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Synthesis and photophysical properties of
photostable 1,8-naphthalimide dyes incorporating
benzotriazole-based UV absorbersy
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We developed a series of blue-emitting 1,8-naphthalimide dyes covalently attached to 2-(2-
hydroxyphenyl)-2H-benzotriazoles that retard photodegradation of the fluorophore. The dyes displayed
weaker fluorescence emissions than the parent 1.8-naphthalimide. Quantum chemical calculations
suggested that the decreased fluorescence was caused by the nonradiative deactivation promoted
through the excited state intramolecular proton transfer (ESIPT) in benzotriazole components. The dyes'
phosphorescences in a degassed solution at 77 K were more efficient than that of the parent 1.8-
naphthalimide, indicating a possible deactivation pathway through intersystem crossing. PMMA films

R 4 29th March 2022 doped with these dyes showed higher resistance against photoaging than the film doped with an
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Accepted 5th June 2022 equimolar mixture of constituent 1.8-naphthalimide and the benzotriazole derivatives. Thus, the
covalently linked benzotriazole units slow fluorophore degradation not only by preferential absorption of

DOI: 10.1035/d2ra02028a harmful UV light, which is found in the film with a simple mixture of two components, but also by the
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Introduction

In response to increasing interest in the environment and
climate change, the effective utilization of solar energy is
receiving much attention. Organic compounds and metal
complexes that absorb ultraviolet (UV) radiation and emit
visible light should be key materials for the effective utilization
of sunlight. These dyes can work as wavelength conversion
materials to reduce harmful UV light and increase useful visible
light through the photophysical process.”® They can contribute
to the improvement of the power conversion efficiency of
photovoltaics due to the poor spectral response in the UV
region.' They also can be utilized to cultivate plants because UV
light range is not effective in photosynthesis.** Blue fluorescent
dyes are also in demand for existing applications, such as paints
and fluorescent brightening agents, as well as for emerging
applications. as typified by OLED-emitting materials.® These
dyes have large transition energies comparative to energy close
to ultraviolet (UV) light, and therefore the energy of the excited
state related to the fluorescence emission is relatively high.
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nonradiative deactivation involved in benzotriazole units.

During long-term use under incident UV radiation, these
classes of dyes are susceptible to photochemical decomposition
due to their high-energy excited states. The major challenge in
developing efficient blue-emitting dyes relies on their high
photostability required for their long-term use. To overcome the
stability issue, much effort has been made with regard to
molecular design, including the design and arrangement of
auxochromes, the substitution of heavy atoms such as sulfur
and phosphorus, and the use of coordination bonds.”” The
method of utilizing energy transfer from organic dyes to inor-
ganic compounds was also investigated for stabilizing dyes.'®"

1,8-Naphthalimide derivatives are known as fluorescent dyes
with strong blue to yellow fluorescence emission (Fig. 1A). The
transition energy and intensity of their fluorescence depend on
the substituents as well as on the external environment, and
they are known as substantial blue fluorescent dyes used as
sensors and bioprobes.””™* In particular, the substituents
attached to the nitrogen atom of the imide group and 4-posi-
tion, as well as the polarity and pH of the solvent, affect a dye's
fluorescent properties through intramolecular charge transfer
(ICT) or photoinduced electron transfer (PET).'*** 4-
Acetylamino-1,8-naphthalimide derivatives show blue fluores-
cence that is enhanced especially in polar solvents.'*****
However, they have poor stabilities under UV irradiation,
possibly due to their wide band gaps. A general strategy to
improve their light stability is needed in order to achieve a wide
range of applications of these dyes, including wavelength
conversion materials working under sunlight.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Fluorescent 1,8-naphthalimide dye, (B) 2-(2-hydrox-
yphenyl)-2H-benzotriazole UV absorber, and (C) the hybrid structure
and arrangement of 1,8-naphthalimide and benzotriazole UV
absorber.

In the field of polymer science, polymer degradation is
inhibited by blocking or screening out the incident UV radiation
through the addition of UV absorbers.> 2-(2-Hydroxyphenyl)-
2H-benzotriazoles are widely used as UV absorbers due to their
UV absorptivity and remarkable photostability. The derivatives
cause excited-state intramolecular proton transfer (ESIPT) by
UV irradiation, and form zwitterionic structures that promote
nonradiative deactivation (Fig. 1B).>® The internal conversion
after ESIPT is very fast due to the presence of a deactivation
pathway through the conical intersection, making it difficult to
decompose these derivatives within the short lifetimes of the
excited states.?”®

Benzotriazole-based UV absorbers preferentially absorb
damaging UV radiation and dissipate it as thermal energy
through nonradiative deactivation involving ESIPT. The concept
of protecting and stabilizing macromolecules by using UV
absorbers can be applicable to metal-free organic dyes. In this
context, a hybrid molecule consisting of dyes and UV absorbers
should pave the way for the development of durable fluorescent
dyes. Apart from our concept, hybrid compounds of 2-(2-
hydroxyphenyl)-2H-benzotriazole derivatives and 4-allyloxy-1,8-
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naphthalimide have been reported as fluorescent brightening
agents.” Since each hybrid compound was used as a pendant
group of polymethacrylate, the light stabilities of the hybrid
compounds and their detailed optical properties were not clear.
For the development of durable blue fluorescent dyes that can
be used as wavelength conversion materials for sunlight, it is
important to elucidate the photophysical properties and pho-
tostability of benzotriazole-naphthalimide hybrids (Fig. 1C). In
this study, we designed and synthesized hybrid compounds in
which  ESIPT-active  2-(2-hydroxyphenyl)-2H-benzotriazole
derivatives were incorporated to blue fluorescent 4-acetylamino-
1,8-naphthalimide, with the aim of enhancing the photo-
stability of blue fluorescent dyes. We evaluated the effects of the
benzotriazole units on the photophysical and photostability
properties of dyes in comparison with constituent 4-
acetylamino-1,8-naphthalimide (4) and 2-(2-hydroxyphenyl)-2H-
benzotriazole (5) (Fig. 2). Hybrid compound 1, its analogue
having 1,1,3,3-tetramethylbutyl groups on the 2-hydroxyphenyl
unit (2), and a hybrid dye in which the naphthalimide unit was
connected at the benzotriazole ring (3) were designed to
examine the effects of the hybrid structure on optical properties
and durability.

Experimental
General

All starting materials, catalysts, and solvents were purchased
from Tokyo Chemical Industry (Tokyo, Japan) and FUJIFILM
Wako Pure Chemical (Osaka, Japan). The "H-NMR spectra were
obtained using ECA600 spectrometers (JEOL, Tokyo) operating
at 600 MHz or ECX500 spectrometers (JEOL) operating at 500
MHz. The "*C-NMR spectra were obtained using ECA600 spec-
trometers (JEOL) operating at 150 MHz or ECX500 spectrome-
ters (JEOL) operating at 125 MHz. DMSO-ds was used as the

Fig. 2 Hybrid compounds in the present study.
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solvent, and chemical shifts were based on the peak of DMSO.
The electrospray ionization mass spectra (ESI-MS) were recor-
ded on an Amazon SL spectrometer (Bruker, Billerica, MA, USA)
or a JMS-T100CS spectrometer (JEOL). The elemental analyses
were performed on a Yanaco CHN Corder JM-10 analyzer
(Yanagimoto, Tokyo). The FT-IR spectra were recorded using
a Spectrum Two FT-IR spectrometer (PerkinElmer, Waltham,
MA, USA). The absorption spectra were measured in a 1.0 cm
quartz cell or 4 um PMMA film on a UV-1850 spectrophotometer
(Shimadzu, Kyoto, Japan) or a U-3900H spectrophotometer
(Hitachi, Tokyo). The fluorescence excitation and emission
spectra, the phosphorescence spectra, and the fluorescence
quantum yields were measured in a 1.0 cm quartz cell for
solution at room temperature, in a 5 mm quartz cell for solution
at 77 K, and in a 4 pm PMMA film on a FP-8500 spectrofluo-
rometer (Jasco, Tokyo). The phosphorescence spectra were
measured with a delay time of 10 ms to remove fluorescence
and a sampling time of 40 ms. Fluorescence lifetimes were
measured using a FluoroCube spectroanalyzer (Horiba Jobin
Yvon, Edison, NJ, USA) with a 390 nm LED light source for
excitation. A colloidal silica suspension in water was used as
a scatterer to determine the instrumental response. The pho-
tostability tests were conducted using a Super Xenon Weather
Meter SX75 (Suga, Tokyo) equipped with a xenon lamp in the UV
region (300-400 nm) for 24 hours under conditions of 63 °C
BPT, 50% humidity, and 60 W m™? irradiation intensity.
Compounds 1, 3,*' 43* 532 and 2-amino-6-(2H-benzotriazol-2-
yl)-4-(1,1,3,3-tetramethylbutyl)phenol  (6),* prepared
according to the literature procedure. The characterization data
of 1, 3-5 and 6 were shown in ESI.}

were

Synthesis of 7

Compound 6 (9.51 g, 0.0281 mol), 4-nitro-1,8-naphthalic anhy-
dride (6.10 g, 0.0251 mol), and acetic acid (75 mL) were added to
a 500 mL flask, and the mixture was refluxed at 120 °C for 20 h.
After the addition of water (200 mL), the formed precipitate was
filtered at 20 °C, washed with isopropyl alcohol and water, and
dried to give the crude product of 7 (7.60 g). The crude product
of 7 (7.60 g) and acetic acid (70 mL) were added to a 200 mL
flask, and the mixture was refluxed at 115 °C for 1 h. The
precipitate was filtered at 25 °C, washed with acetic acid, and
dried to give compound 7 as a light yellow powder (2.40 g,
4.26 mmol, 15%) with a melting point of 217 °C. "H NMR (500
MHz, DMSO-dq): 6 10.23 (s, 1H), 8.78-8.80 (d, J = 8.5 Hz, 1H),
8.69-8.70 (d,J = 8.0 Hz, 1H), 8.66-8.68 (d, J = 8.5 Hz, 1H), 8.60-
8.61 (d, /= 7.5 Hz, 1H), 8.13-8.16 (dd, J = 8.0, 8.0 Hz, 1H), 8.04-
8.06 (m, 2H), 7.83-7.84 (d, J = 1.5 Hz, 1H), 7.66-7.66 (d, ] =
2.5 Hz, 1H), 7.52-7.54 (m, 2H), 1.73 (s, 2H), 1.37 (s, 6H), 0.78 (s,
9H). *C NMR (125 MHz, DMSO-dq): 6 163.02, 162.24, 149.32,
145.46, 143.74 (2C), 140.81, 131.75, 130.17, 129.98, 129.64,
128.98, 128.94, 128.04, 127.38, 127.33 (2C), 124.34, 123.88,
123.64, 123.52, 122.91, 118.10 (2C), 56.29, 37.91, 32.13, 31.76
(3C), 31.19 (2C). FT-IR (ATR, cm™'): 3073, 2965, 1719, 1678,
1530, 1347, 1243, 782, 747. MS (ESI) m/z: [M-H]~ caled for
C3,H,5N505 562.21; Found 561.87. Anal. caled for C3,H,9N505:
C, 68.19; H, 5.19; N, 12.43. Found: 68.25; H, 5.20; N, 12.33.
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Synthesis of 8

Compound 7 (2.40 g, 4.26 mmol), isopropyl alcohol (24 mL),
tin(u) chloride (4.04 g, 0.0213 mol), and hydrochloric acid (36%,
4.43 g, 0.0437 mol) were added to a 200 mL flask, and the
mixture was stirred at 70 °C for 1 h. The formed precipitate was
filtered at 20 °C, washed with water, and dried to give 8 as
a yellow powder (2.24 g, 4.20 mmol, 99%) with a melting point
of 297 °C. "H NMR (500 MHz, DMSO-d): 6 10.24 (s, 1H), 8.65—
8.67 (d,J = 8.5 Hz, 1H), 8.44-8.45 (d, J = 7.0 Hz, 1H), 8.20-8.22
(d,J = 8.5 Hz, 1H), 8.04-8.06 (m, 2H), 7.89 (s, 1H), 7.67-7.70 (dd,
J=7.75,7.75 Hz, 1H), 7.53-7.55 (m, 2H), 7.48 (m, 3H), 6.87-6.89
(d,J = 8.5 Hz, 1H), 1.73 (s, 2H), 1.37 (s, 6H), 0.78 (s, 9H). °C
NMR (125 MHz, DMSO-d¢): 6 163.83, 162.92, 152.74, 145.01,
143.49 (2C), 140.79, 133.91, 131.01, 130.45, 130.16, 129.39,
127.48 (2C), 127.22, 125.66, 124.00, 122.57, 121.79, 119.55,
118.02 (2C), 108.17, 108.11, 56.25, 37.89, 32.14, 31.78 (3C), 31.20
(2C). FT-IR (ATR, cm™'): 3474, 3355, 3255, 2951, 1692, 1658,
1578, 1366, 1346, 1239, 749, 687. MS (ESI) m/z: [M-H]~ calcd for
C3,H;0N503 532.23; Found 531.77. Anal. calcd for C;,H;;N505:
C, 72.03; H, 5.86; N, 13.12. Found: C, 71.82; H, 5.53; N, 12.99.

Synthesis of 2

Compound 8 (1.50 g, 2.81 mmol), acetic anhydride (40.0 g, 0.392
mol), and concentrated sulfuric acid (0.1 mL) were added to
a 300 mL flask, and the mixture was stirred at 60 °C for 20 m.
After the addition of water (100 mL), the formed precipitate was
filtered at 25 °C, washed with water, and dried to give 9 (1.63 g,
2.64 mmol). Compound 9 (1.63 g, 2.64 mmol), potassium
carbonate (2.40 g, 0.0174 mol), sulfolane (70 mL), and water (15
mL) were added to a 500 mL flask, and the mixture was stirred at
80 °C for 4 h. After the addition of water (180 mL) and acetic
acid (6 mL), the formed precipitate was filtered at 25 °C, washed
with methyl alcohol, and dried to give the crude product of 2
(1.86 g). After the crude product of 2 (1.86 g) was dissolved in
toluene (30 mL), the mixture was filtered and the insoluble
materials were removed. The solvent was removed in reduced
pressure, and isopropyl alcohol (30 mL) was added. The formed
precipitate was filtered at 20 °C, washed with isopropyl alcohol,
and dried to give compound 2 as a yellow powder (0.37 g,
0.643 mmol, 23% from 9) with a sublimation point of 191 °C. 'H
NMR (600 MHz, DMSO-dj): 6 10.46 (s, 1H), 10.26 (s, 1H), 8.76-
8.77 (d,J = 8.4 Hz, 1H), 8.56-8.57 (d, J = 7.2 Hz, 1H), 8.51-8.52
(d,J = 8.4 Hz, 1H), 8.34-8.36 (d, J = 8.4 Hz, 1H), 8.04-8.06 (m,
2H), 7.91-7.94 (dd, J = 8.1, 8.1 Hz, 1H), 7.87-7.88 (d,J = 1.8 Hz,
1H), 7.60 (d,J = 1.8 Hz, 1H), 7.53-7.54 (m, 2H), 2.30 (s, 3H), 1.73
(s, 2H), 1.37 (s, 6H), 0.79 (s, 9H). *C NMR (125 MHz, DMSO-d,):
6 170.18, 164.07, 163.49, 145.75, 144.13 (2C), 141.34, 140.95,
132.12, 131.36, 130.66, 129.90, 129.55, 128.13, 127.94 (2C),
126.91, 125.32, 124.74, 123.61, 123.13, 119.92, 118.75, 118.57
(2C), 56.82, 38.44, 32.65, 32.30 (3C), 31.73 (2C), 24.64. FT-IR
(ATR, em™): 2954, 1709, 1661, 1588, 1371, 1350, 1240, 778,
746, 688.

MS (ESI) m/z: [M-H]™ caled for C;,H;3,N50, 574.25; Found
573.81. Anal. caled for C3,H;3NsO04: C, 70.94; H, 5.78; N, 12.17.
Found: C, 70.77; H, 5.94; N, 12.24.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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General method for the fabrication of PMMA films

Each compound (0.05 g) and PMMA pellet (1.95 g) were dis-
solved in a mixture of methyl ethyl ketone (4 g) and toluene (4
). Each solution was coated on a glass 2 mm thick with a bar
coater no. 20. After drying under reduced pressure, PMMA films
with a thickness of 4 um coated on a glass plate were fabricated.

Results and discussion
Synthesis

Compound 2 was synthesized according to Scheme 1.
Compound 6 was synthesized by nitration of 2-(2H-
benzotriazol-2-yl)-4-(1,1,3,3-tetramethylbutyl)phenol, followed
by reduction of the nitro group.*® The imidization of 6 with 4-
nitro-1,8-naphthalic anhydride gave corresponding 1,8-naph-
thalimide derivative 7, which was reduced with tin(u) chloride
and hydrochloric acid to give amino-substituted 8.**** The
acetylation of 8 with acetic anhydride followed by hydrolysis of
the acetoxy group afforded 2 in 3% yield from 6. The yield of
imidization was low at 15% due to the production of N-[3-(2H-
benzotriazol-2-yl)-2-hydroxy-5-(1,1,3,3-tetramethyl butyl)phenyl]
acetamide as a by-product. The by-product can be recovered and
hydrolyzed to obtain 6, that can be used again for the synthesis.
Although the number of synthesis processes is increased, it is
possible to scale up the synthesis and collect a large amount of
the dye. Similarly, compound 1 was prepared from an analogue
of 6 without 1,1,3,3-tetramethylbutyl groups.®>® A previously re-
ported method was used to successfully synthesize 3.** Char-
acterization data for 1, 3, 4, and 5 are shown in ESL+

Electronic absorption and fluorescence properties in solution

The UV-vis absorption spectra of 1-5 and the equimolar mixture
of 4 and 5 in CH;OH are shown in Fig. 3A, and the absorption
properties are shown in Table 1. Generally, 2-(2- hydrox-
yphenyl)-2H-benzotriazole derivatives having intramolecular
N-H-O hydrogen bonds between their benzotriazole and

L
CH,COOH
120°C
Yield: 15%

(CH3C0),0

R
60°C

Yield: 94%

Scheme 1 Synthesis of compound 2.
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Fig. 3 (A) UV-vis absorption spectra of 1-5 and the equimolar mixture
of 4 and 5 in CHsOH. (B) Fluorescence (solid-line) and excitation (dot-
line) spectra of 1-5 and the equimolar mixture of 4 and 5 in CHzOH.

phenol groups showed strong absorption at 330-360 nm and
weak absorption around 300 nm, which originated from non-
hydrogen bonding species.’®*® Benzotriazole derivative 5
showed strong absorption, with a maximum at 328 nm and
weak absorption around 300 nm. The electronic absorption of

SnCl,
HCI

T e

(CH,),CHOH
70°C
Yield: 99%

K2003
H,0

2 . HO,

sulfolane ©:>\l

80°C
Yield: 24%
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Table 1 Optical properties of 1-5 and the equimolar mixture of 4 and
5 in CHsOH*

Aabs e Ar AEx Stokes shift
Dye (nm) (10*°M 'em™) (nm) (nm) (10°em™Y) P (%)
1 337 2.70 466 370 5.57 56.2
2 342 2.80 468 373 5.44 7.5
3 356 2.02 466 376 5.14 41.7
g 364 1.49 465 368 5.67 82.6
5¢ 328 173 392 313 6.44 0.8
4+5° 335 — 468 370 5.66 87.1

@ Cone. 20 pM. ? Conc. 30 pM. € Conc. 50 uM.

1,8-naphthalimide derivative 4 was observed in a lower energy
region compared to 5. Hybrid compounds 1-3 showed broad
absorption bands in the UV region, and their spectral shapes
differed slightly from each other. The absorption maxima of 1,
2, and 3 were observed at 337, 342, and 356 nm. The absorption
band of 2 was slightly longer than that of 1 due to the electron-
donation property of the 1,1,3,3-tetramethylbutyl group on the
phenol unit 3, having a different manner of linkage between
benzotriazole and naphthalimide components, exhibited
absorption in a lower energy region compared to 1 and 2. Thus,
both components of hybrid dyes interact with each other to
show slightly distinct electronic absorptions. We also examined
their absorption properties in CHCl; and DMSO (Table S1,
Fig. S171). Although the UV absorptions of 1-3 and 5 were hyp-
sochromically shifted in DMSO by breaking down the intra-
molecular hydrogen bond, their absorptions in CHCI; were
similar to those in CH3;O0H. For constituent naphthalimide 4,
the distinguished solvent effect was not observed.

The fluorescence emission and excitation spectra of 1-5 and
the equimolar mixture of 4 and 5 in CH;0H are shown in
Fig. 3B, and the results are summarized in Table 1. The
constituent benzotriazole 5 showed almost no emission due to
dominant nonradiative deactivation from the excited state
formed after ESIPT.*” In contrast, naphthalimide 4 exhibited
fluorescence emission with a maximum at 465 nm and with
a large Stokes shift (5.67 x 10%). The fluorescence quantum
yield of 4 is observed to be high (®r = 0.83). The spectral shape
of the emission spectrum is a mirror image of its excitation
spectrum, in agreement with previous reports.***° Hybrid
compounds 1-3 exhibited fluorescence emission, and the
maxima of their excitation spectra were observed at almost the
same range (370 nm for 1, 373 nm for 2, 376 nm for 3, and
368 nm for 4). This indicated that the fluorescence of 1-3
originated from naphthalimide fluorophores. It should be
noted that the quantum yields of 1-3 were lower than that of 4.
The order of @ris4>1(Pg = 0.56) >3 (Pp = 0.42) > 2 (P = 0.08).
This clearly indicated that the benzotriazole components in 1-3
reduced the fluorescence quantum yields of 1,8-naphthalimide
fluorophores, although their emissions were not completely
quenched. The quantum yield of the simple mixture of 4 and 5
(g = 0.87) is slightly larger than that of 4. The fluorescence of 4
was possibly enhanced by the fluorescence resonance energy

17354 | RSC Adv, 2022, 12, 17350-17361
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transfer from 5 to 4, since weak fluorescence of 5 was over-
lapped with absorbance of 4.

The fluorescence emissions of 1-3 and 4 shifted hyp-
sochromically with decreasing polarity of the solvents, consis-
tent with previous studies regarding 1,8-naphthalimide
derivatives (Table S1, Fig. S2T). The solvatochromic behavior
indicated their polar characteristics in the ground state.** To
learn the excited state kinetics of 1-3, we measured the fluo-
rescence lifetime by the time-correlated single-photon counting
(TCSPC) method. Then, we calculated the radiative deactivation
rate (k,) and the nonradiative deactivation rate (k) according to
the following equations:

ky = dple (1)
knr = (1 - QDF)/‘L' (2)

where @ and 7 are the fluorescence quantum yield and the
lifetime, respectively (Table S17). Although the k,, values of 1
and 3 were higher in CHCl; and DMSO than in CH;0H, the &,
values of 2 were higher in CH;OH than in CHCI;. The effect of
the solvent on the k,,, of compound 2 is not well understood at
this time. The 1,8-naphthalimide 4 displayed the same
tendency. The analysis indicated that the nonradiative deacti-
vation for 1,8-napthalimide components was dominant in
CHCI; and DMSO. The £k, values of 1-3 are much larger than
that of 4. Notably, 2 has a large &, value in any solvent. Thus,
the decreased fluorescence emission of 1-3 appears to stem
from the promotion of nonradiative deactivation.

Phosphorescence properties in degassed toluene at 77 K

To gain insight into the deactivation pathway of 1-3, we exam-
ined their emission properties in low-temperature conditions.
The phosphorescence spectra in degassed toluene at 77 K are
shown in Fig. 4, prompt fluorescence spectra are shown in
Fig. S3,T phosphorescence decay curves are shown in Fig. S4,t
and the phosphorescence and fluorescence properties are
shown in Table 2. In the measurement condition for phos-
phorescence (delay time: 10 ms), the parent 1,8-naphthalimide
4 exhibited bimodal emission with maxima at 595 nm and

150
2100
w
|
Q
s

50 | 5

4 \J
0 e e —
350 450 550 650 750 850

Wavelength (nm)

Fig.4 Phosphorescence spectra showing relative intensity of 1-5 and
the equimolar mixture of 4 and 5 in toluene at 77 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Phosphorescence and fluorescence properties of 1-5 and
the equimolar mixture of 4 and 5 in toluene at 77 K

Stokes shift

(10 em™)
Ap ABx
Compd Ap? (nm) (nm) (nm) Ap Ap
1° 577 437 374 9.41 3.86
2t 577 438 377 9.19 3.69
3t 589 438 377 9.55 3.69
4° 595 457 351 11.7 6.61
59 567 410 376 8.96 2.21
4+5° 594 446 377 9.69 4.10

“ Measured with delay time: 10 ms. ” Conc. 20 puM. © Conc. 30 pM.
4 Conc. 50 uM.

460 nm. The shape and transition energy of the emission at
460 nm were consistent with its prompt fluorescence (Fig. S37).
This indicated that the emissions at 595 nm and 460 nm are
attributable to phosphorescence and delayed fluorescence
emission. In contrast, the benzotriazole 5 shows quite weak
phosphorescence emission in the higher energy region
compared to 4 (4: 4, = 595 nm; 5: A, = 567 nm). As shown in
Fig. 4, the hybrid dyes 1-3 showed phosphorescence emission
together with negligible delayed fluorescence (1: A, = 577 nm; 2:
Ap = 577 nm; 3: A, = 589 nm), suggesting that 1-3 have
a possible deactivation pathway via their triplet excited states
formed through intersystem crossing. The phosphorescence
intensities of 1-3 and 4 in the same measurement condition
increase in the order 4 < 1 < 3 < 2, and these phosphorescence
lifetimes are in the order of milliseconds. In light of these
phosphorescence intensities, the deactivation via triplet states
was promoted in hybrid dyes 1-3. Moreover, the intensity ratios
of phosphorescence and delayed fluorescence for 1-3 are much
lower than that of 4, suggesting that the reverse intersystem
crossing was suppressed in 1-3. Thus, the deactivation pathway
of 1-3 was distinct from that of the parent 1,8-naphthalimide 4.

Theoretical calculations

To understand the structural and electronic features of hybrid
dyes 1-3 in the ground state (S,), quantum chemical calcula-
tions were carried out using density functional theory (DFT) at
the CAM-B3LYP/6-31G+(d) level using a polarized continuum
model (PCM) of CH3;0H to take into account the potential
solvent effect. The geometry-optimized structures and the
geometrical parameters of the linkage between the two
components are shown in Fig. 5 and Table S2.7 In hybrid dyes,
1,8-naphthalimide and 2-(2-hydroxyphenyl)-2H-benzotriazole
are not placed on the same plane but rather are twisted. The
dihedral angles (¢) between the two components are 87.4° for 1,
87.6° for 2, and 87.3° for 3. In contrast, the benzotriazole units
are coplanar with the 2-hydroxyphenyl units, forming N-H-O
intramolecular hydrogen bonding that may facilitate ESIPT. The
bond lengths of the linkage of two components are in the range
of the C-N single bond (1.44 A). The frontier molecular orbitals
(FMOs) of their ground states are illustrated in Fig. 6. For 1,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimized structures of Sq for 1 (A), 2 (B), and 3 (C) calculated at
the CAM-B3LYP/6-31G+(d) (solvent: CHsOH). The calculations of 2
were performed on the models in which 1,1,3,3-tetramethylbutyl
groups were replaced with tert-butyl groups.

both HOMO and LUMO were distributed over the naph-
thalimide skeletons, whereas the HOMO—1 and LUMO+1 were
located on the benzotriazole skeletons. On the other hand, 2
had distinct distributions of FMOs, where the HOMO and
HOMO-1 were positioned on both naphthalimide and
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Fig. 6 Schematic diagram of the frontier molecular orbitals of opti-
mized structures for Sg of 1-3 calculated at the CAM-B3LYP/6-
31G+(d) (solvent: CH3OH). The calculations of 2 were performed on
the models in which 1,1,3,3-tetramethylbutyl groups were replaced
with tert-butyl groups.
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benzotriazole units. The energy gap between HOMO and
HOMO-1 in 2 (0.05 eV) is smaller than that in 1 (0.17 eV). Thus,
the alkyl substitution on the 2-hydroxyphenyl unit in 2 caused
the elevation of the HOMO—1 energy, and two orbitals may be
hybridized. In the case of 3, the HOMO—1 and LUMO were
distributed over the naphthalimide skeleton whereas the
HOMO and LUMO+1 were distributed over the benzotriazole
skeleton. The distributions of HOMO and HOMO-1 might be
opposite to 1 due to the addition of 1,8-naphthalimide to the
benzotriazole group. Moreover, we analyzed the electronic
transitions of 1-3 by time-dependent DFT at the CAM-B3LYP/6-
31G+(d) using a PCM of CH;OH. The results of the calculated
electronic transition are summarized in Table 3. The S0-S1
transition of 1 and 3 consisted solely of HOMO — LUMO and
HOMO-1 — LUMO transitions, respectively. These MOs were
distributed over the naphthalimide skeletons; thus the S0-S1
transition can be assigned to m-m* transitions at the naph-
thalimide units. In 2, two components, HOMO—1 — LUMO
(41%) and HOMO — LUMO (55%), contributed to the SO-S1
transition. This indicated that the transition is assigned not to
the simple w-7* transition at naphthalimides but rather to the
transition having an intramolecular charge transfer feature.
As described above, the fluorescence quantum yields of
hybrid dyes 1-3 are lower than that of the 1,8-naphthalimide
derivative 4. We attribute this to the fluorescence quenching
found in 1-3. In the 1,8-naphthalimide dyes, fluorescence was
influenced by peripheral substituents through the fluorescence
resonance energy transfer (FRET) and photoinduced electron
transfer (PeT).*** In the former case, the spectral overlap
between the emission and the absorbance, which is a funda-
mental requirement of FRET, was negligible in 1-3, and thus
quenching by FRET was excluded as a cause of their decreased
fluorescence. In the latter case, the energy level of frontier
molecular orbitals is the determining factor. DFT calculations
indicated that the PeT from fluorescent naphthalimide to
nonfluorescent benzotriazole components in the excited state
was thermodynamically unfavorable because the LUMO was
located on naphthalimides and LUMO+1 was located on

View Article Online
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benzotriazoles in 1-3. Therefore, the FRET and PeT should be
ruled out as factors in the decrease of the fluorescence inten-
sities of 1-3. For further insight into the quenching mechanism
in 1-3, we characterized the ESIPT in 1-3 by the computational
analysis of first excited state geometries. We optimized S; state
structures having neutral forms and zwitterionic forms ob-
tained by ESIPT (Table S2, Fig. S57). Although the dihedral
angles between benzotriazole and naphthalimide components
were slightly changed in S; zwitterionic forms, no significant
conformational changes were observed for the excited states of
1-3. The FMOs in neutral S; and zwitterionic S; forms are
illustrated in Fig. 7. For all hybrid dyes, HOMOs and LUMOs are
distributed over the naphthalimide components in neutral
forms of S; states. It is noteworthy that these distributions were
switched in the S; zwitterionic structures, where HOMOs and
LUMOs were placed on the nonfluorescent benzotriazole
components. This suggested the possibility that hybrid dyes
cause nonradiative deactivation from the zwitterionic forms
due to the contribution of benzotriazole components. Then, to
confirm the possibility of ESIPT in these dyes, the potential
energy curves were represented by changing the N-H bond
length by 0.075 A for 12 steps using TD-CAM-B3LYP/6-31G+(d)
with PCM (CH30H) in the S; state and CAM-B3LYP/6-31G+(d)
with PCM (CH30H) in the S, state (Fig. 8A-C).***¢ Table S2}
shows the geometrical parameters and total energies of the
optimized structures of the Sy, the neutral S;, and the zwitter-
ionic S; of 1-3. As shown in Fig. 8, the S, states of 1-3 were
destabilized along with the decrease in the N-H bond length. In
the excited state, however, the energies of S; were highest at 1.25
A of the N-H bond lengths and had local minimum values at
1.05 A of the N-H bond length, indicating that zwitterionic
structures formed by proton transfer are stable and thus that
the ESIPT is thermodynamically allowed for 1-3. From these
calculated results, we suggested the scenario of the fluorescence
quenching found in 1-3 (Fig. 8D). After the photoexcitation,
ESIPT occurred and then formed thermodynamically allowed
zwitterionic forms in which nonradiative deactivation was
dominant due to the contribution of benzotriazole components.

Table 3 Calculated lowest excited energies (E), oscillator strengths (f), and composition in terms of molecular orbital contributions of optimized
structures for Sq, neutral Sy, and zwitterionic S; of 1-3 calculated at the CAM-B3LYP/6-31G+(d) (solvent: CHsOH). The calculations of 2 were
performed on the models in which 1,1,3,3-tetramethylbutyl groups were replaced with tert-butyl groups

b

Compd Optimized structures n“ E (eV) f Composition

1 So 1 3.62 0.64 H — L (95%)
So 2 4.15 0.68 H-1 — L+1 (89%), H — L+1 (2%)
Neutral S, 1 2.98 0.69 H — L (98%)
Zwitterionic S, 1 2.03 0.45 H — L (97%)

2 So 1 3.62 0.66 H-1 — L (41%), H — L (55%)
So 2 4.07 0.62 H—1 — L+1 (46%), H — L+1 (44%)
Neutral S, 1 2.98 0.70 H — L (98%)
Zwitterionic S, 1 1.87 0.39 H — L (97%)

3 So 1 3.62 0.73 H—-1 — L (94%)
So 2 4.01 0.53 H — L+1 (88%), H — L+4 (3%)
Neutral S, 1 2.97 0.72 H — L (98%)
Zwitterionic S, 1 1.70 0.31 H — L (97%)

“ n is the ordering number of the calculated excited state. > H = HOMO, L, = LUMO.
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Fig. 7 Schematic diagram of the frontier molecular orbitals of optimized structures for neutral S; and zwitterionic S; of 1 (A), 2 (B), and 3 (C)
calculated at the CAM-B3LYP/6-31G+(d) (solvent: CH3zOH). The calculations of 2 were performed on the models in which 1,1,3,3-tetrame-
thylbutyl groups were replaced with tert-butyl groups. H means HOMO and L means LUMO.

Additionally, the deactivation pathway involved in the triplet
states, which are indicated by phosphorescence spectra, should
also be taken into account. Thus, the incorporation of benzo-
triazole components on the naphthalimide fluorophore has an
impact on the components' photophysical properties and leads
to the reduction of fluorescence emissions.

Photostability of polymer films doped with hybrid dyes

To characterize the wavelength conversion properties as well as
their photostable features of hybrid dyes, we fabricated PMMA
films doped with hybrid dyes 1-3. PMMA films with 4, 5, and an
equimolar mixture of 4 and 5 were also fabricated for compar-
ison. The normalized absorption and fluorescence spectra of
these films are shown in Fig. 9A-E, and the results are
summarized in Tables 4 and S3.f These films showed UV
absorptions comparable to their absorptions in solution, indi-
cating that the dyes were not aggregated in PMMA. Films doped
with 1-3 emitted in the blue region, and their fluorescence
quantum yields (®g) were 0.33 for 1, 0.18 for 2, and 0.20 for 3.
Similar to the case with quantum yields in solution, the fluo-
rescence quantum yields were lower than that of the parent
naphthalimide 4 (¢ = 0.51). The PMMA films with 1-3 could
convert UV light to visible light, although the quantum yields
were impaired, probably due to the nonradiative deactivation
stemming from the benzotriazole components found in the
photophysical study in solution. The fluorescence property of
all PMMA films doped with the dyes was maintained under
natural light over a period of over a year. We further examined
these films from the aspect of durability against photoaging.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Photostability was evaluated by the accelerated photoaging
condition, which is comparable to 6 days of exposure to
sunlight (irradiance: 60 W m™? at 300 to 400 nm; temperature:
60 °C at black panel temp.; humidity: 50%; time: 24 h; inte-
grated irradiance: 5.18 MJ m~>). The film doped with 4 showed
a significant drop in absorbance (—43% at Apay) after the pho-
toaging, indicating severe degradation of 4 in this condition.

In the film including the equimolar mixture of 4 and ben-
zotriazole 5, the decrease in absorbance after aging was sup-
pressed (—20%) in comparison to that of the 4-doped film. This
indicated that the degradation of 4 was retarded through the
shielding of UV light by the agency of 5 with photostability
provided by ultrafast nonradiative deactivation involving ESIPT.
In contrast to the PMMA films doped with 4 and 5, films 1-3
showed no drop in absorbance. They almost maintained
absorbance after aging, with quite small decreases (4% for 1,
6% for 2, 9% for 3). Thus, hybrid dyes 1-3 have high photo-
stability in PMMA matrix. Considering the 20% decrease in
absorbance in the film with the equimolar mixture of 4 and 5,
the photostabilities of 1-3 did not originate only from the
simple UV shielding effect enhanced by the benzotriazole
components. As seen in the study of photophysical properties in
solution, the deactivation pathways of the hybrid dyes are
different from that of 4 or 5. Their inherent properties in the
excited state should affect the photochemical reaction under
continued irradiation with UV light. After the harsh photo
aging, the polymer films with 1-3 maintained blue emission, as
shown in the pictures of films under UV light (Fig. 9F, S67).
These results indicated the potential of these films for appli-
cation to wavelength converters for sunlight.

RSC Adv, 2022,12,17350-17361 | 17357
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Fig. 8 Optimized structures and potential energy curves of Sq (red)
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with tert-butyl groups. (D) Assumed energy diagram for 1-3.
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Fig. 9 UV-vis absorption (solid-line) and fluorescence (dot-line)
spectra of 1 (A), 2 (B), 3 (C), 4 (D), and the equimolar mixture of 4 and 5
(E) in PMMA matrix before simulated solar light irradiation (red) and
after simulated solar light irradiation (blue). (F) The photographs under
UV light (365 nm) of PMMA films doped with 1 (upper) and the equi-
molar mixture of 4 and 5 (lower) before and after simulated solar light
irradiation.

Table 4 Photostability test for PMMA films doped with 1-5 and the
equimolar mixture of 4 and 5¢

Aabs Absorbance before  Absorbance after  Decrease
Compd (nm) irradiation irradiation (%)
1 340 1.103 1.055 4.3
2 349 1.070 1.007 5.9
3 361 0.935 0.853 8.8
4 370 0.657 0.377 42.7
5 333 1.958 1.935 1.1
4 and 5 339 0.912 0.730 20.0

“ PMMA films were irradiated with simulated solar light for 24 h in
a super xenon weather meter under conditions of 63 °C BPT, 50%
humidity, and 60W m™? irradiation intensity.

Conclusion

To show the possibility and limitations of the concept of pro-
tecting and stabilizing blue fluorescent dyes by utilizing UV
absorbers, we synthesized hybrid compounds in which ESIPT-
active 2-(2-hydroxyphenyl)-2H-benzotriazole derivatives were
incorporated into blue fluorescent 4-acetylamino-1,8-
naphthalimide (1-3). Both components in hybrid dyes inter-
acted with one another and showed electronic absorptions
slightly different from those of constituent 1,8-naphthalimide

© 2022 The Author(s). Published by the Royal Society of Chemistry
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derivative 4 and benzotriazole derivative 5. The hybrid dyes 1-3
displayed fluorescence emissions in the blue region, but their
fluorescence quantum yields were lower than that of constit-
uent 1,8-naphthalimide 4. Moreover, their phosphorescence
emissions in toluene at 77 K were stronger than that of 4. Thus,
the photophysical properties of 1-3 were not consistent with the
simple mixing of constituent 1,8-naphthalimide 4 and benzo-
triazole 5. From the DFT calculations, the decrease in fluores-
cence found in the hybrid dyes may have been involved in the
ESIPT of 2-(2-hydroxyphenyl)-2H-benzotriazole components.
Although the incorporation of benzotriazole components
promoted the nonradiative deactivation, the PMMA films doped
with hybrid dyes emitted blue in moderate strength. The hybrid
dye-doped blue-emitting films showed higher photostability
under the harsh photoaging condition, in which the film doped
with the simple mixture of 4 and 5 showed severe decomposi-
tion of the fluorophore. The high durability against photoaging
should come from their photophysical properties, including
dominant nonradiative deactivation provided by benzo-
triazoles. Thus, the photostability of hybrid dyes can be
enhanced substantially by sacrificing fluorescence emission.
The hybrid dye 1, its analogue bearing alkyl substituents 2, and
the analogue with a different arrangement of the two compo-
nents 3 displayed fluorescence with respective quantum effi-
ciency as well as respective photostability. These results
suggested that the balance between fluorescence intensity and
photostability in polymer matrices can be tuned by modifying
the structure of the hybrid dye. The hybridization of fluorescent
dyes with UV absorbers can expand the method of stabilizing
fluorophores and pave the way for the development of wave-
length conversion materials for sunlight. These photostable
hybrid compounds can be prepared by simple organic reactions
without rare-earth metals as well as heavy metals, therefore they
can be prepared in low cost and have low toxicity. Due to their
low cost production and low toxicity, we believe they are suitable
for use as wavelength conversion materials especially in the
agricultural sector.
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