Open Access Article. Published on 13 January 2021. Downloaded on 4/27/2026 2:48:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2021,
2, 1059

Received 22nd November 2020,
Accepted 12th January 2021

DOI: 10.1039/d0ma00910e

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Asymmetrical benzola]-fused N,O,-boron-
chelated BODIPYs as red to near-infrared
absorbing chromophores: synthesis,
characteristics and device applications for
opto-electronicsy

Yuji Kubo, 2 *@ Toshiki Nozawa,® Kentaro Maeda® and Yuta Hashimoto®

Asymmetric benzolal-fused BODIPYs with benzo(thieno)[1,3,2]oxazaborinine units 1-4 were synthesized
for the first time. The structural feature was elucidated by X-ray crystallography and NICS(0) calculation,
indicating that the isoindole ring may possess azafulvene character. The photophysical properties of the
dyes were investigated, demonstrating that they absorb far-red and NIR light with a Anax value of
663-709 nm in THF. Replacement of benzo[1,3,2]Joxazaborinine with the thieno-counterpart caused a
red-shift in the absorption band. Interestingly, the effect of thiophene insertion on the photophysical
properties is dependent on the position of the thiophene in the chromophore, as determined from
cyclic voltammetry (CV) measurement and theoretical calculations. Further, N,O,-ligated sp*-boron
induces chirality into the chromophore, facilitating optical resolution of 2 by chiral high-pressure liquid
chromatography; helical dyes P-2 and M-2 were successfully characterized. As a potential device application,
a single component device (ITO/dye 2/Al) was fabricated to produce a photocurrent of 842 x 1077 A cm™2
at a bias potential of 1 V under photoirradiation at 750 nm (128 pW cm™3). Compared to the dark current, the
on/off current ratio at the same bias potential was determined to be 1.42 x 102 The result suggests that a
sophisticated combination of asymmetrical BODIPY with a n-type acceptor would allow for NIR photodiodes

rsc.li/materials-advances with a p—n interface.

Introduction

Functional dyes with near-infrared (NIR) absorption bands have
received much attention due to their tremendous utility in appli-
cations such as optoelectronics,"? photovoltaics,™* dye-sensitized
solar cells,”® hydrogen production,”® chemosensing,” bio-
probes,>'%" photodynamic therapy,'>"* photoimmuno therapy,'*
etc. Although numerous NIR dyes have been prepared to date, "
they often suffer from low thermal and poor photo-stability. Accord-
ingly, band-gap engineering is highly desired for the rational design
of useful related materials. BODIPY (4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene)'®2° is among the most promising candidates
due to its excellent photophysical properties and amenability to
structural tuning. Structural modification at the periphery and at
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the boron center’” enables tuning of the photophysical
properties.”” The traditional strategy is m-extension and fusion
of aromatic rings such as benzene,>* thiophene,*>®
furan,”*° naphthalene,>" phenanthrene,*” and others® at the
a-bond or B-bond of the pyrrole, which leads to a large red-shift in
the absorption and fluorescence bands. Alternatively, n-extension
by fusing and merging two and more BODIPY units have been
studied.**” Furthermore, it was reported that oligomerization of
BODIPY chromophores caused J-aggregation to give redshift in
the absorption band.*® Given that electronic delocalization
extended by intramolecular B,0-chelation leads to a dramatic
red-shift in the absorption band,**™*? structural combination of
benzene-annulation at the a-bond and B,0O-chelation allowed for
the production of NIR BODIPYs.**™*> Using that approach, we
demonstrated that the related NIR dyes have great promise for
use as NIR photosensitizers in optoelectronics devices.**™*® Given
that the BODIPY skeleton is amenable to tuning, the synthesis
and characterization of asymmetrical benzo[a]-fused BODIPYs
are worthwhile pursuits.*>"®® This is because the push-pull
character of the asymmetrical m-conjugated structures would
impact the photophysical properties.**>> However, asymmetrical
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BODIPYs featuring NIR absorbing bands have rarely been reported.
To the best of our knowledge, styryl-containing asymmetric aza-
BODIPYs are the only known such species to date® It is thus of
interest to gain insight into the impact of cyclic fixation of asym-
metric 3,5-diaryl (thienyl) BODIPY through B,0-chelation on the
photophysical properties. In addition, the resultant tetrahedral
geometry at boron can induce helicity®” in the chromophore to
create enantiomeric BODIPYs with an asymmetrical structure.

From the standpoint of device applications, n-conjugated
systems hold great promise for developing organic semi-
conductors.®** Notably, photodetectors that can convert incident
NIR photons into an electrical signal have attracted considerable
attention due to their many applications in image sensing, optical
communication, night surveillance, etc.®**® To this end, the
development of sensitive photodetectors capable of capturing
very weak NIR signals with fast response is highly desired.
n-Conjugated polymers with a narrow-bandgap, which serve as
organic semiconductors, make it possible to achieve high-
performance photodetectors with spectral responses.”®”> On
another front, given the advantage of small molecules, including
their high purities and well-defined molecular structures, BOD-
IPYs are among the most promising candidates.*”*®”® However,
asymmetrical derivatives that can be used in optoelectronic
materials with photocurrent generation properties have not yet
been reported.

In this work, asymmetrical benzo(thieno)[1,3,2]oxazaborinine-
containing BODIPYs 1-4 (Fig. 1) are synthesized and characterized.
The related asymmetric BF,-dye 5 is also prepared as a control
chromophore. X-ray crystallographic analysis of 2 reveals the
packing structure, indicating that the enantiomer pair is present
in a triclinic space group due to tetradentate N,O,-coordination
to boron. The racemic mixture is successfully separated by using
semi-preparative chiral HPLC. The photophysical properties of
the dyes were investigated, demonstrating that they absorb far-red
and NIR light with a 4, value of 663-709 nm in THF. Replace-
ment of benzo[1,3,2]oxazaborinine with the thieno-counterpart
caused a red-shift in the absorption band. Interestingly, the effect
of thiophene insertion on the photophysical properties is depen-
dent on the position of the thiophene in the chromophore, as
determined from cyclic voltammetry (CV) measurement and
theoretical calculations. Thiophene insertion led to longer-
wavelength emission, with lower fluorescence quantum yields
(¢)- Nevertheless, dye 2 is a NIR fluorophore that emits at 721 nm
with @ value of 0.21 when excited at 610 nm in THF. Our
continuous interest is to fabricate organic photodetectors
with asymmetrical benzo[a]-fused BODIPY. Towards this end, a
2-containing film was prepared by vacuum deposition, where the
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film absorbed NIR light at 735 nm with a long spectral width and
a ZAonset Value of 787 nm. As a preliminary result, an indium tin
oxide (ITO)/2/Al device allowed for photocurrent detection under
light irradiation at 750 nm (128 pyW cm ™ 2). We demonstrate for
the first time that asymmetrical BODIPY-based NIR dyes can serve
as organic photodetectors for application in optoelectronics.

Experimental section
General

NMR spectra were measured on a Bruker Avance 500 spectro-
meter (*H: 500 MHz, '*C: 126 MHz, ''B: 160 MHz, '°F: 471 MHz)
and JEOL JMN-ECS400 (*H; 400 MHz, ''B; 128 MHz). In 'H and
13C NMR measurements, chemical shifts (5) are reported down-
field from the internal standard Me,Si. BF;-OEt, and C¢Fs were
used as external standard for "'B NMR and internal standard for
F NMR, respectively. Mass spectrometry data were taken by
using a JEOL JMS-700 fast atom bombardment (FAB) spectro-
meter where m-nitrobenzylalcohol was used as a matrix or a
Bruker micrOTOF II-SDT1 spectrometer with atmospheric pres-
sure chemical ionization (APCI) method. FT-IR spectra were
recorded on a JASCO FT/IR-4600 equipped with a diamond
ATR crystal (JASCO PRO 450S). Melting points for 1, 3, 4, 5, 12
and 13 were recorded on Seiko Instruments Inc EXSTAR6000.
Differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA) for dye 2 were taken by using TGA/DSC 1 (Mettler
Toledo). The absorption and fluorescence were measured using
Shimadzu UV-3600 UV/vis/NIR spectroscopy and a JASCO
FP-6500 spectrofluorometer, respectively. Fluorescence lifetimes
were determined by Hamamatsu photonics Quantaurus-Tau
C11367-21. Elemental analyses were performed on an Exeter
Analytical, Inc. CE-440F Elemental Analyzer. Ionization potential
data were measured by a Riken Keiki photoelectron spectroscopy
instrument, AC-3. Atomic Force Microscope (AFM) was used
AFM-5400 (Hitachi High-Technologies Corporations) in Dynamic
Force mode using silicon probes with resonant frequency of

70 kHz and a force constant of 2 N m ™.

Materials

Reagents used for the synthesis were commercially available and
used as supplied. Dry CH,Cl, and dry toluene were prepared
according to a standard procedure. 1-(3-Bromo-1H-isoindol-1-
ylidene)-N,N-dimethylmethanamine 6,”” 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)anisole 7a,”® 3-methoxythiophene-2-boronic
acid pinacol ester 7b,”® 1-(3-methoxythiophen-2-yl)-4-nitro-
3-phenylbutan-1-one 10,*® 3-phenyl-1-formylisoindole 8¢,

Fig. 1 Chemical structures of asymmetrical benzolal-fused N,O,-boron-chelated BODIPYs 1-4 and the control BF, dye 5.
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2-(2-methyloxyphenyl)-4-phenyl-1H-pyrrole 9a,*" and 2-phenyl-
4-phenyl-1H-pyrrole 9¢®* were prepared according to method
previously reported.

Synthesis

(2)-3-(2-Methoxyphenyl)-1-((5-(2-methoxyphenyl)-3-phenyl-1H-
pyrrol-2-yl)methylene)-1H-isoindole (12a). Under a N, atmo-
spheric icy condition, to a solution of 8a (2.52 g, 10.0 mmol)
and 9a (2.50 g, 10.0 mmol) in dry CH,Cl, (140 mL) was added
dropwise POCl; (1.0 mL, 11 mmol). The resultant solution was
stirred for 2 h at room temperature. After quenching the reaction
by adding water, the organic layer was extracted with CH,CL,.
Isolated product was washed with AcOEt to give 2.87 g of 12a as a
red solid in 59% yield. M.p. 198 °C; "H NMR (400 MHz, CDCl,):
d (ppm) 7.83 (1H, dd, J = 1.78 and 7.38 Hz), 7.77-7.74 (2H, m),
7.61 (2H, dd, j = 8.10 and 1.10 Hz), 7.57 (1H, d, J = 7.48 Hz), 7.52—
7.46 (3H, m), 7.41-7.33 (2H, m), 7.36 (1H, s), 7.28-7.20 (2H, m),
7.11 (1H, td, J = 7.34 and 0.85 Hz), 7.09 (1H, d, J = 8.36 Hz), 7.00
(1H, td,J = 7.51 and 0.97 Hz), 6.93 (1H, dd, J = 8.24 and 0.68 Hz),
6.83 (d, J = 2.28 Hz, 1H); *C NMR (126 MHz, CDCl,): § (ppm)
164.4, 158.0, 156.1, 144.8, 141.0, 136.6, 136.1, 136.0, 133.6, 131.5,
130.8, 129.0, 128.7, 128.3, 128.0, 127.3, 127.2, 126.8, 125.7, 125.3,
123.0, 121.0, 120.6, 119.9, 119.0, 115.0, 111.5, 111.2, 109.1, 55.69,
55.46; ATR-FT-IR 7 (cm™Y): 3400-3330 (N-H), 3052 (aromatic
CH), 1603 (aromatic C—C), 1590 (aromatic C=C), 1460-1386
(C=N), 1220 (C-O); HRMS (APCI) caled for C33H,,N,0, [M + H]':
483.2067, found 483.2051.

(2)-3-(2-Methoxyphenyl)-1-((5-(3-methoxythiophen-2-yl)-3-phenyl-
1H-pyrrol-2-ylmethylene)-1H-isoindole (12b). Compound 12b was
synthesized using 8a (1.75 g, 6.95 mmol) and 9b (1.78 g, 6.97 mmol)
in a similar manner as the case of 12a. The product was purified by
chromatography on silica gel using CH,Cl, : hexane (1:1 v/v) as an
eluent to give 2.47 g of 12b as a purplish red in 73%. M.p. 200 °C;
'H NMR (CDCl;, 400 MHz): 6 = 7.89 (1H, dd, J = 7.40 and 1.76 Hz),
7.74 (1H, d, J = 7.64 Hz), 7.59-7.57 (2H, m), 7.51-7.45 (3H, m), 7.37
(1H, tt, J = 7.32 and 1.39 Hz), 7.33 (1H, d, ] = 6.12 Hz), 7.32 (1H, s),
7.27-7.23 (1H, m), 7.12 (1H, td, J = 7.44 and 0.67 Hz), 7.09 (1H, d, ] =
5.40 Hz), 7.09-7.07 (1H, m), 6.84 (1H, d, J = 5.52 Hz), 6.51 (1H, s),
3.87 (3H, s), 3.72 (3H, s); >C NMR (126 MHz, CDCl;): § = 163.8,
158.0, 154.2, 144.5, 140.9, 136.4, 135.7, 134.1, 132.4, 131.5, 130.7,
129.0, 128.7, 127.7, 127.1, 126.9, 125.5, 125.4, 123.2, 122.2, 120.6,
118.9, 116.3, 114.6, 112.3, 111.2, 107.7; ATR-FTIR ¥ (cm™%): 3106
(aromatic CH), 1616 (aromatic C—C), 1587 (aromatic C—C), 1523~
1375 (C=N), 1209 (C-O); HRMS (APCI) calcd for C3,H,sN,0,8 [M +
H]+: 489.1631, found 489.1626.

(Z2)-1-((5-(2-Methoxyphenyl)-3-phenyl-1H-pyrrol-2-yl)methylene)-
3-(3-methoxythiophen-2-yl)-1H-isoindole (12c¢). Compound 12¢
was synthesized using 8b (0.565 g, 2.20 mmol) and 9a (0.548 g,
2.20 mmol) in a similar manner as the case of 12a. The product
was purified by reprecipitation with CH,Cl, and MeOH to give
0.741 g of 12¢ as a black solid in 69% yield. M.p. 177 °C; "H NMR
(500 MHz, CDCL,): § (ppm) 12.63 (1H, s), 8.23 (1H, d, J = 7.80 Hz),
7.79 (1H, dd, J = 7.75 and 1.05 Hz), 7.74 (1H, d, J = 7.65 Hz), 7.61
(2H, d, J = 7.30 Hz), 7.50 (2H, t, ] = 7.58 Hz), 7.42 (1H, d, J = 5.50
Hz), 7.39-7.26 (4H, m), 7.28 (1H, s), 7.06 (1H, t, J = 7.45 Hz), 7.03
(1H, d, J = 8.35 Hz), 7.01 (1H, dd, J = 5.65 and 0.50 Hz), 6.87 (1H,
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dd, = 2.45 Hz), 4.02 (3H, s), 3.95 (3H, s); ATR-FT-IR ¥ (cm™*): 3095
(aromatic CH), 1608 (aromatic C—C), 1592 (aromatic C—=C),
1528-1294 (C—=N), 1246 (C-O); HRMS (APCI) calcd for
C31H,5N,0,S [M + HJ": 489.1631, found 489.1629.

(2)-3-(3-Methoxythiophen-2-yl)-1-((5-(3-methoxythiophen-2-yl)-3-
phenyl-1H-pyrrol-2-yl)methylene)-1H-isoindole (12d). Compound
12d was synthesized using 8b (1.33 g, 5.18 mmol) and 9b (1.30 g,
5.08 mmol) in a similar manner as the case of 12a. The product
was chromatographed on silica gel (C-300) as toluene as an eluent
to give 1.98 g of 12d as a gray solid in 60% yield. M.p. 184 °C;
'H NMR (500 MHz, CDCl,): § (ppm) 12.23 (s, 1H), 8.26-8.24 (m,
1H), 7.72 (dt, J = 7.50 and 0.95 Hz, 1H), 7.58 (dt, J = 8.05 and 1.53
Hz, 2H), 7.49 (tt, ] = 7.67 and 1.61 Hz, 2H), 7.42 (d, J = 5.45 Hz, 1H),
7.39-7.34 (m, 2H), 7.31 (td, J = 7.45 and 1.05 Hz, 1H), 7.23 (s, 1H),
7.15 (d, J = 5.45 Hz, 1H), 7.01 (d, J = 5.55 Hz, 1H), 6.93 (d, J =
5.50 Hz, 1H), 6.63 (s, 1H), 4.03 (s, 3H), 4.01 (s, 3H); *C NMR (126
MHz, CDCl,): 6 = 157.7, 157.0, 154.3, 144.4, 141. 7, 135.7, 135.1,
134.1, 132.1, 129.0, 128.7, 128.2, 127.8, 127.3, 126.9, 125.8, 123.8,
122.2, 118.9, 117.7, 117.0, 116.7, 113.0, 112.6, 108.8, 59.17, 58.81;
ATR-FT-IR ¥ (cm™%): 3383-3208 (N-H), 3101 (aromatic CH), 1593
(aromatic C—C), 1550 (aromatic C—C), 1461-1299 (C—N), 1246
(C-0O) HRMS (APCI) caled for CyoHp,N,0,S, [M]': 494.1117, found
494.1107.

(2)-1-((3,5-Diphenyl-1H-pyrrol-2-yl)methylene)-3-phenyl-1H-
isoindole (12e). Compound 12e was synthesized using 8c
(0.636 g, 2.88 mmol) and 9¢ (0.631 g, 2.88 mmol) in a similar
manner as the case of 12a. The product was purified by repre-
cipitation with CH,Cl, and hexane to give 1.07 g of 12e as a red
solid in 88% yield. M.p. 206 °C; 'H NMR (500 MHz, CDCl,):
J (ppm) 12.84 (1H, s), 8.21 (2H, dd, J = 8.25 and 1.25 Hz), 7.98
(1H, d,J = 7.65 Hz), 7.82 (1H, d, J = 7.65 Hz), 7.72 (2H, dd, J = 8.28
and 1.13 Hz), 7.63-7.60 (2H, m), 7.56 (1H, tt, J = 7.28 and
1.72 Hz), 7.54-7.50 (2H, m), 7.48-7.44 (2H, m), 7.44-7.36
(m, 3H), 7.38 (1H, s), 7.32 (1H, tt, J = 7.40 and 1.26 Hz), 6.78
(s, 1H); "*C NMR (126 MHz, CDCl,): § (ppm) 164.2, 144.8, 141.8,
138.3, 135.6, 135.3, 134.9, 134.8, 131.5, 130.0, 129.3, 129.1, 128.9,
128.8, 128.8, 128.6, 127.8, 127.6, 127.1, 126.4, 124.6, 122.5, 119.6,
114.8, 108.5; ATR-FT-IR 7 (cm™%): 3320-3132 (N-H), 3041 (aro-
matic CH), 1615 (aromatic C=C), 1610 (aromatic C—=C), 1495-
1315 (C=N); HRMS (APCI) caled for Cs;H,,N, [M]": 422.1778,
found 422.1762.

Difluoroboron chelated (Z)-3-(2-methoxyphenyl)-1-((5-(2-
methoxyphenyl)-3-phenyl-1H-pyrrol-2-yl)methylene)-1H-isoindole
(13a). To a solution of 12a (2.70 g, 5.60 mmol) and NEt; (2.1 mL,
15.2 mmol) in dry toluene was added BF;-OEt, (5.50 mL,
44.56 mmol) at 80 °C under a N, atmosphere. The resultant
solution was stirred at 100 °C for 2 h. After quenching the
reaction by water, the solution was extracted with CH,Cl,. The
organic phase was dried with Na,SO, and evaporated. In this
way, 2.59 g of 13a as crude product was obtained in 87% yield.
A part of the sample was chromatographed on silica gel (Wakogel
C-300) using CH,Cl, : hexane (2:1 v/v) as an eluent to give a red
solid. M.p. 266 °C; 'H NMR (500 MHz, DMSO-d,): 6 (ppm) 8.34
(d, ] = 8.15 Hz, 1H), 8.11 (s, 1H), 7.69-7.67 (m, 2H), 7.64 (ddd, J =
6.31,1.80 and 1.73 Hz, 1H), 7.56 (t, ] = 7.63 Hz, 2H), 7.56-7.52 (m,
1H), 7.48-7.43 (m, 3H), 7.41-7.36 (m, 2H), 7.34 (ddd, f = 7.18, 1.28
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and 1.28 Hz, 1H), 7.22 (d, J = 8.25 Hz, 1H), 7.08 (td, J = 7.49 and
0.78 Hz, 1H), 7.06 (dd, J = 8.55 and 0.75 Hz, 1H), 6.94 (td, J = 7.45
and 0.92 Hz, 1H), 6.62 (s, 1H), 3.74 (s, 3H), 3.70 (s, 3H); "*C NMR
(126 MHz, CDCL): § (ppm) 157.6, 157.5, 157.0, 148.1, 139.8,
135.3, 134.8, 132.7, 132.0 (t, Jo_r = 4.09 Hz), 131.8, 131.8, 131.6,
131.5, 130.4, 129.8, 129.0, 128.9, 127.7, 126.0, 124.4, 122.7, 120.5,
120.1, 119.8, 119.4, 119.3, 118.1, 111.2, 111.0, 55,81, 55.76; ATR-
FT-IR # (cm™'): 3049 (aromatic CH), 1603 (aromatic C—=C), 1588
(aromatic C=C), 1464 (B-F), 1433-1291 (C—N), 1308 (B-N), 1235
(C-0); HRMS (APCI) caled for Cs3H,5BF,N,0, [M]": 530.1977,
found 530.1983.

Difluoroboron chelated (Z)-3-(2-methoxyphenyl)-1-((5-(3-
methoxythiophen-2-yl)-3-phenyl-1H-pyrrol-2-yl)methylene)-1H-
isoindole (13b). Compound 13b was synthesized using 12b
(3.00 g, 6.14 mmol) in a similar manner as the case of 13a. The
product was purified by reprecipitation with CH,Cl, and
hexane to give 2.33 g of 13b in 70% yield as a bluish purple.
M.p. 251 °C; 'H NMR (CDCl,, 400 MHz): 6 (ppm) = 7.82 (1H,
d,J=8.08 Hz), 7.70 (1H, dt, J = 7.60 and 2.02 Hz), 7.58-7.56 (m,
2H), 7.53 (1H, s), 7.53-7.42 (4H, m), 7.40 (1H, d, J = 7.96 Hz),
7.28 (1H, d,J = 5.64 Hz), 7.28-7.24 (1H, m), 7.13 (1H, td, J = 7.50
and 0.79 Hz), 7.05 (1H, d, J = 8.52 Hz), 7.03 (1H, s), 6.83 (1H, d,
J = 5.60 Hz), 3.90 (3H, s), 3.73 (3H, s); ">C NMR (CDCl;, 126
MHz): 6 (ppm) = 157.8, 157.8, 155.8, 143.2, 140.4, 134.8, 134.7,
132.6, 132.0 (d, Jo_r = 7.3 Hz), 131.6, 131.1, 130.9, 130.1, 129.0,
128.9, 127.8, 126.8, 125.9, 124.4, 120.5, 119.6, 119.3, 118.5,
118.3, 115.3, 111.8, 111.3; ''B NMR (CDCl;, 160 MHz): § (ppm) =
1.54 (t, Jg_r = 31.9 Hz); ATR-FT-IR v (cm™"): 3043 (aromatic CH),
1617 (aromatic C—C), 1587 (aromatic C—C), 1519 (B-F), 1524-
1317 (C=N), 1313 (B-N), 1212 (C-O); HRMS (APCI) calcd for
C31H,4BF,N,0,S [M + HJ": 537.1620, found 537.1611.

Difluoroboron  chelated  (Z)-1-((5-(2-methoxyphenyl)-3-
phenyl-1H-pyrrol-2-yl)methylene)-3-(3-methoxythiophen-2-yl)- 1H-
isoindole (13c). Compound 13c was synthesized using 12¢ (0.723
g, 1.480 mmol) in a similar manner as the case of 13a. However,
dry CH,Cl, was used as reaction solvent for overnight stirring
instead of dry toluene due to its solubility. The product was
purified by reprecipitation with CH,Cl, and MeOH to give
0.598 g of 13c as a purple solid in 75% yield. M.p. 224 °C;
'H NMR (500 MHz, CDCl,): § (ppm) 7.82 (1H, d, J = 8.05 Hz), 7.78
(1H, dd, J = 7.63 and 0.98 Hz), 7.68 (1H, d, J = 8.15 Hz), 7.60 (2H,
dd, j = 8.10 and 1.15 Hz), 7.57 (1H, s), 7.53-7.48 (4H, m), 7.42
(1H, tt, = 7.41 and 1.44 Hz), 7.36-7.30 (2H, m), 7.04 (1H, td, J =
7.55 and 0.95 Hz), 6.96 (1H, d, J = 8.30 Hz), 6.92 (1H, d, J =
5.60 Hz), 6.64 (1H, s), 3.82 (3H, s), 3.81 (3H, s); !'B NMR (160
MHz, CDCl;):  (ppm) 1.49 (t, Jsr = 31.79 Hz); ATR-FT-IR v
(em™"): 3072 (aromatic CH), 1617 (aromatic C=C), 1594 (aro-
matic C—C), 1467 (B-F), 1509-1370 (C=N), 1309 (B-N), 1219
(C-0); HRMS(APCI) caled for C;;H,;BF,N,0,S [M]": 535.1541,
found 535.1543.

Difluoroboron chelated (Z)-3-(3-methoxythiophen-2-yl)-1-((5-
(3-methoxythiophen-2-yl)-3-phenyl-1H-pyrrol-2-yl)methylene)-1H-
isoindole (13d). Compound 13d was synthesized using 12d
(0.950 g, 1.92 mmol) in a similar manner as the case of 13a
except for overnight stirring. The product was purified by repre-
cipitation with CH,Cl, and MeOH to give 1.01 g of 13d as a gold

1062 | Mater. Adv., 2021, 2,1059-1071

View Article Online

Materials Advances

solid in 91% yield. M.p. 232 °C; '"H NMR (500 MHz, CDCL,): &
(ppm) 7.80 (dd, J = 8.08 and 0.78 Hz, 1H), 7.69 (dd, J = 8.10 and
0.80 Hz, 1H), 7.60-7.56 (m, 3H), 7.53-7.50 (m, 2H), 7.48 (td, J =
7.53 and 1.28 Hz, 1H), 7.48 (s, 1H), 7.43 (tt, J = 7.36 and 1.42 Hz,
1H), 7.36 (d, ] = 5.60 Hz, 1H), 7.31 (ddd, J = 7.11, 0.90 and 0.88 Hz,
1H), 7.11 (s, 1H), 6.98 (d, ] = 5.60 Hz, 1H), 6.88 (d, J = 5.55 Hz, 1H),
3.93 (s, 3H), 3.83 (s, 3H); °C NMR (126 MHz, CDCl,): § (ppm)
158.9, 158.2, 148.3, 143.8, 140.5, 134.9, 134.6, 132.1, 131.5, 131.4,
130.1, 129.9, 129.0, 128.9, 127.9, 127.2, 125.9, 125.0, 119.2, 118. 5,
117.4,115.8, 115.3, 111.8, 108.5, 59.05, 58.90; ATR-FT-IR ¥ (cm ™ *):
3087 (aromatic CH), 1614 (aromatic C—C), 1588 (aromatic C—C),
1523 (B-F), 1523-1349 (C=N), 1311 (B-N), 1215 (C-O);
HRMS(APCI) caled for C,oH,,BF,N,0,S, [M]": 542.1105, found
542.1101.

Difluoroboron chelated (2)-1-((3,5-diphenyl-1H-pyrrol-2-
yl)methylene)-3-phenyl-1H-isoindole (5). Compound 5 was
synthesized using 12e (0.904 g, 2.14 mmol) in a similar manner
as the case of 13a. The product was chromatographed on silica
gel (Wakogel C-300) using CH,Cl, as an eluent to give 0.849 g of
5 as a green solid in 84% yield. M.p. 250 °C; "H NMR (500 MHz,
CDCL): 6 (ppm) 7.89-7.83 (5H, m), 7.66-7.65 (1H, m), 7.65 (1H,
s), 7.61-7.52 (1H, m), 7.45 (1H, tt, J = 7.38 and 1.51 Hz), 7.42-7.33
(4H, m), 6.62 (s, 1H); "*C NMR (126 MHz, CDCl;): § (ppm) 158.7,
152.4, 140.8, 135.9, 134.5, 133.3, 132.2, 131.5, 131.3, 130.8, 130.5,
130.2 (t, Jor = 2.95 Hz), 130.0, 129.1 (t, Jcr = 3.06 Hz), 129.0,
128.9, 128.6, 128.4, 128.1, 128.0, 126.7, 124.6, 120.0, 119.5, 116.8
(C14); "'B NMR (160 MHz, CDCl3): 6 (ppm) 1.76; FAB-MS: m/z =
470 [M]"; ATR-FT-IR ¥ (cm™'): 3044 (aromatic CH), 1617 (aro-
matic C—=C), 1590 (aromatic C—C), 1462 (B-F), 1515-1374
(C=N), 1315 (B-N); UV/vis (THF) Zmax = 589 NM (gmax = 7.25 X
10* M~ ! em™'); elemental analysis for C3;H,,BF,N,: C, 79.17; H,
4.50; N, 5.96. Found: C, 79.37; H, 4.54; N, 6.05.

Boron chelated (Z)-3-(2-hydroxyphenyl)-1-((5-(2-hydroxyphenyl)-
3-phenyl-1H-pyrrol-2-yl)methylene)-1H-isoindole (1). To a solution
of 13a (2.01 g, 3.78 mmol) in dry CH,Cl, (377 mL) under a N,
atmospheric icy condition was added 1 M BBr; in CH,Cl, (18 mL,
18 mmol). The resultant solution was stirred for 2 h and quenched
by adding sat NaHCOj; aq. (150 mL) to partition it into organic and
water phases. The organic phase was dried in Na,SO, and
evaporated to give 1.09 g of demethylated dipyrrin as a crude
product (FAB-MS: m/z = 454[M]"). To a solution of the product
(1.01 g, 2.20 mmol) and diisopropylethylamine (DIPEA) (4.1 mL,
24.1 mmol) in dry toluene (220 mL) under a N, atmosphere was
added BF;-OEt, (4.0 mL, 32.4 mmol). The resultant solution was
refluxed for 2 h. After the reaction was quenched by adding iced
water and extracted with CH,Cl,. The organic phase was dried
with Na,SO, and evaporated. The residue was chromatographed
on silica gel (Wakogel C-300) with toluene as an eluent and
reprecipitated with CH,Cl, and hexane to give 1 as purplish-red
in 21% yield from 12a. M.p. 284 °C; "H NMR (500 MHz, CDCl,): §
(ppm) 8.29 (2H, dd, J = 7.93 and 1.88 Hz), 7.96 (1H, d, ] = 7.00 Hz),
7.82 (1H, dd, J = 7.75 and 1.60 Hz), 7.66-7.64 (m, 2H), 7.61 (1H,
ddd, J = 8.01, 7.12 and 0.86 Hz), 7.54 (s, 1H), 7.54-7.42 (5H, m),
7.28 (1H, ddd, J = 8.53, 7.01 and 1.23 Hz), 7.19 (1H, td, / = 7.63 and
1.15 Hz), 7.09-7.05 (2H, m), 6.95 (1H, s), 6.91 (1H, dd, J = 8.23 and
0.93 Hz);">C NMR (126 MHz, CDCL,): & (ppm) 156.0, 153.1, 148.3,
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145.1, 140.9, 135.7, 134.3, 133.9, 133.9, 131.2, 130.8, 130.2, 130.0,
129.7, 129.1, 128.7, 128.0, 126.9, 125.1, 124.1, 120.7, 120.6, 120.4,
120.3, 120.2, 119.5, 119.4, 115.8, 110.5; "B NMR (128 MHz,
CDCly): 6 (ppm) —0.297; FAB-MS: m/z = 462[M]’; ATR-FT-IR 7
(em™™): 3049 (aromatic CH), 1600 (aromatic C=C), 1563 (aromatic
C=C), 1481-1280 (C=N), 1315 (B-O and B-N), 1237 (C-O); UV/vis
(THF) Zmax = 663 NM (gmax = 5.61 x 10° M~ em™'); Elemental
analysis for Cs;;H;oBN,0,-0.25H,0: C, 79.76; H, 4.21; N, 6.00.
Found: C, 79.46; H, 4.06; N, 5.97.

Boron chelated (Z)-3-(2-hydroxyphenyl)-1-((5-(3-hydroxythiophen-
2-yl)-3-phenyl-1H-pyrrol-2-yl)methylene)-1H-isoindole (2). Com-
pound 2 was synthesized using 13b (1.60 g, 2.99 mmol) in a
similar manner as 1. The purification was carried out by silica gel
chromatography with benzene as an eluent. 0.331 g of 2 was
obtained as a green solid in 24% from 13b. M.p. 286 °C; "H NMR
(CDCl,, 500 MHz): § (ppm) = 8.28 (1H, d, J = 8.20 Hz), 8.25 (1H,
dd,j=7.90 and 1.55 Hz), 7.95 (1H, d, J = 8.05 Hz), 7.65-7.63 (2H,
m), 7.57 (1H, ddd, J = 7.93, 7.08 and 0.88 Hz), 7.54-7.50 (2H, m),
7.50-7.43 (3H, m), 7.47 (1H, s), 7.31 (1H, d, ] = 5.30 Hz), 7.18 (1H,
td, J = 7.59 and 0.98 Hz), 7.12 (1H, dd, J = 8.33 and 0.98 Hz), 6.73
(1H, d, J = 5.10 Hz), 6.73 (s, 1H). *C NMR (CDCl;, 126 MHz): §
(ppm) = 155.6, 155.4, 146.2, 144.0, 142.1, 135.1, 134.0, 133.1,
130.5, 130.1, 129.6, 129.5, 129.1, 128.8, 128.3, 126.8, 126.6, 123.7,
120.8, 120.3, 120.3, 120.2, 119.7, 114.6, 111.5, 109.6. "'B NMR
(128 MHz, CDCl;): 6 (ppm) 0.4467 vs. BF;-OEt,. FAB-MS: m/z =
468 [M]; ATR-FT-IR # (cm ™ '): 3094 (aromatic CH), 1610 (aro-
matic C—C), 1561 (aromatic C—=C), 1485-1377 (C=N), 1320
(B-O and B-N), 1188 (C-0); UV/vis (THF) Apmax = 699 NM (emax =
6.03 x 10 M~ cm™"); elemental analysis for C,oH;,BN,0,S-
0.2H,0: C, 73.80; H, 3.72; N, 5.94. Found: C, 73.70; H, 3.67;
N, 5.96.

Boron chelated (Z)-1-((5-(2-hydroxyphenyl)-3-phenyl-1H-
pyrrol-2-yl)methylene)-3-(3-hydroxythiophen-2-yl}-1H-isoindole (3).
Compound 3 was synthesized using 13c (0.551 g, 1.03 mmol) in a
similar manner as the case of 1. The purification was carried out
by silica gel chromatography with CH,Cl, as an eluent and
reprecipitated with CH,Cl, and hexane to give 0.113 g of 3 as a
black solid in 27% yield from 13c. M.p. 279 °C (determined using
the sublimed sample); 'H NMR (500 MHz, CDCl,): 6 (ppm) 8.08
(1H, d, J = 7.90 Hz), 7.92 (1H, d, ] = 7.95 Hz), 7.79 (1H, dd, J = 7.67
and 1.63 Hz), 7.66 (1H, d, J = 5.30 Hz), 7.65-7.61 (3H, m), 7.53-7.49
(3H, m), 7.42-7.39 (1H, m), 7.41 (1H, s), 7.27-7.24 (1H, m), 7.06
(1H, td, J = 7.49 and 1.05 Hz), 6.98 (1H, dd, J = 8.10 and 0.95 Hz),
6.91 (1H, s), 6.87 (1H, d, J = 5.20 Hz); *C NMR (126 MHz, CDCl,): 6
(ppm) 162.1, 152.9, 148.3, 143.0, 138.5, 135.6, 134.8, 133.6, 132.1,
131.0, 129.9, 129.1, 129.0, 128.6, 127.6, 127.1, 124.7, 123.6, 120.7,
120.6, 120.4, 120.3, 119.5, 112.5, 110.5, 109.6. B NMR (128 MHz,
CDCL,): 6 (ppm) 0.5944 vs. BF;-OEt,; FAB-MS: m/z = 468[M]"; ATR-
FT-IR # (cm™"): 3070 (aromatic CH), 1605 (aromatic C=C), 1558
(aromatic C=C), 1507-1427(C=N), 1313 (B-O and B-N), 1244
(C-0); UVNis (THF) Apay = 669 NM (gpay = 4.82 x 10* M~ ecm™Y);
elemental analysis for C,oH;7BN,0,S-0.75H,0-0.75CH,Cl,: C,
65.50; H, 3.70; N, 5.14. Found: C, 65.71; H, 3.43; N, 5.17.

Boron chelated (Z)-3-(3-hydroxythiophen-2-yl)-1-((5-(3-
hydroxythiophen-2-yl)-3-phenyl-1H-pyrrol-2-yl)methylene)-1H-
isoindole (4). To a solution of 13d (0.931 g, 1.72 mmol) in dry
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CH,Cl, (175 mL) under a N, atmospheric icy condition was
added 1 M BBr; in CH,Cl, (8.7 mL, 8.8 mmol). The resultant
solution was stirred for overnight and quenched by adding sat
NaHCOs; aq. to partition it into organic and water phases. The
organic phase was dried in Na,SO, and evaporated to give
0.688 g of demethylated dipyrrin as a crude product (FAB-MS:
m/z = 466 [M]"). To a solution of the product (0.614 g,
1.32 mmol) in dry THF (132 mL) under a N, atmosphere was
added B(OMe); (1.47 mL, 13.2 mmol). The resultant solution
was refluxed overnight. After evaporation and adding hexane,
obtained solid was reprecipitated with CH,Cl,. In this way,
0.480 of 4 was obtained as a green solid in 77% yield. The
assignment data was collected employing 4 that was chroma-
tographed on 6 wt% NH;-pretreated silica gel (C-300) using
toluene as an eluent. M.p. 276 °C (determined using the
sublimed sample); '"H NMR (500 MHz, CDCl;): § (ppm) 8.06
(1H, d,J = 8.05 Hz), 7.91 (1H, d, ] = 8.00 Hz), 7.63-7.58 (4H, m),
7.52-7.47 (3H, m), 7.41 (1H, tt, J = 7.41 and 1.47 Hz), 7.35 (1H,
s), 7.24 (1H, d, J = 5.20 Hz), 6.90 (1H, d, J = 5.35 Hz), 6.78 (1H,
d, J = 5.25 Hz), 6.67 (s, 1H); *C NMR (126 MHz, CDCl;): §
(ppm) 160.9, 154.4, 146.9, 141.8, 139.6, 135.2, 134.5, 132.3,
131.6, 130.5, 129.3, 129.0, 128.7, 128.4, 127.8, 126.8, 125.1,
123.3, 120.4, 120.3, 112.0, 110.5, 108.4; ''B NMR (128 MHz,
CDCL): 6 (ppm) 1.22; FAB-MS: mjz = 474 [M]’; ATR-FT-IR
# (em™"): 3082 (aromatic CH), 1605 (aromatic C—=C), 1560 (aro-
matic C—C), 1502-1430 (C—=N), 1310 (B-O and B-N), 1222 (C-O);
UVHis (THF) Amax = 709 NM (Emayx = 4.10 x 10° M™' em™);
elemental analysis for C,;H;5BN,0,S,:0.67H,0: C, 66.69; H,
3.38; N, 5.76. Found: C, 66.78; H, 3.42; N, 5.79.

Determination of fluorescence quantum yield

The fluorescence quantum yield (®.,) was calculated from the
eqn (1).%?

AR n2

L JoF(di
A I’IR2

Doy = O
o TR T X FR (2)dA

(1)

where F(1) and Fg(4) describe the measured fluorescence inten-
sities of the dye and the reference, respectively, and A and Ar
describe the corresponding absorbances at the excitation wave-
length. The reference used was zinc phthalocyanine (@ = 0.23
in THF)® for 1-4 and cresyl violet (@ = 0.54 in MeOH)®" for 5.
The refractive indexes are n = 1.407 for THF and 1.329 for
MeOH.

Theoretical calculation

All geometries of the dyes at the ground state were fully
optimized by means of the CAM-B3LYP/6-31G(d,p) level
method, Density functional theory (DFT) calculations at the
CAM-B3LYP/6-31G(d,p) level were performed in the Gaussian
16. Gaussian 16 software.®® These molecular orbitals were
visualized using Gauss view 6.0.16 program. NICS values were
calculated using GIAO CAM-B3LYP/6-31G(d,p) level of theory at
0.0 A [NICS(0)] from the center of in isoindole and pyrrole rings
in the dyes.
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Device fabrication

The dye 2 film with a thickness of 90 nm were formed on the
surface of the indium tin oxide (ITO) glass substrate using a
resistance heating type vacuum deposition method. Sub-
sequently, the devices were completed by evaporating a 100 nm
thick aluminum film as an electrode. Current-voltage (J-V) mea-
surements of the dye-loaded devices were performed using a
Keithley 4200-SCS source meter under irradiation at 750 nm
(128 uW em?) by means of a PVL-3300 (Asahi Spectra Co., Ltd)
for the device with 2.

Results and discussion
Synthesis and structural analysis

The path for synthesis of the targeted dyes is summarized in
Scheme 1, where the preparation of the control dye 5 is also
included. The key synthons, 1-formyl-3-(2-methoxyphenyl or
2-methoxythionyl)isoindoles 8a and 8b were prepared in 74%
and 64% yield, respectively, by the Suzuki-cross coupling reac-
tion of 6”7 with 7a and 7b (Scheme S1, ESIt). Another synthon,
2-(2-methoxythiony)-4-phenyl-1H-pyrrole 9b, was prepared from
10 through a two-step process*® (Scheme S1, ESIf). The sub-
sequent nucleophilic addition reaction of 8 and 9 in dry
CH,Cl,, followed by boron chelation, demethylation with
BBr3, and N,0O, boron coordination in the presence of diiso-
propylethylamine (DIPEA) afforded targets 1-4. As a control,
BF, dye 5 was also prepared in a similar manner, except for
demethylation and N,O, boron coordination. The dyes were
characterized by "H and **C NMR spectroscopy, mass spectrometry
and elemental analysis.

POCI,

r:om3

9a;R= \'ji)
~és\/

=0

dry CH,Cl,

9b; R=

POCI3

dry CH;CI;

‘,Q-.
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A suitable single crystal of 3-thieno-5-benzo-N,0,-type BOD-
IPY 2 was obtained by the (solvent) vapor diffusion technique
using CH,Cl,/hexane (1:1 v/v), where the crystals had triclinic
crystal symmetry. The structure was analyzed by X-ray crystal-
lography (CCDC no. 20240037); the Oak Ridge thermal ellipsoid
plot (ORTEP) diagram is presented in Fig. 2. Boron adopted a
tetrahedral geometry in which it binds to the two nitrogen
atoms of the isoindole and pyrrole rings, as well as two oxygens
linked by thiophene and benzene rings. The N1-B1-O1 and
N2-B1-02 bite angles are 107.7(1)° and 106.4(1)°, respectively.
Although the angles are somewhat smaller than that of proto-
type N,O,-boron chelated BODIPY reported by Burgess et al.,”
they are close to the ideal tetrahedral angle of 109.5°. The
3-thiophene ring is tilted by 29.6° relative to the pyrrole plane,
where this angle is larger than the dihedral angle between the
5-benzene ring and the isoindole plane (Fig. S1, ESIt). Inter-
estingly, the C15-C16 (1.385(2)) and C23-N2 (1.350(2)) bond
distances (A) are shorter than those of C15-C14 (1.405(3)) and
C5-N1 (1.365(2)), respectively. NICS(0) calculation®® based on
GIAO CAM B3LYP/6-31G(d,p) was conducted to understand the
structural features. The NICS(0) value for the pyrrole unit of the
isoindole ring was calculated to be —6.14, which is more
positive than that of the pyrrole ring (—7.44), as shown in
Fig. 3a. This suggests that the isoindole ring may possess
azafulvene character, which means that dye 2 would primarily
adopt resonance structure 2B in the resonance equilibration
between 2A and 2B (Fig. 3b). Another interesting feature arises
from the packing structure shown in Fig. 2b; the two dyes are
present as a pair of enantiomers, where a more detailed
representation is presented in Fig. S2 (ESIt). This is ascribable
to the chiral peripherical environment at the sp’-boron

(1) BBr3
(2) DIPEA, BF3+OEt,

(1) BBry
(2) DIPEA, BF3+OEt,

3,4

NEts, BF;-OEt,

dry Toluene
84%

12e

Scheme 1 Synthetic routes for of dyes 1-5. Reagent and reaction conditions; (i) POCls, dry CH,Cl,, room temperature, 2 h. (ii) NEts, BFs-OEt,, dry
toluene, 100 °C, 2 h for 13a, 13b and 5. overnight for 13c and 13d (iii) BBrs, dry CH,Cl,, icy condition, 2 h and then DIPEA, BF3-OEt,, dry toluene, reflux, 2 h.

(iv) BBrs, dry CH,Cly, reflux, overnight and then B(OMe)s
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, dry THF, reflux, overnight.
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Fig. 2 ORTEP structure of 2, where thermal ellipsoids are drawn at the 50% probability levels. Front view (a) and packing structure (b).

center,® where a dimer is formed through intermolecular n-n
stacking interaction between the isoindole and pyrrole units,
with a distance of 3.624 A.°° Further, it was found that CH-=n
interactions were operative between isoindole-H (H20) and the
phenyl ring at the 1 position of an adjacent dye with the same
enantiomer (CH- - -benzene ring = 2.798 A).

Photophysical properties

The photophysical properties of asymmetric N,O,-boron chelated
dyes 1-4 and control dye 5 are shown in Fig. 4 and Table 1. Dye 1
absorbed visible light at 663 nm in THF, with a molar extinction
coefficient (eqmay) Of 5.61 x 10° M~ em ™. A red-shift of 74 nm was
observed relative to the absorption band of 5 as a result of
intramolecular B,0 chelation, and the &, value declined some-
what. Replacement of the benzo[1,3,2]oxazaborinine unit with the
corresponding thiophene counterpart further caused a red-shift in
the absorption band, which depended on the position of thio-
phene in the chromophore; 2 with the thiophene ring at the
3 position absorbed far-red light with Z,.x at 699 nM (€05 = 6.03 X
10* M~ em '), which is 30 nm longer than that of 5-thiophene
derivative 3, for which the ¢, value increased by 1.25 times. 3,5-
Dithiophene-containing dye 4 showed the longest absorption
band at 709 nm among the dyes tested herein, with longer

@ NICS(0) = ~7.44 ppm

NICS(0) = —6.14 ppm

Fig. 3 NICS(0) value (a) and possible resonance structures of 2 (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry

wavelength absorption edges beyond 753 nm. This indicates
that increasing the number of thiophene rings in the chromo-
phore is beneficial for producing NIR dyes, although the &y,
value was lower than that of dye 2. Fig. 4b displays the fluores-
cence spectra of the dyes when excited at 610 nm, showing a
typical mirror-image relationship between the absorption and
fluorescence spectra. Dye 1 emitted far-red light at 682 nm when
excited at 610 nm in THF, with a fluorescence quantum yield (@)
of 0.48. The lower @ value compared to that of 5 is possibly due
to increased nonradiative deactivation as the result of a smaller
energy gap.'® It was also found that thiophene-based B,0 chela-
tion caused a red-shift in the emission spectra (Table 1). Conse-
quently, 3,5-bis(thiophene)-incorporated dye 4 emitted NIR light
at 741 nm, with a @ value of 10% in THF. In this way, as 1y was
redshifted, ¢ value was lowered, which is consistent with the
trend of fluorescent lifetime (t) (Table 1 and Fig. S3, ESIT).
However, control dye 5 showed a relatively small value of t
(5.78 ns), which could be interrupted by the presence of free
rotatable phenyl units at the 3,5 positions because of accelera-
tion of non-radiative deactivation. Evaluation of the solvent
dependency of the photophysical properties allowed us to find
that the absorption and fluorescence spectra of the dyes were
almost insensitive to the solvent polarity (Fig. S4, ESIY),

(b)
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Fig. 4 Absorption (a) and fluorescence spectra (b) of dyes 1-5 (1 uM) in THF. dex = 610 nm for 1-4. Ae, = 546 nm for 5.

Table 1 Photophysical properties of dyes 1-5 (1 uM) in THF

dmad  Jonsed  Ema/MT' FWHMY/ L AsY @
Dye nm  nm em ™! nm nm cm™' % ns
1 663 693 5.61 x 10* 40 682 420 46  7.82
2 699 735 6.03 x 10* 46 721 436 21 4.12
3 669 706 4.82 x 10* 61 696 580 34 6.33
4 709 753 4.10 x 10 70 741 609 10 2.27
5 589 628 7.25 x 10* 56 626 1003 91 5.78%

“ Molar extinction coefficient. ? Full-width at half maximum. ¢ A =
610 nm for 1-4. Je, = 546 nm for 5. ¢ As = 1/2p5 — 1/Aem. ¢ Fluorescence
quantum yield.fSinglet state lifetime. /o = 630 nm. & Ao, = 590 nm.

indicating that these dyes undergo typical m-m* transition, as
inferred from the small Stokes shift.

Electrochemistry

To better understand the photophysical character, the electro-
chemical properties of the dyes were investigated using cyclic
voltammetry (CV), as shown in Fig. 5. The formal potential of

Fc/Fct
Fc/Fc* (El p

tion and reduction waves were observed for the N,O,-dyes (1-4)
enabling us to determine the half-wave potentials ((Eo"?) and
(Erea'™®)) as summarized in Table 2. On another front, control 5

) was 0.197 V versus Ag/Ag’. Reversible oxida-

1
2
_~°
4

0

=
e

Current

[

-1.00 -0.50 0.00 0.50 1.00

Potential / V vs Fc/Fc+

Fig. 5 Cyclic voltammograms of dyes (1 mM) in THF containing 0.1 M

TBAPF. Ferrocene was used as external standard. The scan rate is 0.05V sh

-2.00 -1.50
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exhibited an irreversible reduction wave, from which the
corresponding onset potentials were determined. The electrical
gap of the dyes was inconsistent with the absorption bands
observed in Fig. 4a, possibly due to some involvement of
transitions other than the HOMO — LUMO transition in the
absorption band. The HOMO and LUMO energy levels were
estimated on the basis of those potential values (Table 2). When
compared to BF, dye 5, intramolecular B,O cyclization made the
HOMO more negative than the LUMO, resulting in a narrower
band gap and consequent red-shift in the absorption and
fluorescence bands. It was also found that thiophene-
insertion in the chromophore had a stronger impact on the
HOMO level than on the LUMO. Notably, the HOMO level of
3-thiophene analogue 2 was higher-lying than that of 5-thiophene
stereoisomer 3. Moreover, the HOMO level became more destabi-
lized as the number of thiophene units in the chromophore
increased. In this way, the HOMO levels were energetically higher
in the following order: 4 > 2 > 3 > 1, resulting in a smaller
HOMO-LUMO bandgap. The trend observed here was rationalized
by theoretical calculation (vide infia).

Theoretical analysis

Time-dependent density functional theory (TD-DFT) and DFT
analyses at the CAM-B3LYP/6-31G(d,p) level were conducted
using Gaussian 16 software®® to understand the photophysical
properties of the dyes. Tables S1-S5 (ESIf) summarize selected
transitions from the theoretical data for the N,O,-type dyes (1-4)
and 5. Based on the oscillator strength (f), the major absorption
bands were from S, — S; transitions, corresponding to the
HOMO — LUMO transition. Initially, the HOMO/LUMO energy

Table 2 Electrochemical properties of dyes 1-5 in THF

Dye Ered?IV Eo IV Erumo™/eV Enomo’leV
1 ~1.40 0.446 —3.40 —5.25
2 ~1.45 0.260 —3.35 —5.06
3 —~1.44 0.341 ~3.36 ~5.14
4 ~1.50 0.174 ~3.30 —4.97
5 ~1.33¢ 0.629 —3.47 —5.43

* Erumo (€V) = —(4.8 + Ereq™* [V v5. Fe/Fc']). © Eromo (€V) = —(4.8 + Eox?
[V vs. Fe/Fe']). © The value was calculated from each onset potential due
to the irreversibility of the peaks in the voltammogram.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDD plots of HOMO — LUMO transition for the dyes. Turquoise and grey colors indicate electron density accumulation and depletion,

respectively.

gap of dye 1 was smaller than that of 5 by 0.20 eV. This
observation supports the deduction that intramolecular B,O-
chelation causes a red-shift in the absorption band. The
electron-density distributions of the HOMO and LUMO levels
are also presented in Tables S1-S5 (ESIT), which indicate that the
n-1* transitions are primarily derived from both orbitals spread
over the BODIPY backbone involving substituents at the 3 and/or
5 positions, as supported by the small Stokes shifts of the dyes (vide
supra; Table 1). However, comparison of the surface plot of the
HOMO with that of the LUMO suggests a decrease in the electron-
density distributions of the 3-benzo(thieno)[1,3,2]oxazaborinine
unit based on the energy of the HOMO — LUMO transition. In
order to visualize the electron-density redistribution during the
HOMO — LUMO transition, electron density difference plots
(EDD) were employed (Fig. 6),”" indicative of partial charge-transfer
character with a transition from the benzo(thieno)[1,3,2]oxazaborinine
at the 3-position to the BODIPY core. Given the electron-donor
character of thiophene, the electron density depletion of the
3-thiophene ring during the transition is larger than that of the
5-thiophene ring, indicating that introduction of the thiophene
donor at the 3 position in dye 2 is more effective than that at the
5 position in 3. Accordingly, 3-thiophene dye 2 has a higher-lying
HOMO than stereoisomer 3, which is consistent with the CV
data. Such insight strongly supports the red-shift in the absorp-
tion and fluorescence bands of 2 compared to those of 3. Finally,
the 3,5-dithiophene-containing dye 4 had the smallest calculated
energy gap for the S, — S; transition, which reproduces
the experimental result. Taken together, incorporation of
thieno[1,3,2]oxazaborinine into the dye skeleton would not only

(a)
2
(7]
<
2 - W
£
2
N —UVlvis
g ——Fraction A
§ -Fraction B
300 400 500 600 700

Wavelength / nm

Fig. 7
P-2 (blue line) and M-2 (orange line). [2] = 10 uM.

© 2021 The Author(s). Published by the Royal Society of Chemistry

contribute to expansion of the n-r* transition of the chromo-
phore, but also tune the HOMO energy level. The broad absorp-
tion band ranging from 300 to 450 nm may include plural
transitions of HOMO—1 — LUMO, HOMO — LUMO+1, and
HOMO — LUMO+2.

Optical resolution

Another interesting feature of the N,0,-boron-chelated BODI-
PYs is the helicity with respect to the central boron atom (vide
supra; Fig. 2).%° Optical resolution of dye 2 was conducted by
preparative chiral HPLC (Daicel CHIRALPACK-IE) to success-
fully obtain the corresponding enantiomers (Fraction A and B;
Fig. S11, ESIt). The normalized ECD spectra of each fraction, as
well as the UV/vis absorption spectra in THF, are shown in
Fig. 7. For Fraction A, a positive significant CD signal was
observed in the far-red region with A, of 699 nm, assignable
to the S, — S; transition, whereas a relatively low-intensity
negative CD signal was detectable in the shorter wavelength
region (300-480 nm). In contrast, a mirror image CD spectrum
was observed for Fraction B, indicating an enantiomeric coun-
terpart of Fraction A. In order to determine the absolute
configuration of each fraction, the CD spectrum of the
P-isomer of 2 was calculated and compared with the experi-
mental CD spectrum (Fig. S11, ESIf). Thus, Fraction A was
assigned as the P-isomer. Accordingly, Fraction B is likely to be
the M-isomer. Taken together, the CD intensity was derived
from the BODIPY chromophore with a helical conformation of
the peripherical boron center. The anisotropic factor g was
determined to be 2.26 x 10 ° and 2.24 x 10~ * for the P-isomer

800

(a) CD spectra and UV/vis spectrum (red) in THF. Blue and ocher lines indicate Fraction A and Fraction B, respectively. (b) Proposed structures of
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and M-isomer, respectively. Chiral BODIPYs with a significant
absorption band in the far-red region deserve further investigation
in terms of chiroptical applications.”

Fabrication of photodetector

To determine if asymmetrical BODIPYs could serve as NIR
photodetector materials, the 3-thiophene-5-benzene-containing
dye 2 was selected as a plausible sensitizer for targeted device
application. This is because 2 absorbs more strongly far-red and
near infrared light, as shown in Fig. 4a (Apax = 699 NM, gnax =
6.03 x 10* M~ ' em ™). Prior to device fabrication, the thermal
properties of 2 were investigated by differential scanning calori-
metry (DSC) and thermal gravimetric analysis (TGA) (Fig. S12,
ESIt); the observed melting point of 2 was 286 °C. Based on the
thermal analysis, resistance-heating type vacuum deposition was
employed to prepare a dye film on a quartz plate. The absorption
spectrum of the film was measured, which showed a near-
infrared absorption band at 735 nm and a Agnge value of
787 nm (Fig. 8a). Compared to that in THF, a bathochromic
shift of 36 nm was detected. An amorphous film was successfully
formed on an ITO glass substrate in a similar method, and a flat
film with a root mean square (RMS) thickness of 0.54 nm was
obtained, as inferred from the atomic force microscopy (AFM)
image of the 1 x 1 um area (Fig. 8b). The ionization energy of
5.30 eV for the film was determined by photoelectron

D
L}

1.00E-04
1.00E-05 |
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(b)

9957047

(a) Absorption spectrum of film 2 on glass plate. (b) AFM image of film 2.

spectroscopy’® under ambient conditions (Fig. S13, ESI), where
the energy was transferred to the HOMO energy level as —5.30 eV.
The value is lower than that of the ITO electrode (—5.0 eV). On
another front, the LUMO energy level determined from the Aonset
value of the film was —3.72 eV, which is higher than the work
function of Al (—4.3 eV). Taken together, photo-generated electron
and hole injection would be energetically favorable enough to
provide photodetector functionality. The current-voltage (J-V)
measurements for the dye-loaded device under photoirradiation
at 750 nm (128 uW cm™?) are shown in Fig. 9a. The 2-loaded
device produced a photocurrent of 8.42 x 1077 A cm™” at a bias
potential of 1 V. Compared to the dark current, the on/off current
ratio at the same bias potential was determined to be 1.42 x 10%
In this way, an increase in the forward injection of current under
NIR irradiation was clearly detected. Fig. 9b shows the wavelength-
dependent photocurrent densities of the 2-loaded device (ITO/
2/Al); the spectral profile (with a maximum photocurrent at
735 nm) was almost the same as the absorption band of 2 in the
film. Thus, near-infrared photons absorbed by 2 were converted
to a photocurrent in the single-component device. Fig. 10
presents the light-associated cycle for photocurrent production
and non-production, where the device showed a quick response
to irradiation at 750 nm (128 uW cm ™ ?). On the other hand, the
photocurrent quickly fell to zero when the 750 nm irradiation
was discontinued. This result demonstrates the potential of

—_
T
-
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Fig. 9 (a) J-V curves of 2-loaded device (ITO/2/Al), measured in the dark and under illumination at 750 nm (128 pW cm2). (b) Wavelength-dependent
photocurrent densities of 2-loaded device (ITO/2/Al) at 1 V applied potential.
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Fig. 10 Photocurrent—time trace for ITO/2/Al without and with light
irradiation at 750 nm (128 uW cm™2) for ITO/2/Al at 750 nm.

asymmetric benzo(thieno)[1,3,2]oxazaborinine-containing BOD-
IPY in opto-electric applications such as NIR photodetectors.
With this in mind, the specific detectivity (D*)”" was determined
using the equation below:

D* = R/(2qJq)"* = Uph/Llight)/(Zq]d)llz

where R (A W) is the responsivity, which is defined as the
ratio of photocurrent (Jpn) to incident-light intensity (Lign),
and ¢ and J4 the absolute value of electron charge (1.6 x 10~ *°
Coulomb) and dark current, respectively. Given that J,, and J4
were measured to be 2.89 x 10> Acm > and 4.31 x 10" "' Acm ™2
at 0.1 V bias potential, respectively. As a result, ITO/2/Al device
showed a photodetectivity of 6.08 x 10'" Jones at 750 nm.

Conclusion

In summary, this work for the first time presents the synthesis
and characterization of a new family of B-O constrained asym-
metric BODIPYs. The structural feature was elucidated by X-ray
crystallography and NICS(0) calculation, indicating that the iso-
indole ring may possess azafulvene character. It was found that
the structural rigidity imparted upon coordination to boron
caused a significant red-shift in the absorbance and fluorescence
properties. Based on theoretical calculations, the longest absorp-
tion band of the dyes is derived primarily from the n-n* transition
within the BODIPY core, which is significantly influenced by
thiophene insertion, accompanied by destabilization of the
HOMO energy level. As a result, 3-benzo-5-thiophene-containing
analogue 2 absorbed far-red and NIR light at 4, = 699 nm in
THF. The electrochemical measurement and theoretical approach
indicate that incorporation of thieno[1,3,2]oxazaborinine into the
dye skeleton would not only contribute to the expansion of the
n-n* transition of the chromophore, but also tune the HOMO
energy level. In the latter case, the EDD plot suggests that the
chromophore may possess partial charge-transfer character, with
a transition from the constrained thiophene ring at the 3 position
to the BODIPY core, which is ascribable to an increase in the
HOMO level. This deduction is supported by the fact that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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absorption band of 3-thiophene 2 is red-shifted relative to that of
5-thiophene 3. Further, as the number of thiophene units
increased, the absorption band was more strongly red-shifted to
the NIR region for 3,5-dithiophene 4 (Anax = 709 nM, Agnget =
753 nm). Another interesting feature is that N,O,-type BODIPYs
possess helicity with respect to the central boron atom. Optical
resolution of 2 was conducted by preparative chiral HPLC to give
both P and M-enantiomers, with an intense absorption band in
the farred region. Our ongoing program exploring NIR photo-
detectors in optoelectronics motivated us to fabricate a single-
component device (ITO/2/Al). When illuminated by 750 nm NIR
light (128 uW cm™?) the device produced a photocurrent of 8.42 x
1077 A cm™? at a bias potential of 1 V. Compared to the dark
current, the on/off current ratio at the same bias potential was
determined to be 1.42 x 10> The increase in the forward injection
of current under NIR irradiation was ascribed to direct dissocia-
tion of the photoexcited electron-hole pairs. The results suggest
that a sophisticated combination of dye 2 with an n-type acceptor
would allow for NIR photodiodes with a p-n interface® and
deserve further investigation.
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