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The dyes of Naphthalenediimides (NDI) conjugated and non-conjugated with 2-(2-Hydroxyphenyl)Benzothiazole
(N-1~N-5) were prepared. The compounds showed dramatically red-shifted UV-vis absorption (483-611 nm)
and emission (538-635 nm) compared with traditional ESIPT compound (HBT). Among them, N-1 shows
obvious dual emission at 538 nm (enol form), 682 nm (keto form) in PhCHs3 and large Stokes shift (up to 144
nm), which is one of the evidence for the characteristics of ESIPT. Time-resolved transient absorption demon-

strated triplet excited states were populated upon photoexcitation for all the compounds. Especially for N-3 and
N-4, the life time of triplet excited states (t1) are 48.0 ps and 148.5 ps, respectively. The lifetime of triplet excited
state were also observed in N-1 (tr = 72.0 ps) and N-2 (tr = 121.1 ps). The population of triplet excited states of
all the compounds were testified by photooxidation for 1, 3-diphenylisobenzofuran. N-3 and N-4 exhibit much
efficient photooxidative ability than N-1, N-2 and N-5.

1. Introduction

Excited state intramolecular proton transfer, as a unique photo-
physical phenomenon, has been widely used in the areas of molecular
probes [1-5], luminescent materials [6-16], and molecular logic gates
[17,18], etc. Compared with normal fluorophores, ESIPT chromophores
possess large Stokes shift (up to 200 nm) and low fluorescence quantum
yields. Traditional ESIPT chromophores, such as 2-(2-hydroxyphenyl)
benzothiazole (HBT) and 2-(2- hydroxyphenyl) benzoxazole HBO [19],
which show weak absorption in visible range. This property limits their
applications in the area of luminescent molecular probes and lumines-
cent materials, etc. The effective method is to broaden the size of
n-conjugation framework of a chromophore. However, such molecule of
HBT and HBO with large extension in n-conjugation structure is seldom
reported [20-22].

On the other hand, naphthalenediimides (NDI) is a well-known flu-
orophore which shows the absorption and emission in visible spectral
region and high photostability. NDI derivatives have been applied
intensively as fluorescent molecular probes [23-29] and as a scaffold in
molecular arrays [30-37]. Especially amino-substituent structures, give
strong visible absorption and emission in red area [33,35,38-40]. Up to
now, NDI has never been used to combine with ESIPT chromophore.
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It is worth noting that triplet excited state will be populated by
photoexcitation of ESIPT chromophore [19,41,42]. However, ISC is
difficult for the absence of heavy atom molecules, because S;—T; is
forbidden transition [43-45]. We notice triplet excited states origin from
ESIPT dyes maybe provide a new route for heavy-atom free photosen-
sitizers. Concerning the aforementioned challenges, herein we prepared
a series of compounds with moieties of HBT and NDI (N-1~N-5) to study
ESIPT process and the population of triplet excited state.

2. Experimental
2.1. Analytical measurements and reagents

NMR spectra were recorded by a Bruker 600 MHz spectrometer with
CDCl; as solvent. High-resolution mass spectra (HRMS) were measured
in a MALDI-HR MS system (U.K.). The absorption spectra were recorded
on UV2550 UV-vis spectrophotometer (Shimadzu, Japan) and Agilent
8453 UV-vis near-IR spectrophotometer. Fluorescence spectra were
measured on a RF5301 PC spectrofluorometer (Shimadzu, Japan).
Fluorescence lifetimes were recorded with OB920 luminescence lifetime
spectrometer (Edinburgh Instruments, U.K.).

The reagents were analytically pure and the solvents were dried and
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distilled. Compounds 8 and 9 were prepared according to the literature
procedures methods [20,21]. All the new compounds (N-1~N-5) were
characterized by 'H NMR, '3C NMR and HRMS.

2.2. Synthesis procedures

2.2.1. Synthesis of compound N-1

Under argon atmosphere, Pd (PPh3)4 (11.6 mg, 0.01 mmol), Cul (1.9
mg, 0.01 mmol), TEA (4 mL, 2.80 mmol) and 2 (60.0 mg, 0.1 mmol)
were added to a solution of 8 (25.0 mg, 0.1 mmol) in anhydrous THF (5
mL). The mixture was stirred at 45 °C for 8 h. The resulting solution was
cooled to rt, removed the solvent under reduced pressure and the
compound was purified by column chromatography (silica gel, CH2Cla
as the eluent) to give the product as red solid. Yield: 40.0 mg, 54.1%. 'H
NMR (400 MHz, CDCl3): § 8.84 (s, 1H), 8.78 (d, 1H, J = 7.6 Hz), 8.71 (d,
1H,J=7.6 Hz), 8.11 (d, 1H, J = 1.7 Hz), 8.02 (d, 1H, J = 8.1 Hz), 7.97
(d, 1H, J = 8.1 Hz), 7.79 (d, 1H, J = 1.8 Hz), 7.55 (t, 1H, J = 7.2 Hz),
7.47 (t, 1H, J = 7.4 Hz), 7.18 (d, 1H, J = 7.5 Hz), 4.25-4.10 (m, 4H),
2.06-1.93 (m, 2H), 1.45-1.32 (m, 16H), 1.00-0.90 (m, 12H). 13¢ NMR
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(150 MHz, CDCl3): 168.01, 163.01, 162.63, 161.59, 159.41, 151.27,
136.94, 136.36, 132.90, 132.51, 131.08, 130.15, 126.95, 126.15,
125.96, 125.93, 125.07, 122.19, 121.52, 118.54, 116.86, 113.73,
102.55, 99.92, 89.73, 44.47, 37.87, 31.98, 30.72, 29.69, 28.60, 24.04,
23.16, 14.13, 10.59. MALDI-HRMS: m/z caled for [CqsHsqN3OsS—H]"
738.2996; found: 738.2955.

2.2.2. Synthesis of compound N-2

Under argon atmosphere, Pd (PPhs)4 (11.6 mg, 0.01 mmol), Cul (1.9
mg, 0.01 mmol), TEA (4 mL, 2.80 mmol) and 5 (63.0 mg, 0.1 mmol)
were added to a solution of 8 (28.0 mg, 0.11 mmol) in anhydrous THF (5
mL). The mixture was stirred at 75 °C for 8 h. The resulting solution was
cooled to rt, removed the solvent under reduced pressure and the
compound was purified by column chromatography (silica gel, CH2Cly:
petroleum ether = 3:1, v/v) to give the product as red solid. Yield: 70.0
mg, 80.8%. *H NMR (400 MHz, CDCl3): 5 12.90 (s, 1H), 10.17 (s, 1H),
8.81 (s, 1H), 8.27 (d, 1H, J = 8.4 Hz), 8.05 (d, 1H, J = 1.8 Hz), 8.02-7.99
(m, 1H), 7.96-7.94 (m, 1H), 7.72 (d, 1H, J = 8.4 Hz), 7.54 (t, 1H,J = 1.2
Hz),1.45(t, 1H,J=6.0 Hz), 7.15-7.13 (m, 1H), 4.23-4.11 (m, 4H), 3.51

4 5

&
N f
2] * —doomg-n
9

R
Oy N_O

NH
21+ Nt ;

O N"0
R

Oy N_O H
OO o O
R-HN

ONO 0]
5

Scheme 1. Preparation of the compounds N-1, N-2, N-3, N-4 and N-5.% Key: (a) 2-ethyl hexylamine, acetic acid, 120 °C, 2 h; (b) Pd(PPh3),4, Cul, 45 °C, 10 h; (c) Pd
(PPh3)g4, Cul, 75 °C, 10 h; (d) 2-ethyl hexyl amine, acetic acid, 120 °C, 2 h; (e) 2-ethyl hexyl amine, 2-methoxyethanol, 120 °C, 8 h; (f) Pd(PPh3)4, Cul, 45 °C, 10 h; (g)
3-azidopropan-1-amine, 2-methoxyethanol, 120 °C, 8 h; (h) CuSO4-5H,0, Sodium ascorbate, 35 °C, 24 h; (i) 3-azidopropan-1-amine, 2-methoxyethanol, 120 °C, 8 h;

(j) CuSO4-5H,0, Sodium ascorbate. 35 °C, 24 h.
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Fig. 1. UV-vis absorption of N-1~N-5. ¢ = 1.0 x 107> M in PhCHj, 20 °C.

(t, 2H, J = 7.8 Hz), 2.03-1.93 (m, 2H), 1.82-1.78 (m, 1H), 1.55-1.30 (m,
24H), 1.01-0.88 (m, 18H). 13¢c NMR (150 MHz, CDCl3): 167.91, 165.78,
162.36, 162.08, 161.48, 158.12, 151.51, 150.96, 136.41, 135.96,
132.12, 131.85, 126.89, 126.24, 125.23, 124.35, 121.89, 121.64,
121.05, 120.12, 119.34, 117.77, 116.24, 114.03, 99.44, 97.05, 88.60,
46.00, 44.04, 43.31, 38.79, 37.39, 37.25, 30.65, 30,18, 29.17, 28.33,
28.14, 24.03, 23.63, 23.53, 22.67, 22.61, 22.52, 13.55, 10.45, 10.22.
MALDI-HRMS: m/z calcd for [CsgHs4BrN3O4 + H 17 867.4514; found:
867.4525.

2.2.3. Synthesis of compound N-3

N-3 was obtained according to the following the procedure similar to
that of N-1, except 9 (30 mg, 0.13 mmol) was used instead of 8. Orange
solid (35 mg), yield: 42.4% [1]. HNMR (600 MHz, CDCl3): § 8.92 (d, 1H,
J = 2.1 Hz), 8.86 (s, 1H), 8.76 (d, 1H, J = 7.6 Hz), 8.69 (d, 1H, J = 7.6
Hz), 8.14 (d, 1H, J = 8.1 Hz), 7.97 (d, 1H, J = 7.8 Hz), 7.85 (m, 1H), 7.85
(m, 1H), 7.53 (t, 1H, J = 7.2 Hz), 7.41 (t, 1H,J = 7.2 Hz), 7.11 (d, 1H, J
= 8.6 Hz), 4.29 (t, 2H, J = 6.5 Hz), 4.24-4.09 (m, 4H), 2.08-2.02 (m,
3H), 1.96-1.91 (m, 1H), 1.71-1.64 (m, 2H), 1.43-1.31 (m, 16H), 1.08 (t,
3H, J = 7.3 Hz), 0.99-0.88 (m, 12H). 3C NMR (150 MHz, CDCl3):
162.00, 162.80, 162.58, 161.65, 161.61, 161.24, 161.18, 157.47,
151.89, 136.84, 136.11, 135.91, 133.75, 130.91, 130.03, 127.70,
127.38, 126.05, 125.30, 125.13, 124.95, 124.83, 123.04, 122.27,
122.20, 121.22, 115.20, 112.22, 111.76, 102.71, 89.79, 69.43, 44.53,
37.89, 31.18, 30.72, 28.64, 24.04, 23.06, 19.54, 14.16, 14.12, 13.94,
10.67. MALDI-HRMS: m/z caled for [CagHssN3OsS-HI™ 795.3700;
found: 795.3713.

2.2.4. Synthesis of compound N-4

Under Ar atmosphere, 6 (50.0 mg, 0.085 mmol) and 8 (30.0 mg,
0.12 mmol) were dissolved in the mixed solvent (14 mL, CHCl3:EtOH:
Ho0 = 12:1:1, v/v). Then CuSO4-5H20 (4.5 mg) and sodium ascorbate
(7.2 mg) was added respectively. The resulting mixture was stirred at
35 °C for 24 h. Then the reaction mixture was washed with brine and
extracted with CH,Cl,. Organic layer was dried over anhydrous NaySO4
and evaporated under reduced pressure. The crude product was purified
by column chromatography (silica gel, CH2Cly: CH3OH =100: 1, v/v) to
give red solid. Yield: 48 mg, 67.3%. 1H NMR (400 MHz, CDCl3): 6§ 12.71
(s, 1H), 10.22 (t, 1H, J = 7.8 Hz), 8.64 (d, 1H, J = 7.8 Hz), 8.35 (d, 1H, J
=7.8Hz), 8.20 (d, 1H, J = 1.9 Hz), 8.17 (s, 1H), 8.02 (d, 1H, J = 8.1 Hz),
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7.94 (d, 1H, J = 7.9 Hz), 7.84 (s, 1H),7.74 (d, 1H, J = 2.0 Hz), 7.53 (t,
1H,J="7.2Hz), 7.44 (t, 1H, J= 7.2 Hz), 7.15 (d, 1H, J = 7.5 Hz), 4.66 (t,
2H, J = 6.6 Hz), 4.15-4.04 (m, 4H), 3.74-3.71 (m, 2H), 2.57-2.53 (m,
2H), 1.95-1.86 (m, 2H), 1.38-1.28 (m, 16H), 0.93-0.86 (m, 12H). '3C
NMR (150 MHz, CDCls): 168.84, 166.46, 163.53, 163.07, 157.95,
151.93, 151.58, 147.12, 132.57, 131.38, 130.07, 129.16, 127.87,
126.81, 126.03, 125.73, 125.28, 124.82, 123.50, 122.19, 121.55,
119.39, 119.34, 119.03, 118.34, 116.86, 100.37, 47.77, 44.49, 43.91,
40.12, 37.78, 30.72, 29.86, 28.68, 28.64, 24.03, 23.04, 14.11, 10.69.
MALDI-HRMS: m/z caled for [C4gHs53N705S-H]™ 839.3823; found:
839.3814.

2.2.5. Synthesis of compound N-5

Under Ar atmosphere, 7 (43.0 mg, 0.06 mmol) and 8 (15.0 mg, 0.06
mmol) were dissolved in the mixed solvent (14 mL, CHCl3: EtOH: H,0 =
12:1: 1, v/v). Then CuSO4-5H20 (4.5 mg) and sodium ascorbate (7.2
mg) was added respectively. The resulting mixture was stirred at 35 °C
for 48 h. Then the reaction mixture was washed with brine and extracted
with CHyCl,. Organic layer was dried over anhydrous NaySO4 and
evaporated under reduced pressure. The crude product was purified by
column chromatography (silica gel, CHoCly: CH3OH = 100 : 1, v/v) to
give purple solid. Yield: 50 mg, 86.2%. 'H NMR (400 MHz, CDCls): 6
12.71 (s, 1H), 9.45-9.39 (m, 2H), 8.17 (s, 1H), 8.10 (s, 1H), 8.06 (s, 1H),
8.00 (d, 1H, J = 8.1 Hz), 7.92 (d, 1H, J = 7.9 Hz), 7.84 (s, 1H), 7.73 (d,
1H,J=8.2Hz),7.52 (t,1H,J=7.2Hz),7.43 (t, 1H,J=7.3 Hz), 7.13 (d,
1H, J = 8.5 Hz), 4.64 (t, 2H, J = 6.6 Hz), 4.11-4.05 (m, 4H), 3.64-3.60
(m, 2H), 3.36 (t, 1H, J = 5.7 Hz), 2.53-2.49 (m, 2H), 1.77-1.71 (m, 1H),
1.53-1.48 (m, 2H), 1.45-1.43 (m, 2H), 1.37-1.28 (m, 20H), 0.98-0.86
(m, 18H). 13C NMR (150 MHz, CDCl3): 169.06, 169.03, 166.53, 166.30,
163.23, 163.17, 157.94, 151.66, 149.49, 148.42, 146.93, 132.68,
130.12, 126.73, 125.65, 125.56, 125.35, 122.34, 122.17, 121.57,
121.28,120.85,118.79,118.33,117.37,116.92,102.44, 101.35, 48.01,
46.36, 43.96, 40.01, 39,17, 37.85, 31.21, 30.78, 29.76, 28.85, 28.82,
28.70, 28.86, 24.56, 24.07, 23.13, 23.02, 14.12, 10,98, 10.63. MALDI-
HRMS: m/z calcd for [Cs6H7oNgOs5S-H]™ 966.5184; found: 966.5174.

3. Results and discussion
3.1. Design and synthesis

We prepared the dyes (N-1 and N-2) of NDI conjugated with HBT by
Pd (0) catalyzed Sonogashira coupling reaction. The acetylenic bond
(-C=C-) linker was introduced into the molecules. With introduction of
alkylamino group into NDI core, N-2 was prepared to access larger ab-
sorption compared with N-1. In order to compare the difference of the
conjugation and non-conjugation structures, we also prepared the dyads
(N-4 and N-5) by click reaction catalyzed by Cu(0). The key procedure is
that bromo-atom in NDI is substituted by 3-azidopropan-1-amine. All
the compounds were obtained in moderate to satisfying yields. (see
experimental section and ESIj for details). The synthetic route was
described in Scheme 1.

3.2. Uv-vis absorption and fluorescence emission spectrums

The UV-Vis absorption spectra of the compounds (N-1~N-5) were
studied (Fig. 1). The absorption band at about 300-320 nm is probably
attributed to the enol-form of HBT moieties. The absorption maximums
of all the compounds are not very sensitive to solvent polarity, which
suggested proton transfer process doesn’t occur in the ground state. N-1
gives the absorption maximum at 483 nm in toluene (¢ = 16900
M tem™). Compared to N-1, stronger absorption band of N-2 shows
dramatically red-shift (Aaps = 560 nm, ¢ = 22500 M~ lem™) due to the
substitution of alkylamino group [33].

By click reaction, the compounds of non-conjugation with HBT (N-4
and N-5) were also studied [46,47]. With introduction of one or two
alkylamino groups, absorption bands of N-4 and N-5 move to 515 and
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Fig. 2. Fluorescence emission spectra of (a) N-1 (lex = 460 nm) (b)magnified emission spectrum of cis-keto isomer of N-1 (c¢) N-2 (lex = 520 nm); (d) N-3 (Aex = 460
nm); (e) N-4 (Jex = 480 nm); (f) N-5 (lex = 580 nm) in different solutions. ¢ = 1.0 x 10™> M, 20 °C.

Table 1
Photophysical properties of N-1, N-2,N-3, N-4 and N-5°.
Comp solvent habs” () &M 'em ™) hem’ (nm) T° (ns) @F % @, % T " (ps)
N, air
N-1 PhCHj 483 16900 538 1.91 68.9 14.7 72.0 0.59
682 0.12
DCM 474 17000 553 9.92 9.8
THF 466 16900 537 8.85 4.4
MeOH 463 14200 536 J J
N-2 PhCH3 560 22500 582 9.01 62.3 11.2 121.1 0.38
DCM 558 22300 587 2.02 8.4
THF 555 22300 582 J 3.9
MeOH 556 15400 »p P P -8 -8
N-3 PhCHj 479 13400 541 P » 27.7 48.0 0.59
DCM 469 16200 592 P »
THF 463 16600 600 J »
MeOH 461 15500 » » P -8
N-4 PhCHj 515 16300 543 431 24.3 19.4 148.5 0.59
DCM 516 12800 545 2.72 11.3
THF 513 13200 549 J 17.5
MeOH 517 11900 566 P P -8
N-5 PhCH3 611 21400 635 9.72 26.2 » -8 -8
DCM 611 20900 638 9.29 23.2
THF 606 21200 634 J 25.2
MeOH 617 14500 654 J J -8

@ The excited wavelength for compound N-1, N-2, N-3, N-4 and N-5 were 460 nm, 520 nm, 460 nm, 480 nm and 580 nm respectively (1.0 x 1075M, 20 °C).

b Absorption wavelength.

¢ Molar extinction coefficient.

4 Fluorescence emission wavelength.

¢ Fluorescence lifetimes.

f Triplet state lifetimes.

8 No signal.

k Quantum yield of singlet oxygen oy, Ru(bpy); as standard (@, = 0.57 in CH3CN, ey = 470 nm for N-1 and N-3); with Rose Bengal (RB) as standard (®, = 0.80 in
MeOH, Aex = 560 nm for N-2) and with 2,6-diiodo-Bodipy as standard (®, = 0.83 in CHCly, dex = 515 nm for N-4).

! Fluorescence quantum yields with compound 2,6-diiodo-Bodipy as the standard (@ = 0.027 in CH3CN) for N-1, N-2, N-3 and N-4, with methylene blue as standard
(®r = 0.03 in CH30H) for N-5. Not determined.

P Weak signal.
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Fig. 3. Fluorescence emission spectra (a) N-1, (b) N-2, (c) N-3, (d) N-4 and (e) N-5 at the different concentration, in PhCHj at 20 °C.
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(b) N-3 at 400 nm and (d) N-4 at 430 nm in deaerated PhCHs. ¢ = 2.0 x 107> M, 20 °C.
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Fig. 6. Selected frontier molecular orbitals involved in the excitation and emission of N-1. Both enol form (left) and cis-keto form (right) were calculated. CT stands
for conformation transformation. Toluene was employed as solvent in the calculation. The calculations are at the B3LYP/6-31G(d) level using Gaussian 09W.

611 nm, respectively. They exhibit much longer absorption wavelength
in comparison to N-1 and N-2. The red-shifted absorptions of the
amino-substituted compounds (N-2, N-4 and N-5) are probably due to
the elevated energy level of HOMO orbits, so the energy gap between the
HOMO and LUMO orbits become smaller [48]. According to the above
results, the UV-vis absorption of the NDI derivatives can be readily
adjusted by introduction of the amino substituents on the NDI core.
The fluorescence emission spectrums of all the compounds were

studied (Fig. 2). N-1 shows strong fluorescence emission in toluene (®g
= 68.9%) and it is sensitive to the solvent polarity (Fig. 2a). With the
increase of solvent polarity, fluorescence intensity of N-1 reduced (®f =
9.8% in DCM and 4.4% in THF) (Table 1). Interestingly, dual emission is
observed apparently in toluene and CH5Cl,, while it is absent in MeOH
and it is sensitive to the solvent polarity [49]. It is roughly concluded
ESIPT exists in N-1. The emission band at the shorter wavelength (538
nm) is assigned to the excited enol form, while the longer wavelength at
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Table 2

Selected parameters for the vertical excitation (UV-vis absorption and fluores-
cence emission) of the compounds. Electronic excitation energies (eV) and
oscillator strengths (f), configurations of the low-lying excited states of N-1 and
its fluorescent precursors. Calculated by TDDFT//B3LYP/6-31G(d), based on the
optimized ground state geometries (PhCH3 was employed as solvent in all the
calculation).

Electronic Excitation TDDFT/B3LYP/6-31G(d)
transition”  energy £ Composition®  CI
Absorption So — St 2.14 eV (580 0.4964 H-L 0.7039
nm)
So — Se 3.20 eV (388 0.3143 H-3->L 0.6927
nm)
So— Sy 3.34eV (371 04691 H- L+l 0.6628
nm)
Emission S1 - So 1.93 eV (643 0.4482 H-L 0.7051
(enol) nm)
Emission S1—>So 1.64 eV (745 0.5377 H-L 0.7062
(keto) nm)

# Only selected excited states were considered. The numbers in parentheses
are the excitation energy in wavelength.

b Oscillator strength.

¢ H stands for HOMO and L stands for LUMO. Only the main configurations are
presented.

4 Coefficient of the wavefunction for each excitations. The CI coefficients are
in absolute values.

Table 3

Selected parameters for the vertical excitation (UV-vis absorption and fluores-
cence emission) of the compounds. Electronic excitation energies (eV) and
oscillator strengths (f), configurations of the low-lying excited states of N-2 and
its fluorescent precursors. Calculated by TDDFT//B3LYP/6-31G(d), based on the
optimized ground state geometries (PhCH3 was employed as solvent in all the
calculation).

Electronic Excitation TDDFT/B3LYP/6-31G(d)
transition”  energy fP Composition®  CI¢
Absorption So = S§ 2.15eV (577 0.5024 H-L 0.7043
nm)
So = Ss 3.19 eV (388 0.2559 H-3->1L 0.3027
nm)
H- L+1 0.6086
Emission S1—-So 1.97 eV (629 0.4926 H-L 0.7052
(enol) nm)

? Only selected excited states were considered. The numbers in parentheses
are the excitation energy in wavelength.

b Oscillator strength.

¢ H stands for HOMO and L stands for LUMO. Only the main configurations are
presented.

4 Coefficient of the wavefunction for each excitations. The CI coefficients are
in absolute values. ° Both S; and S, excited states were optimized separately.

682 nm is attributed to cis-keto form. The Stokes shift is up to 144 nm.
The cis-keto form emission peak shows drastic red shifts with the
increased solvent polarities (eg. 762 nm in CHCly)(Fig. 2b) [50]. Dual
emission is not observed in CH3OH and only enol emission with normal
Stokes shift of 73 nm was observed. It is reasonable that intramolecular
hydrogen bonding (—OH---N—) needed for ESIPT process was prohibited
by such solvent [51].

In order to ascertain ESIPT in N-1, we prepared the reference com-
pound N-3 which is very similar to N-1 except alkylation of -OH. The
UV-vis absorption of N-3 is similar to N-1 but the fluorescence emission
spectrum of N-3 shows no dual emission. Its emission band is only
localized at 500-650 nm in PhCHj3, which is similar to the enol-form
emission of N-1. Meanwhile, the emission full width at half-maximum
(fwhm) of N-1 is wider than that of N-3 (calculated by Fig. 2a and c),
the existence of dual emissions in N-1 is also possible [52]. Furthermore,
HBT is a well-known ESIPT dyes and we can conclude N-1 take place

Dyes and Pigments 188 (2021) 109225

ESIPT based on the above experimental results. The quenching fluo-
rescence of N-3 in polar solvents is also significant, and no dual emission
was observed. It is predictable since ESIPT is completely prohibited by
alkylation of ~OH in N-3 [20,21].

N-2 also shows high fluorescence emission in toluene (®p = 62.3%),
but dual emission is not observed due to introduction of electron-
donating group (alkylamino group) (Fig. 2b). Alkylamino group in-
creases electron density of NDI, to some extent, affect the strength of H-
bonding [49]. That is the main reason for the absence of ESIPT for N-2.
And another reason is intramolecular charge transfer (ICT) in NDI
moiety. The emission intensity of N-2 is much sensitive to the solvent
polarity than N-1. Especially in MeOH and CHs3CN, the emission is
quenched completely which is also due to ICT.

Although N-1 and N-2 have the similar molecular structures, N-2
does not show ESIPT. It is understandable that NDI is a strong electron
acceptor [53]. Once NDI exerts electron-withdrawing function in the
excited state, it will decrease O-atom electron density of hydroxyl group
which will facilitate proton transfer. Otherwise, alkylamino group in
N-2 compensates the electron loss of NDI in the excited state [35], which
is the likely reason for the loss of ESIPT.

Without conjugated connection, the dyads N-4 and N-5 show only
one emission band at 543 nm and 635 nm in toluene, respectively
(Fig. 2d and e). However, no dual emission does not mean no occurrence
of ESIPT because it is a ultrafast process. Despite of exciting HBT unit,
declining tendency of emissive intensity is observed in N-4 and N-5
(Figs. 528d and S28e) but it is difficult to verify whether ESIPT take
place or not. It is obviously different from the reported Rhodamine-HBT
dyads [22], which shows dual emission (ESIPT).

Comparison with two sorts of molecular structures, N-atoms
substituted in the fluorophore maybe result in the lack of ESIPT. The
fluorescence quantum yields of N-4 and N-5 are 24.3% and 24.2% in
weak-polar solvent (Table 1). And they are not very changeable in polar
solvent, especially for N-5. The photophysical properties of all the
compounds in different solvent are summarized in Table 1 and Table S1.
Compound N-3 shows relatively obvious red-shifted emission in polar
solvent, which indicates more significant intramolecular charge transfer
(ICT) in these compounds.

The excitation spectra at different exciting wavelength were studied
electronic coupling of all the compounds (Fig. $28). N-1 and N-3 have
conjugated structures, when the excitation wavelength is set as 320 nm
or 460 nm, the emissive intensity shows minor change. But for the non-
conjugated structures such as N-4 and N-5 have obviously lower emis-
sive intensity by exciting HBT moiety than the lowest lying absorption
band. All the results indicate N-1 and N-4 have much stronger electronic
coupling than N-4 and N-5. Especially for N-1, stronger electronic
coupling makes NDI and HBT as a entirety, so the dual emission were
observed after exciting HBT (320 nm) and the lowest lying absorption
band (460 nm)(Fig. S28a). In addition, to exclude dimeric emission of N-
1~N-5, the emission spectrums were carried out at different concen-
tration (Fig. 3). The linear dependence of emission was observed from
very low concentration (2 pmol) to relatively high concentration (10
pmol) and no new emissive band appears. These results mean no dimeric
emission exist in these compounds.

The fluorescence excitation spectra of N-1~N-5 were also studied in
Fig. 527 [52]. For N-1, the excitation spectrum is roughly in accordance
with the UV-vis absorption. The excitation spectra of 538 nm (enol
form) and 682 nm (cis-keto form) were localized at 300-387 nm and
457-520 nm. Especially, exciting HBT moiety (the region at 300-387
nm) can efficiently produce the emission of 538 nm and 682 nm. The
area (457-520 nm) of enol form is a bit weaker than that of cis-keto
form. For N-2~N-5, the similar excitation spectrum were observed.

3.3. Nanosecond time-resolved transient absorption spectra: population
of the triplet excited states

Time-resolved spectroscopy was used for study of transient species
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Fig. 7. Selected frontier molecular orbitals involved in the excitation and emission of N-2. CT stands for conformation transformation. Toluene was employed as
solvent in the calculation. The calculations are at the B3LYP/6-31G(d) level using Gaussian 09W.

origin from ESIPT dyes, such as triplet excited state and keto-form iso-
mer. Both of them have long-lived lifetime [21,42]. The nanosecond
time-resolved transient absorption of N-1~N-5 were carried out (Fig. 4).
N-1 shows the weak signal of transient species and the lifetime is 72 ps in
deaerated solution, while it decreases dramatically in presence of oxy-
gen (tp = 0.59 ps) (Table 1 and Fig. S29a). This result is absolutely
different with the reported compound of NI conjugation with HBT,
which shows minor change of lifetime in the presence of oxygen (that is
keto tautomer produced by ESIPT) [21]. So it can be concluded the
transient species of N-1 is not keto tautomers of ESIPT, but the triplet
excited state. For N-2, the long-lived triplet excited state is determined
as 121.1 ps (Fig. S29b).

The stronger signal of triplet excited states were observed in N-3 and
N-4. Upon pulsed laser excitation, bleaching band at 480 nm was
observed in N-3 and it is in consistent with the UV-vis absorption
wavelength. Meanwhile, excited state absorption (ESA) appeared in the
range of 350-450 nm and 550-750 nm (Fig. 4a). Triplet state lifetime is
determined as 48 ps (Fig. 4b). N-4 has the longest triplet state lifetime
(vr = 148.5 ps) (Fig. 4d), which is much longer than the previously
observed triplet state lifetime of NDI chromophore (90 ps) [37]. The ESA
appeared at 380-480 nm and 530-700 nm (Fig. 4c), which is the typical
triplet state absorption of NDI moiety [35]. NDI moieties in N-3 and N-4
contributed significantly to the T1 excited state, indicated by the
bleaching at 480 nm and 515 nm.

3.4. Population and comparison of triplet excited state testified by
photooxidation of DPBF

In order to verify the population of triplet exited states, we applied N-
1~N-5 to photooxidation of 1, 3-diphenylisobenzofuran (DPBF). It is
known that triplet photosensitizers can sensitize O to produce 105 upon
photoexcitation. DPBF is employed as the Oz acceptor (Scheme S1). The
production of 105 can be monitored by the absorbance changes at 414
nm. N-1~N-5 have different photooxidation abilities (Fig. 5a~5e). We
can observe the absorbance at 414 nm decreased with the extension of
irradiation time. The photooxidative effect of N-1~N-5 on the kinetics
of 10, production were studied (Fig. 5f). N-1 has less efficient photo-
oxidation ability than N-3 and N-4 showed higher efficiency compare to
N-5.

3.5. DFT calculation

DFT/TDDFT calculation has been widely applied to the fluorophores
research of the photophysical properties [54-56]. The molecular ge-
ometry at the ground state (So state) was optimized by DFT method.
UV-vis absorption and the fluorescence emission of the compounds were
determined with TDDFT methods.

The optimized ground geometry of N-1 is almost coplanar (Fig. 6).
HOMO is distributed on both NDI and HBT moieties, which indicates
n-conjugation between two units is obvious. LUMO is almost distributed
on NDI moiety, thus the acidity of -OH will increase dramatically upon
photoexcitation. It is reasonable that ESIPT will proceed upon photo-
excitation subsequently. The calculated excitation energy was 2.14 eV
(580 nm). Although the result is lower than the experimental value
(2.57 eV, 483 nm), it is not beyond expectation because DFT method
always underestimates charge transfer excitation [57,58]. The calcu-
lated emission wavelength for enol form is 643 nm (experimental result
is 538 nm). No effective transition was found except S;—Sy transition in
the calculation result (Table 2). According to experimental result, the
second emissive band at 682 nm has been excluded that exist other
lower excited state. And the emission at 682 nm is very likely to be
keto-form. The emission peak of cis-keto form is determined at 745 nm
(experimental result is 682 nm) and the electron density of cis-keto
isomer spread to HBT moiety to some extent, which leads to the sta-
bility of cis-keto form in the excited state.

N-2 was calculated with the same methods. The alkylamino group
contributes to both HOMO and LUMO obits, which is the main reason for
the red-shifted absorption (compared to N-1). The calculated excited
wavelength for So—S; is 577 nm (oscillator strength is 0.5024) and it is
very close to the experimental result (560 nm). Another excited wave-
length is 388 nm (Sy—Ss transition), which is attributed to the absorp-
tion of enol-form of HBT moiety. The calculated emissive band is 629 nm
and it is close to the experiment result 582 nm. (Table 3 and Fig. 7).

For N-4, the calculated So—S; transition with oscillator strength of
0.0000, so it is a forbidden transition. It can be regarded as a charge
transfer state (dark state). S, state is the emissive state and the excited
wavelength is 497 nm. It is near to the experimental wavelength (515
nm). The same result is obtained for the emission, that is, the emissive
state is S state (oscillator strength is 0.2041). The calculated emission
wavelength is 524 nm which is near to the experimental wavelength of
543 nm. HOMO and LUMO are distributed on the HBI and NDI units,
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respectively (Table S2 and Fig. S30).

In addition, the calculation of singlet-triplet energy gaps (AEgt) can
verify separation of the corresponding natural transition orbitals (NTOs)
[59]. After optimization of S; and Tj state of partial compounds, AEgy of
N-1~N-5 are determined to be 1.679 eV, 1.556 €V, 1.699 eV, 1.705 eV
and 1.383 eV (Calculated method was shown in ESI). The values is about
1 eV that indicates the sufficient separation of NTOs and make them
have the ability of promoting reactive oxygen species (ROS) generation.

4. Conclusions

In summary, the compounds of Naphthalenediimides (NDI) conju-
gated and non-conjugated with 2-(2-Hydroxyphenyl)Benzothiazole (N-
1~N-5) were prepared with the goal to get triplet excited states. The
photophysical properties were studied by the steady and transient ab-
sorption spectrums. All of them show strong red-shifted absorption
compared to HBT. Interestingly, N-1 was obtained as a new ESIPT
chromophore, which shows the emission band of the excited enol at 538
nm and cis-keto isomer at 682 nm. Nanosecond time-resolved transient
difference absorption spectroscopy demonstrated that triplet state were
produced in N-1~N-4 and long-lived triplet excited states (tr is up to
148.5 ps) were populated for the dyes N-4 upon photoexcitation. All the
compounds were testified the existence of triplet excited state upon
photoexcitation by photooxidation reaction (DPBF). N-3 and N-4 are
more effective than others. Our work will supply a new method for the
new triplet photosensitizers. It will inspire more work for pursuit of
heavy-atom free photosensitizers and the relative research is under way.
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