups into the HBq skeleton
successfully controlled the electronic structures of the deriva-
tives and resulted in a change in the charge-transfer character
in its electronic transition. The results support our expectation
that the ESIPT process of an HBq derivative corresponds to an
intramolecular acid-base reaction, and therefore, it is expected
that the addition of external acid also affects the spectroscopic/
photophysical properties of the derivatives. Fig. 6 and S32-S39
show the absorption and fluorescence spectra of 1R in the
absence and presence of trifluoroacetic acid (TFA). Acetonitrile
was employed as the solvent by considering the solubility of the
protonated form of 1R. The absorption spectra of 1R (R = -OMe
to —-CN) responded to the presence of TFA by exhibiting multiple
isosbestic points, and the lowest-energy absorption bands were
lowered in energy and weakened compared to those of the
corresponding 1R. Furthermore, strong fluorescence appeared
at a shorter wavelength with reduced fluorescence from the keto
form upon the addition of TFA. These spectral changes are
explainable by protonation of the imine nitrogen atom, which

RSC Adv, 2026, 16, 8453-8465 | 8461
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Fig. 6 Absorption and fluorescence spectra (Aex = 375 nm) of INMe,
(1.02 x 107> M) in the absence and presence of TFA (0—500 mM, dark
red — purple) in acetonitrile.

suppresses the ESIPT process. On the other hand, while the
absorption spectral change of 1NO, was not large, it exhibited
an isosbestic point at around 400 nm and the lowest-energy
band was weakened. Weak fluorescence from 1NO, in high-
polar acetonitrile was further reduced, and a new weak fluo-
rescence appeared at around 500 nm upon the addition of TFA.
As discussed above, the excited state of 1NO, is not ESIPT-type,
and therefore, the spectroscopic changes upon TFA addition
correspond to the reduced charge-transfer character by
a decrease in the electron density of the oxygen atom in the
hydroxy group with an additional hydrogen bond. Both
absorption and fluorescence spectra of 1NMe, with the
Bronsted-basic dimethylamino groups significantly changed
over a wide range of TFA concentration (0-500 mM, see Fig. 6).
Fluorescence color changed over a broad visible region as
a function of TFA concentration. The absence of the isosbestic
point suggests that the spectroscopic changes result from
multistep reactions in which the two dimethylamino groups
and the HBq moiety are protonated. In practice, in the low-
concentration region ([TFA] = 0-100 pM), isosbestic points

8462 | RSC Adv, 2026, 16, 8453-8465

were obtained at 392, 378 and 271 nm, which is considered to
reflect the first protonation step. In the [TFA] = 0.2-10 mM
region, a high-energy absorption band at ~380 nm and fluo-
rescence band at around 650 nm were observed. Since these
bands closely matched those of 1CF; in acetonitrile, the spectral
features originate from an HBq derivative having the “electron-
withdrawing” dimethylammonio (-NMe,H') groups. Upon
further TFA addition, fluorescence from the keto form di-
sappeared, and new intense greenish-blue fluorescence was
observed in the shorter-wavelength region. The band arises
from 1NMe,-3H", in which the two dimethylamino groups and
the HBq moiety are protonated. To investigate the details of the
protonation processes of 1R, we conducted DFT calculations.
Adequacies of the calculations in acetonitrile were confirmed by
comparing the TD-DFT results and the experimentally-observed
absorption spectra of 1R in the absence and presence of TFA
(Tables S27-S46 and Fig. S43-S45). In the optimized ground-
state geometries of 1R-H' (1INMe,-3H" in the case of 1NMe,),
both oxygen and nitrogen atoms in the HBq moiety were
protonated, as shown in Fig. S41. The protonation of the proton-
accepting moiety precludes ESIPT and yields non-ESIPT high-
energy fluorescence (Tables S47-S66). Comparisons of the
Gibbs energies for various protonated states of 1NMe, revealed
that protonation occurs in the order of the dimethylamino
group at the 9-position, the dimethylamino group at the 7-
position, and the HBq moiety.

Basicity indices (pK;,) of 1R (R = -OMe to -NO,) were eval-
uated by titration analyses for the absorption spectra and
single-step equilibrium process: 1R + CF;COOH 2 1R-H' +
CF3;COO". Global fits for the absorbance (4,,s) changes at the
multiple wavelengths against the TFA concentrations using eqn
(1) successfully provided the pK;, values of 1R (Fig. S32-539).

Ay + 4,107K [TFA]

Aops = 1
> 1 + 10 % [TFA] 1)

where A, and A, are the absorbances of 1R and 1R-H" at the
concentration of [1R], respectively. The pK; value of the ESIPT-
type 1R increased with increasing o, of the substituent R. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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trend can be explained by a decrease in the electron density on
the hydroxy oxygen atom by the electronic nature of the
substituent. The results are consistent with the downfield-
shifted O-H signal in the 'H-NMR data and qualitatively
reproduced by DFT calculations (estimated by an equation K;, =
exp(—AGo/ksT) where AGq, kg and T are the calculated Gibbs
energy difference, Boltzmann constant and absolute tempera-
ture (298.15 K), respectively, see Table S26 and Fig. S42). The
pKyp value of 1NO, was extremely low (—3.21 £ 0.21) compared
with the other derivatives, despite the strong electron-
withdrawing ability of the nitro group. Although we per-
formed calculations for an acinitro species, the experimental
result could not be reproduced. The protonation of the deriva-
tives was also traced by "H-NMR spectroscopy (Fig. S49-S56).
The signal from the 2-position of the benzo[k]quinoline moiety
shifted to the downfield upon the addition of TFA (Fig. S57), and
changes in the chemical shifts of the derivatives with the
electron-donating groups (e.g., 10Me) started by adding 1-mM
TFA, whereas those with the electron-withdrawing groups (e.g.,
1CN) required higher concentration (~5 mM or more).

The three-step protonation process of 1NMe, was treated as
three successive equilibrium processes, and the absorbance
changes under [TFA] = 0-100 mM were globally fitted using eqn (2).

Ao + A 10K [TFA] 4 A,107PKei—Ke2 [TEA]® 4 4510 7PKoi—PKea—pKs TFA]?
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ground states are enol forms with an intramolecular hydrogen
bond. All the derivatives exhibited an obvious visible absorption
band at ~400 nm and orange-red fluorescence in di-
chloromethane at room temperature. The fluorescence from 1R
(R = -NMe, to -CN) was best characterized as the excited-state
intramolecular proton transfer (ESIPT) upon charge-transfer
transition in the HBq moiety, and the charge-transfer char-
acter was controlled by the electron-donating/-withdrawing
ability of the substituent R. In contrast, the spectroscopic and
photophysical features of 1NO, with the strongest electron-
withdrawing nitro groups were largely different from those of
other derivatives. The S, transition of 1INO, was ascribed to the
charge transfer from the HBq moiety to the 4-nitrophenyl
group. Reflecting such a difference in the electronic transition,
1NO, emits from the non-ESIPT excited state, which is stabi-
lized by solvation and twisting the 4-nitrophenyl group. These
findings demonstrate that the electronic nature of the substit-
uent induces distinct excited-state structural changes even for
the same skeleton and that changes in the charge distributions
at both the proton-donating and -accepting moieties upon
photoexcitation are crucial for the ESIPT process. The excited-
state structure of 1R was varied by adding trifluoroacetic acid,
resulting in intense fluorescence from the non-ESIPT excited
states of their protonated form. The introduction of the 4-

Aobs =

As shown in Fig. S40, the absorbance changes upon the TFA
addition were well reproduced by three successive protonation
models, and the first two protonation processes possess small
pK. values below —3, as expected from the strongly basic di-
methylamino group. In the 'H-NMR titration experiments
(Fig. S46-548), the change in the chemical shift was completed
at 10-mM TFA, suggesting quantitative two-protonation of the
dimethylamino groups, and further change, which is ascribed
to the protonation of the hydroxy group, occurred at the <70-
mM region (Fig. S57). These TFA-addition experiments to 1R
demonstrate that the basicity of a derivative can be controlled
by the electronic nature of the substituent R introduced into the
HBq skeleton. In particular, 1NMe,, whose substituent itself
possesses proton-accepting ability, achieved color-tunable
fluorescence over the near-infrared to blue region.

Conclusions

The charge-transfer character in electronic transitions and
excited-state geometry of the 10-hydroxybenzo[/]quinoline
(HBq) skeleton was successfully tuned through the electronic
nature of substituents. Single-crystal X-ray analyses and DFT
calculations suggested that the HBq derivatives with nine
different R substituents at the 7- and 9-positions (1R; R = -
NMe,, -OMe, -Me, -H, -F, -Cl, -CF;, -Cl, -CN, -NO,) in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

1 4+ 10-PKbi [TFA} + 10-PKb1 —pKr2 [TFA}Z + 10-PKb1 —pKo2—pKp3 [TFAP

Rphenyl groups modified the basicity and acid-base behavior of
the HBq skeleton. Notably, 1NMe, possessing proton-accepting
dimethylamino groups exhibited multicolor fluorescence
ranging from near-infrared to blue by multistep protonations of
the two substituents and the HBq moiety. Thus, our systematic
modulation of the electronic structures of the HBq skeleton
revealed that the photoacidity and photobasicity in the HBq
moiety in both the ground and excited states are crucial in the
excited-state geometry and photophysical properties of a deriv-
ative. The excited-state geometry is one of the most important
factors to characterize the light-emitting properties of a mole-
cule, and therefore, the present study provides a key insight
toward the design of fluorescent molecules.
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