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ARTICLE INFO ABSTRACT

Keywords: Two novel heteroleptic cyclometalated iridium(III) complexes, namely (C"N)Ir(BL) (Irl and Ir2) (C'N = 2-(2,4-
Iridium difluorophenyl)pyridine (dfphpy, for Ir1l) and 2-phenylpyridine (phpy, for Ir2)), chelated by the triarylboryl
Turn-on

dipyrromethene ancillary ligand (BL) were synthesized and characterized. The molecular structures of both
complexes in the solid state were fully analyzed by single-crystal X-ray diffraction, and were found to be
composed of Ir(III)-centered triarylborane conjugated systems. The UV-vis absorption spectra of both complexes
displayed the typical '"MLCT (metal-to-ligand charge transfer) absorption bands centered at Aups = 483 nm, in
addition to borane-centered CT absorption bands at ~326 nm. The photoluminescence (PL) spectra for these
complexes demonstrated phosphorescent emission in the near infrared region (Ae;m;, = ~690 nm), which was
mainly attributed to the SMLCT transition (L = BL). In addition, fluoride titration experiments using these
complexes showed gradually quenched absorption bands in the region of 300-350 nm, corresponding to borane-
centered CT transitions. Furthermore, 'H NMR experiments in THF-dg for both complexes in the presence of
fluoride sources revealed that the fluoride was bound to the dimesitylboryl moieties. Interestingly, upon the
addition of fluoride, the PL spectra exhibited a ratiometrically ‘turn-on’ and gradually blue-shifted emissive
response. Computational calculations and cyclic voltammetry measurements using the neutral Ir(III)-conjugates
and their fluoride adducts strongly suggested that the intriguing emissive response is the result of fluoride
binding interrupting the original >MLCT transition, reinforcing the dipyrromethene-centered n—n* transition, and
further inducing the enhancement of the band-gap.

Near infrared
Dipyrromethene
Triarylborane

1. Introduction

Over the past few decades, iridium(III)-based organometallic com-
plexes possessing luminescent characteristics have been extensively
investigated as outstanding functional materials in optoelectronic de-
vices, such as photovoltaic cells and organic light-emitting diodes
(OLEDs) [1-23], since the heavy atom effect of iridium results in stable
intersystem crossing (ISC) and triplet exited states, thereby leading to
highly efficient phosphorescence. In particular, the rigid coordination
environments of such complexes, which are caused by the Ir-centered
octahedral conformation, contribute to their superior properties, such
as a high quantum efficiency, a good color purity, and high thermal and
electrochemical stabilities [1,2,4-6,8,14,21]. In addition, the intriguing
photophysical properties of these Ir(Ill)-chelating complexes can be
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finely tuned by systematic formation of the ligand frameworks due to the
electronic characteristics for these complexes, which correspond to the
emissive lowest-lying triplet excited states, such as metal-to-ligand
charge transfer (3MLCT), ligand-centered transitions (Crn* or 3LC),
and ligand-to-ligand charge transfer (LL’CT). Such ligand-based elec-
tronic transitions are readily influenced by the structural geometries of
the chelated ligands and the electronic effects of the functional groups
present in the ligands [2,7,14,24—43]. Indeed, the fundamental features
of Ir(IlI)-based phosphors suggest that the observed luminescent prop-
erties may be significantly affected by binding external substituents to
the ligands, and so such systems could be utilized as luminescent mo-
lecular scaffolds for chemosensors that exhibit photophysical changes in
the presence of certain target compounds. Indeed, various cyclo-
metalated Ir(IlI) complexes conjugated with triarylborane derivatives,
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which have attracted great attention as receptors for toxic anions such as
fluoride and cyanide due to their high Lewis acidities, have recently
been reported [44-56]. These conjugated systems clearly exhibit a
dramatic phosphorescent response based on the intramolecular elec-
tronic transitions controlled by the binding of an anion to the boron
center of triarylboranes under ambient conditions, thereby enabling
facile detection of the anion. For example, fluoride binding to the
dimesitylboryl (Mes,B) moiety attached on a C"N (donor atoms: carbon
and nitrogen) cyclometalating-ligand exhibited high signal-to noise ra-
tios and electrochemical stabilities® and also, a fluoride probe based on
the (C'N)qIr moiety exhibited a strong color-changing emission upon
conversion the N°N ancillary ligand after fluoride binding [46,47]. In
addition, heteroleptic Ir(IIl) complexes possessing an LX-type ancillary
ligand conjugated with a triarylborane moiety exhibited ‘turn-on’
phosphorescent signals, since anion binding prevented the photoin-
duced electron transfer (PET) process [50,54].

Although these Ir(IlI)-triarylborane conjugated systems have shown
intriguing responses toward fluoride, they were mainly composed of
common chelating systems, such as 2-phenylpyridyl [44-49,51-53,55,
571, acetylacetonate [50,58], and picolinate [54] triarylborane ligands,
and so alteration of their photophysical properties was only possible in
the visible energy region centered at ~500-600 nm.

As part of the continuous effort to explore a novel class of Ir(IIl)-
based triarylborane conjugates showing a remarkable luminescent
response upon the detection of anions, and to further extend their energy
ranges to the near infrared (IR) region, we herein focus on a new mo-
lecular design for the LX-type chelating system bearing triarylborane
units. Thus, the dipyrromethene moiety was utilized as a rigid 6-
membered N°N chelating backbone for the ancillary ligand linked to
the triarylboranes. We therefore report the design and preparation of the
triarylborane-based dipyrromethene chelating ligand ((Z)-2-((4-(dime-
sitylboranyl)phenyl)(2H-pyrrol-2-ylidene)methyl)-1H-pyrrole, BL) and
two novel heteroleptic (C"N)Ir(BL) complexes bearing different C'N
ligands, i.e., C'N = 2-(4,6-difluorophenyl)pyridinato-C2 N (dfphpy, Ir1)
and 2-phenylpyridinato-C%N (phpy, Ir2). Although the structure and
simple photophysical characters for Ir2 had been already reported [59],
further detailed considerations for the variation of each photophysical
feature caused by fluoride binding are demonstrated herein. In partic-
ular, it is expected that the electron-abundant character of the dipyr-
romethene moiety could lead to a shift in the entire emission for the Ir
(I1) complexes toward the near IR region. Thus, the synthesis, charac-
terization, structural features, photophysical properties, and fluoride
binding properties of Irl and Ir2, along with theoretical calculation
results, are herein presented in detail.

2. Experimental section
2.1. General considerations

All operations were performed under an inert nitrogen atmosphere
using standard Schlenk and glove box techniques. Anhydrous solvents
(tetrahydrofuran (THF) and 2-ethoxyethanol; Aldrich) were dried by
passage through an activated alumina column and stored over activated
molecular sieves (5 108). Spectrophotometric-grade solvents (THF, ethyl
acetate, dichloromethane (DCM), diethyl ether, dimethyl sulfoxide
(DMSO), toluene, and n-hexane) were used as received from Alfa Aesar.
Commercial reagents were used without any further purification after
purchase from Aldrich (1-bromo-4- (diethoxymethyl)benzene, dimesi-
tylboron fluoride (FB(Mes)2), trifluoroacetic acid, 1H-pyrrole and n-
butyllithium (n-BulLi)), TCI (tetrachloro-1,4-benzoquinone (p-chloranil),
sodium carbonate, iridium(III) chloride hydrate (IrCls-H20), 2-phenyl-
pyridine (phpy ligand), 2-(2,4-difluorophenyl)pyridine (dfphpy
ligand), magnesium sulfate (MgSO4), in addition to tetrabutylammo-
nium anion salts (fluoride (TBAF, F), chloride (Cl™), bromide (Br),
iodide (I"), borohydride (BHj), tetrafluoroborate (BF;), hexa-
fluorophosphate (PFg), nitrate (NOg3), trifluoromethanesulfonate
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(CF3S03), acetate (CH3COO™), hydrogen sulfate (HSOg), perchlorate
(ClOy4), phosphate monobasic (H2POy4), and cyanide (CN)). CDCl3 and
THF-dg from Cambridge Isotope Laboratories were used after drying
over activated molecular sieves (5 10\). NMR spectra were recorded on a
Bruker Avance 400 spectrometer (400.13 MHz for lH, 100.62 MHz for
13¢ and 376.50 MHz for 19F) at 25 °C using tetramethylsilane (for Hand
13¢) and trichlorofluoromethane (for '°F) as internal standards (5 = 0
ppm). The chemical shifts are given in ppm. Elemental analyses were
performed on an EA3000 (Eurovector) in the Central Laboratory of
Kangwon National University. UV/vis absorption and PL spectra were
recorded on a Varian Cary 100 spectrophotometer and a HORIBA
FluoroMax-4P spectrophotometer, respectively. Phosphorescent decay
lifetimes were measured using a time-correlated single-photon counting
(TCSPC) spectrometer (FLS920, EDINBURGH Instruments) equipped
with a EPL-375ps pulsed semiconductor diode laser as an excitation
source and a microchannel plate photomultiplier tube (MCP-PMT,
200-850 nm) as a detector at 298 K. Dimeric Ir(Il[) precursors,
[(dfphpy)alr(p-Cl)]2 and [(phpy)alr(p-Cl)]; were prepared according to
literature procedures [60].

2.2. Synthesis of 4-(dimesitylboranyl)benzaldehyde, B2

A solution of 1-bromo-4-(diethoxymethyl)benzene (1.02 mL, 5.0
mmol) in THF (20 mL) was slowly treated with n-BuLi (1.6 M in n-
hexane, 4.1 mL, 6.5 mmol) at —78 °C. After stirring for 1 h, a solution of
FB(Mes); (1.48 g, 5.5 mmol) in THF (10 mL) was added to the mixture
and allowed to stir for 1 h. After this time, the reaction mixture was
slowly allowed to warm to room temperature and then stirred for a
further 12 h. Trifluoroacetic acid (7.7 mL, 100 mmol) was then added to
the reaction mixture and stirring continued at room temperature for 6 h.
After the subsequent addition of distilled water (30 mL) to the reaction
mixture to quench the reaction, the resulting mixture was extracted with
DCM (2 x 30 mL), and the combined organic layer was dried over
anhydrous MgSQO4. After filtration, the volatiles were removed under
rotary evaporation to afford a yellow residue. The crude product was
purified by column chromatography on silica gel (eluent: diethyl ether/
n-hexane = 1:5, v/v) to afford B2 (0.73 g) as a white solid. Yield = 41%.
'H NMR (CDCl3): 5 10.07 (s, 1H, HCO), 7.84 (d, J = 8.2 Hz, 2H), 7.65 (d,
J = 8.0 Hz, 2H), 6.84 (s, 4H, mesityl-H), 2.32 (s, 6H, mesityl-p-CHzs),
1.98 (s, 12H, mesityl-0-CHz). "*C NMR (CDCl5): 5 192.88 (HCO), 140.98,
139.56, 138.11, 136.09, 129.17, 128.53, 23.58, 21.41. Anal. Calcd for
Co5Ho7BO: C, 84.75; H, 7.68. Found: C, 84.66; H, 7.51.

2.3. Synthesis of 2,2’-((4-(dimesitylboranyl)phenyl)methylene)bis(1H-
pyrrole), B1

A solution of B2 (0.73 g, 2.1 mmol) in distilled 1H-pyrrole (3.6 mL,
52 mmol) was slowly treated with trifluoroacetic acid (0.02 mL, 0.21
mmol). After stirring at room temperature for 1 h, the volatiles were
removed by rotary evaporation to afford a dark brown residue. The
crude product was purified by column chromatography on silica gel
(eluent: diethyl ether/n-hexane = 1:5, v/v) to afford B1 (0.59 g) as a
white solid. Yield = 60%. '"H NMR (CDCl3): 67.70 (s, 2H, NH), 7.48 (d, J
= 8.0 Hz, 2H), 7.15 (d, J = 8.1 Hz, 2H), 6.82 (s, 4H, mesityl-H), 6.56 (dd,
J=38.0,2.1 Hz, 2H), 6.12 (dd, J = 7.9, 1.6 Hz, 2H), 5.84 (s, 2H), 5.38 (s,
1H, (pyrrole)>CH), 2.29 (s, 6H, mesityl-p-CHs), 2.03 (s, 12H, mesityl-o-
CHs). 13C NMR (CDCls): § 146.07, 144.49, 141.79, 140.75, 138.62,
136.80, 132.25, 128.26, 128.08, 117.50, 108.41, 107.53, 44.10 ((pyr-
role)>,CH), 23.53 (mesityl-p-CHgs), 21.28 (mesityl-o-CHs).). Anal. Calcd
for C33H35BN,: C, 84.25; H, 7.50; N, 5.95. Found: C, 84.10; H, 7.49; N,
5.79.

2.4. Synthesis of (Z)-2-((4-(dimesitylboranyl)phenyl) (2H-pyrrol-2-
ylidene)methyl)-1H-pyrrole, BL

To a solution of B1 (0.59 g, 1.25 mmol) in DCM (16 mL) was slowly
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added p-chloranil (0.40 g, 1.63 mmol) at room temperature. After stir-
ring for 1 h, distilled water (20 mL) was poured into the reaction mixture
to quench the reaction. The resulting mixture was extracted with DCM
(2 x 30 mL), and the combined organic layer was dried over MgSO4.
After filtration, the volatiles were removed by rotary evaporation to
afford a dark brown residue. The crude product was purified by column
chromatography on silica gel (eluent: DCM) to afford BL (0.53 g) as a
yellow solid. Yield = 91%. 'HNMR (CDCl3): 6§ 7.76 (s, 2H), 7.59 (d, J =
8.0 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 6.85 (s, 4H, mesityl-H), 6.63 (m,
2H), 6.45 (dd, J = 4.2, 1.5 Hz, 2H), 2.32 (s, 6H, mesityl-p-CH3), 2.05 (s,
12H, mesityl-o-CHs). '3C NMR (CDCls): § 143.96, 140.96, 140.34,
139.22,135.23,131.11, 130.66, 128.48, 117.68, 23.63 (mesityl-p-CHs),
21.40 (mesityl-o-CHgs). Anal. Caled for C33H33BNy: C, 84.61; H, 7.10; N,
5.98. Found: C, 84.45; H, 7.00; N, 5.78.

2.5. General synthesis of iridium(III) complexes (Ir1 and Ir2)

To a mixture of BL, the desired dimeric Ir(IlI) precursor, and sodium
carbonate was added 2-ethoxyethanol (10 mL) and the resulting mixture
allowed to stir at 130 °C for 20 h. After cooling to 25 °C, distilled water
(10 mL) was slowly poured into the reaction mixture to quench the re-
action. The resulting mixture was extracted with DCM (2 x 20 mL), and
the combined organic layer was dried over anhydrous MgSO4. The
volatiles were then removed by rotary evaporation to afford a dark
brown residue. The crude product was purified by column chromatog-
raphy on silica gel (eluent: ethyl acetate/n-hexane = 1:20, v/v) to afford
the desired Ir complexes.

2.6. Data for Ir1

BL (0.10 g, 0.21 mmol), [(dfphpy)2Ir(p-CD], (0.12 g, 0.10 mmol),
and sodium carbonate (0.14 g, 1.3 mmol) in 2-ethoxyethanol afforded
Irl as an orange solid (91 mg). Yield = 92%. I NMR (CDCl3): 6 8.24 (d,
J = 8.4 Hz, 2H), 7.81 (d, J = 5.6 Hz, 2H), 7.67 (t, J = 7.7 Hz, 2H), 7.56
(d, J = 7.8 Hz, 2H), 7.42 (d, J = 7.8 Hz, 2H), 6.95 (t, J = 6.6 Hz, 2H),
6.85 (s, 4H, mesityl-H), 6.80 (s, 2H), 6.52 (d, J = 4.2 Hz, 2H), 6.44 (t, J
= 12.0 Hz, 2H), 6.28 (d, J = 4.2 Hz, 2H), 5.79 (dd, J = 8.5, 2.2 Hz, 2H),
2.33 (s, 6H, mesityl-p-CHg), 2.06 (s, 12H, mesityl-o-CHs3). 13C NMR
(CDCl3): 6 165.28, 160.67, 152.10, 149.57, 148.49, 142.53, 141.65,
140.86, 138.89, 137.12, 134.73, 133.73, 131.49, 130.14, 128.28,
122.95, 122.75, 122.13, 117.43, 114.03, 113.85, 97.35, 91.41, 23.48
(mesityl-p-CHs), 21.26 (mesityl-o-CHs). 1°F NMR (THF-dg): 5 —108.55,
110.71. Anal. Caled for CssH44BF4IrN4: C, 63.52; H, 4.26; N, 5.39.
Found: C, 63.44; H, 4.15; N, 5.20.

2.7. Data for Ir2

BL (0.06 g, 0.13 mmol), [(phpy)2Ir(p-C)]5 (0.06 g, 0.06 mmol), and
sodium carbonate (0.12 g, 1.1 mmol) in 2-ethoxyethanol afforded Ir2 as
a deep red solid (90 mg). Yield = 73%. 1 NMR (CDCl3): 67.83 (dd, J =
20,0, 8.4 Hz, 4H), 7.60 (m, 4H), 7.54 (d, J = 7.9 Hz, 2H), 7.42 (d,J = 7.9
Hz, 2H), 6.92 (m, 4H), 6.84 (s, 4H, mesityl-H), 6.81 (d, J = 8.1 Hz, 4H),
6.48 (d, J = 4.2 Hz, 2H), 6.38 (d, J = 4.2, 2H), 6.23 (d, J = 4.2 Hz, 2H),
2.32 (s, 6H, mesityl-p-CHg), 2.05 (s, 12H, mesityl-o-CHs3). 13C NMR
(CDCl3): 6 168.94, 156.63, 152.53, 149.71, 148.40, 144.68, 143.20,
141.01, 138.95, 136.15, 134.84, 134.08, 132.34, 131.11, 130.35,
129.69, 128.39, 123.97, 122.00, 120.88, 118.71, 117.23, 23.61 (mesi-
tyl-o-CH3z), 21.40 (mesityl-o-CH3). Anal. Calcd for CssHggBIrN4: C,
68.24; H, 5.00; N, 5.79. Found: C, 68.01; H, 4.89; N, 5.54.

2.8. X-ray crystallography

Single crystals of Irl and Ir2 suitable for X-ray diffraction were
grown from DCM and n-hexane mixtures. Single crystals of Irl and Ir2
were coated with Paratone oil and mounted onto a glass capillary. The
crystallographic measurement for Irl was performed on a Bruker
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SMART Apex II CCD area detector diffractometer with graphite-
monochromated Mo-Ka radiation (A = 0.71073 f\) and synchrotron ra-
diation measurements for Ir2 were performed at the Pohang Accelerator
Laboratory (PAL). All structures were solved by direct methods and all
non-hydrogen atoms were subjected to anisotropic refinement by a full-
matrix least-squares method on F? using the SHELXTL/PC package,
which gave the X-ray crystallographic data of Ir1l and Ir2 in CIF format
(CCDC 1994590 and 1994589). Hydrogen atoms were placed at their
geometrically calculated positions and refined riding on the corre-
sponding carbon atoms with isotropic thermal parameters. The detailed
crystallographic data are given in Tables S1 and S2 in Supplementary
data.

2.9. Photophysical Measurements

The UV-vis absorption spectra were obtained in degassed THF (3.0
x 107> M) under an inert atmosphere on a Varian Cary 100 spectro-
photometer. Photoluminescence (PL) spectra were obtained in degassed
toluene and THF (3.0 x 10> M) under an inert atmosphere using a
HORIBA FluoroMax-4P spectrophotometer. The absolute photo-
luminescence (PL) quantum yields of Ir1 and Ir2 in THF solution (3.0 x
1075 M) were obtained using a 3.2 inch integrating sphere (FM-sphere,
HORIBA) equipped on a Fluoromax-4P spectrophotometer (HORIBA) at
298 K. The THF solutions of Ir1 and Ir2 (3.0 mL, 3.0 x 10™> M) were
titrated with incremental amounts of fluoride anions by adding a TBAF
solution (4.4 x 10~ M in THF). The decreasing absorption spectra were
monitored at Ayps = 328 nm for Irl and 325 nm for Ir2. The obtained
titration results were a good fit to a 1:1 binding isotherm. The limits of
detection (Crop) of Irl and Ir2 for the fluoride anions were estimated
using the following equation: Crop = 3SD/b, where SD is the residual
standard deviation of the linear regression (UV/Vis absorption intensity
vs. fluoride anion concentration) and b is the slope of the regression line.
The absolute PL quantum yields of Irl and Ir2 in THF solution (3.0 x
10~° M) after treatment with TBAF were also measured using the 3.2
inch integrating sphere. PL decay lifetimes for Irl and Ir2 in THF so-
lution (3.0 x 107° M) were measured using a time-correlated single-
photon counting spectrometer (FLS920, EDINBURGH Instruments, used
at the Central Laboratory of Kangwon National University) equipped
with an EPL-375ps pulsed semiconductor diode laser as an excitation
source, and a microchannel plate photomultiplier tube (MCP-PMT,
200-850 nm) as a detector at 298 K.

2.10. Cyclic voltammetry (CV) measurements

The CV plots for Ir1l and Ir2 in DMSO (0.5 mM) were obtained using
an AUTOLAB/PGSTAT12 system with a three-electrode cell configura-
tion (Pt working and, counter electrodes, and a Ag/AgNO3 (0.1 M in
acetonitrile) reference electrode) at room temperature. BusN-PFg in
DMSO (0.1 M) was used as a supporting electrolyte. The oxidative and
reductive potentials were observed at a scan rate of 100 mV s~! and
measured with reference to the ferrocene/ferrocenium (Fc/Fc ') redox
couple. To compare the potentials of the Ir complexes before and after
binding with fluoride anions, the fluoride adducts of the Ir complexes in
DMSO (0.5 mM) were prepared via a simple synthetic route. More
specifically, TBAF solution (1.2 mM in THF, 5 mL) was added to each Ir
complex (1.0 mM in THF, 5 mL), and the volatiles were removed by
rotary evaporation to afford a brown residue. Subsequently, DMSO (10
mL) was added to the residue, giving the desired fluoride adducts of the
Ir complexes in DMSO (0.5 mM) for CV measurements.

2.11. Theoretical calculations

The geometries of the ground (Sp) and lowest-lying triplet excited
(T,) states of Irl and the T, state of [Ir1-F]™ (fluoride adduct for Ir1)
were obtained using density functional theory (DFT) calculations with
the B3LYP functional. All calculations assumed a THF solution. Solvent
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effects were evaluated using the conductor-like polarizable continuum
model [61,62]. LANL2DZ basis sets [63] were used for the iridium atom,
and 6-31G(d) basis sets [64] were used for all other atoms. TD-DFT [65]
measurements based on the hybrid B3LYP functional (TD-B3LYP) were
utilized for calculation of the electronic transition energies, which also
accounted for electron correlation. All calculations were performed
using the GAUSSIAN 09 program [66]. The percentage contribution of a
group in a molecule to each molecular orbital was calculated using the
GaussSum 3.0 program [67]. Visualizations were carried out using
GaussView 6 [68].

3. Results and discussion
3.1. Synthesis and characterization

The synthetic routes to the dipyrromethene chelating based triar-
ylboryl-iridium(III) conjugates (Irl and Ir2) are outlined in Scheme 1.
More specifically, the lithiation reaction of 1-bromo-4-(diethoxymethyl)
benzene with dimesitylboron fluoride and treatment with trifluoroacetic
acid in situ produced B2 in a moderate yield (41%). Precursor B1 was
readily prepared in a high yield (60%) by the simple dehydration of B2
with 2 equivalents of 1H-pyrrole. Dipyrromethene-based bidentate
ligand appending triarylborane (BL) was obtained by an aromatization
reaction via dihydrogen elimination with p-chloranil. Finally, the sub-
sequent reactions of the 2-(2,4-difluorophenyl)pyridine (dfphpy)- and 2-
phenylpyridine (phpy)-containing chloride-bridged iridium(III) dimer,
i.e., [(dfphpy)aIr(p-CD1o, and [(phpy)aIr(p-Cl)1o, with the BL ligand in
the presence of a weak base (NapoCOs3) in 2-ethoxyethanol afforded the
desired Ir-complexes, Irl (based on dfphpy) and Ir2 (based on phpy), in
high yields (i.e., 92% for Irl and 73% for Ir2). Both Irl and Ir2 were
highly air- and moisture-stable and showed good solubility in common
organic solvents.

All compounds were fully characterized by multinuclear NMR
spectroscopy (Fig. S1-S6 in Supplementary data) and elemental ana-
lyses. In particular, the 'H and 13C NMR spectra of Ir1 and Ir2 revealed
the predicted resonances and integrals corresponding to the dimesityl
groups of the triarylborane moieties. Furthermore, two characteristic
signals assignable to phenyl-F groups were clearly detected at
approximately —110 ppm in the 19F NMR spectrum of Irl (Fig. S5 in
Supplementary data). The solid-state molecular structures of Ir1 and Ir2
were then determined by single-crystal X-ray diffraction measurements,
as shown in the insets of Scheme 1, and the corresponding structural
parameters are listed in Table S1 of Supplementary data. Both crystal
structures exhibited reasonable bond lengths and angles (Table S2 in
Supplementary data) and showed the bidentate chelation behavior of
the BL ligands. Investigations into their structural features showed that
the Ir(Ill) centers are present in a distorted octahedral environment,
with each C atom (i.e., C1 and C12, see insets, in Scheme 1) of the

Mes =%

EtO i iy Q
EtO

B2, 41%

=F, dfppylr dimer R=
=H, ppylr dimer R=

F, Ir1, 92%
H, Ir2, 73%
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dfphpy (for Ir1) and phpy (for Ir2) ligands and the two N atoms (N3 and
N4) of the pyrrole moieties of BL ligands in the equatorial position. As a
result, the N atoms (N1 and N2) of the 2-phenylpyridine ligands adopt
the axial position. Furthermore, the boron atoms in the Ir(III) complexes
were observed to adopt a perfectly trigonal planar geometry, as evi-
denced by the sum of the three C-B-C angles (i.e., £¢_g—c = 360°, Irl:
118.4°, 116.0°, and 125.7°, and Ir2: 120.9°, 121.2°, and 117.9°,
Table S2 in Supplementary data). Importantly, X-ray analysis revealed
that the phenyl ring bridging the dimesitylboryl and dipyrromethene
moieties in the Ir(III) complexes is significantly distorted with respect to
the dipyrromethene plane, with torsional angles of 73.8° (in Irl) and
69.6° (in Ir2) being determined. Although the features of the solid state
structure of each complex suggest that electron delocalization between
the bridging phenyl group and the dipyrromethene moieties is unfa-
vorable, both moieties are electronically connected through the free
rotation of the bridging phenyl group in solution, which is clearly sup-
ported by intramolecular charge-transfer (ICT) transition bands between
the triarylboryl units and dipyrromethene or Ir(III) metal moieties (see
photophysical properties and theoretical calculation results below).

3.2. UV-vis absorption and emission properties

To investigate the photophysical properties of both Ir complexes,
UV-Vis absorption and photoluminescence (PL) measurements were
performed in degassed THF at 298 K (blue solid lines in Fig. 2 (left) and
Table 1). As shown in the figure, in THF, both complexes exhibited
distinct low-energy absorption bands centered at Ayps = 483 nm, which
tailed off to 600 nm. These were attributed to "MLCT (metal to ligand
charge transfer) transitions (¢ ~ 31000 M~ ! em™! for Irl and 36000
M ! em™! for Ir2) (see the theoretical calculation results below). The
spectra also showed shoulder absorption traces ~326 nm, which
correspond to the m(Mes)-p,(B) charge transfer (CT) transition in the
borane moiety (as is typically observed for other triaylborane groups).
The fact that both complexes exhibited significantly similar absorption
features indicates that the origin of the electronical transitions is the
same in both the cases.

The emissive characteristics of the complexes were then examined
using PL measurements (blue solid lines in Fig. 2 (right) and Table 1). In
degassed THF, the PL spectra of both complexes recorded at 298 K
exhibited an intense emission in the near infrared (IR) energy region, i.
e., at hem = 687 nm for Irl and 696 nm for Ir2, (excitation points, Aex =
465 nm for Irl and 467 nm for Ir2, Fig. S7 in Supplementary data). The
emission decay lifetimes (tops) of Irl and Ir2 were measured as 0.22 and
0.12 ps, respectively, indicating that the emissions are apparently
phosphorescence (Table 1 and Fig. S8 in Supplementary data). In
addition, the fact that such emissions were not significantly blue-shifted
in a non-protic solvent (i.e., toluene, Ao, = 686 nm for Irl and 694 nm
for Ir2, Fig. S9 in Supplementary data) tentatively implies that the

Scheme 1. Synthetic routes toward dipyrromethene-based bidentate ligand (BL) and the Ir(III) complexes, Irl and Ir2. Reaction conditions: (i) n-BuLi, FB(Mes),,
THF, —78 °C, 12 h. (ii) CF3COOH, THF, 25 °C, 6 h (iii) 1H-pyrrole, CF3COOH, THF, 25 °C, 1 h. (iv) Tetrachloro-1,4-benzoquinone (p-chloranil), DCM, 25 °C, 1 h. (v)
B1, Na,CO3, 2-ethoxyetahnol, 130 °C, 20 h. The inset shows the X-ray crystal structures of Ir1l and Ir2 (50% thermal ellipsoids, H atoms in the unit cell are omitted

for clarity).
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Table 1
Photophysical properties of Irl and Ir2.
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Aabs’/nm in THF hex/NM hey”/nm e Tobs'/HS Ke/M™? Crop/M Eox, onset /V Ered, onset /V

(ex10*Mtem™) THF +[F)¢ THF +[F]¢ THF +[F)¢ THF +[F]® THF +[F]®
Irl 483 (3.1), 328 (2.7) 465 687 660 0.012 0.027 022  0.09 71x10* 21x10°  0.62 0.58 -1.28 -1.60
Ir2 483 (3.6), 325 (2.5) 467 696 662 0.020  0.041 012  0.07 7.6 x10*  20x10° 054 0.52 -1.10 ~1.48

2 ¢=3.0 x 10"° M in THF.
be=3.0x10"°M

¢ Absolute PL quantum yield.

4 After addition of TBAF (4.4 x 10~° M) in THF.
¢ Oxidative.

f Reductive onset potential in DMSO (¢ = 5.0 x 1074 M, scan rate = 100 mV s~ 1) with reference to a ferrocene/ferrocenium (Fc/Fc') redox couple.

8 Fluoride adduct of each Ir complex (c = 5.0 x 10~* M in DMSO).

phosphorescence is not only due to typical SMLCT transitions between
the Ir(IIl) center and the ligands, but also could be attributed to a spin-
allowed n—n* transition on the ligand moieties (see the DFT results
below).

3.3. Spectral changes upon fluoride anion binding

The fluoride anion binding properties and affinities of Irl and Ir2
were investigated using both UV-vis absorption and PL titration ex-
periments with THF as the solvent (Fig. 1). Upon the addition of an
increasing concentration of tetrabutylammonium fluoride (TBAF) be-
tween 0 and 4.4 x 107> M (in THF), both Ir1 and Ir2 (3.0 x 107> M in
THF) exhibited gradual quenching phenomena of the absorption band

between 300 and 350 nm, corresponding to the CT transition in the
borane moiety. 'H NMR experiments in THF-dg for Irl (Fig. S10 in
Supplementary data) and Ir2 (Fig. S11) in the presence of excess
amounts of TBAF revealed that the mesitylene-aryl (~6.8 ppm) and
alkyl (~2.3 and 2.0 ppm) peaks had been shifted to the up-field region
(~6.4 ppm for aryl peaks and 2.1-1.9 ppm for alkyl peaks), indicating
that fluoride was bound to the dimesitylboryl moieties. The anionic
character of fluoride also provoked the broadening and up-shift of the
aryl peaks for the bridged phenyl borane moieties from ~7.5 to ~7.0
ppm. The sharp peaks observed at approximately —173 ppm in the '°F
NMR spectra of Irl and Ir2 also verified fluoride binding to the boron
centers (Fig. S12 for Irl and S13 for Ir2). Consequently, these spectral
changes suggest that the binding of a fluoride anion to the boron atom of
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Fig. 2. Oxidative (right) and reductive (left) cyclic voltammetry curves for (a)
Irl (orange line) and (b) Ir2 with each fluoride adduct (blue lines) (0.5 mM in

DMSO, scan rate = 100 mV s 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Irl or Ir2 results in the disruption of the CT transition centered at the
triarylborane moiety.

The linear decrease (see insets, Fig. 1) in the absorption bands of both
complexes is indicative of a 1:1 binding between the triarylborane and
the fluoride anion. The binding constants (Kg) for Irl and Ir2 were
estimated as 7.1 x 10%*and 7.6 x 10* M1, respectively. These values are
four times lower than that of trimesitylborane (Mes3B, 3.3 x 10°M™Y
[69,70], likely due to the sufficient electron density of the dipyrrome-
thene moiety appended to the triarylborane segment. The Cyop values of
Irl and Ir2 for the fluoride anions were calculated to be 2.1 and 2.0 x
1075 M (Table 1) based on the UV/Vis absorption intensity data vs. the
fluoride anion concentration (see the Photophysical Measurements
subsection in the Experimental section). Interestingly, the PL titration
experiments for the Ir complexes in THF solution showed significant
changes in the PL spectra following the addition of fluoride (Fig. 1,
right). Upon the addition of incremental amounts of fluoride, signifi-
cantly enhanced emissions were observed for both complexes, resulting
in absolute quantum yields (®.p) that were >2 times higher compared
to those prior to fluorine binding (1.2% — 2.7% for Irl and 2.0% —
4.1% for Ir2, Table 1). In addition, spontaneous but slight blue-shifts
were also observed (i.e., Aley, = 27 nm for Irl and 34 nm for Ir2,
Table 1) and the emission decay lifetimes (tops) of Irl and Ir2 after the
addition of excess TBAF (4.4 x 107> M in THF) became significantly
shorter (tops = 0.09 ps for Irl + TBAF and 0.07 ps for Ir2 + TBAF,
respectively, Table 1 and Fig. S14 in Supplementary data) than those of
neutral Irl and Ir2, respectively. These findings imply that the intra-
molecular electronic transitions of the complexes were significantly
altered by fluoride binding, and furthermore, such binding appeared to
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evoke extension of the band gaps in the complexes, thereby leading to
blue-shifted emission patterns. Indeed, the cyclic voltammetry (CV) re-
sults obtained for Irl, Ir2, and their fluoride adducts confirmed such
blue-shifted emissive features (Fig. 2 and Table 1). For comparison, the
fluoride adducts of the Ir complexes were prepared via a simple syn-
thetic route using each Ir complex and TBAF (see the CV Measurements
subsection in the Experimental section). Importantly, the reductive
onset potentials (Ered, onset) for the neutral Ir complexes were greatly
shifted by fluoride binding (—1.28 V for Irl — —1.60 V for [Ir1-F],
AEreq = 0.32V; —1.10 V for Ir2 — —1.48 V for [1r2-F], AFred, onset =
0.38 V, Table 1), while the oxidative onset potentials (Eox, onset) Were
relatively similar both before and after fluoride binding (0.62 V for Ir1
— 0.58 V for [Ir1-F]~, AEox, onset = 0.04 V; 0.54 V for Ir2 — 0.52 V for
[Ir2-F]~, AEred, onset = 0.04 V). These findings indicate that fluoride
anion binding to the borane units elevated the LUMO levels, which are
partially localized on the triarylborane moieties, to a greater extent than
the HOMO levels, thereby expanding the band-gap and blue-shifting the
emission patterns. These experimental results correspond well with the
computational calculations outlined below. Moreover, both Ir com-
plexes underwent consistent oxidation and reduction processes during
consecutive cycles, implying a strong electrochemical stability (Fig. S15
in Supplementary data).

The dimesitylboryl moiety is well-known to be selective for cyanide
anions as well as fluoride ions over other anions [71-73]. The UV-vis
absorption and PL spectra of the Irl and Ir2 solutions (3.0 x 10> M) in
THF after the addition of excess cyanide (4.4 x 107° M in THF) were
similar to those observed in the presence of fluoride (Fig. S16 in Sup-
plementary data), indicating that both iridium complexes can also
capture the cyanide anion. The absorption and emission spectra of both
complexes showed little variation upon the addition of a range of anions
(i.e.,, C1I7,Br—, 1", BHg, BF4, PFg, NO3, CF3SO3, CH3COO™, HSO4, ClOg,
and HoPOZz, 4.4 x 107> M in THF, Fig. S16), indicating their good
selectivity toward the fluoride and cyanide anions.

3.4. Computational calculations and molecular orbital analyses

To gain further insight into the origin of the electronic transitions
and the emission behaviors of Irl and Ir2, time-dependent density
functional theory (TD-DFT) calculations on the ground state (Sp) and the
first triplet excited state (T;) were carried out on Ir1 as a representative
complex using the B3LYP functional and the 6-31G(d) basis sets
(Table 2, Fig. 3a, Table S3—S4 and Fig. S17 in Supplementary data). The
molecular geometries used for the calculations were optimized from the
obtained X-ray structures. To include the solvent effects of THF, the
conductor-like polarizable continuum model (CPCM) was used [61,62].
The results of the calculated transition in the Sy optimized geometries
show that the major low-energy absorption (fcac > 0.1, Table S3) mainly
involves HOMO — LUMO (>94%, Table 2) and HOMO—3 — LUMO+1
(>86%) transitions. While the HOMO level of Ir1 is mainly delocalized
over the Ir center (~66%, Table S4), the dipyrromethene + bridged
phenyl moieties are the major contributors to the LUMO (~88%). These
orbital distribution results suggest that the lowest absorption spectra of

Table 2

Major low-energy electronic transitions in THF for Irl and its fluoride adduct
[Ir1-F]~ in the ground (Sp) and the first triplet excited states (T;) calculated
using the TD-B3LYP method with the 6-31G(d) basis set.”.

state hcale/TM feate assignment”
Irl So 458.93 0.1096 H — L (94.3%)
337.29 0.2401 H-3 - L+1 (86.9%)
T 698.73 0 H - L (90.5%)
675.78 0 H - L +1 (81.5%)
[Ir1-F1~ T 646.02 0 H — L (81.5%)

# Singlet energies for the vertical transition calculated for the optimized So
geometries.
b H = HOMO, L = LUMO.
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Fig. 3. Frontier molecular orbitals for (a) Irl in the ground state (Sp) and the first triplet excited state (T;), and (b) [Ir1-F]™ in the T; state, with their relative
energies determined by DFT calculation (isovalue 0.04). The transition energy (in nm) was calculated using the TD-B3LYP method with the 6-31G(d) basis set.

both Ir complexes could be primarily attributed to the 'MLCT transition
from the metal center to the dipyrromethene ligands. In addition,
HOMO-3 and LUMO levels are predominantly occupied on the dime-
sityl borane segment (~95%) or on both the dimesityl borane (~57%)
and the dipyrromethene + bridged phenyl moiety (43%), respectively.
These results are indicative of a n(mesityl)-p,(B) ICT transition, and the
computational results are consistent with the experimentally-observed
absorption features, thereby suggesting that significant absorptions
take place independently of the !MLCT and borane-centered ICT
transitions.

Conversely, the major transitions for the T;-optimized geometries of
Irl are HOMO — LUMO and LUMO+1 transitions (Acac = 699 and 676
nm, Table 2). The calculated electronic transitions of the T; states for Ir1l
are in good agreement with the experimentally observed phosphores-
cent emissions of both complexes. While the LUMO levels are mainly
localized on the entire dipyrromethene + triarylborane ligand (LUMO =
98.4% and LUMO+1 = 99.2%, Table S4), the contribution of the HOMO
is not only over the dipyrromethene segment (~52%) but also on the Ir
center (~44%). These results strongly support that the phosphorescence
observed at ~690 nm for both Ir complexes is due to >MLCT transitions
between the metal center and the dipyrromethene ligand.

Furthermore, TD-DFT calculation results for the fluoride adduct of
Irl, i.e., [Ir1-F]7, in the T;-state appear to demonstrate changes in the
intramolecular electronic transitions after fluoride binding to the boron
centers of Irl and Ir2 (Table 2, Fig. 3b, Table S5-S6 and Fig. S18 in
Supplementary data). More specifically, the lowest-energy transition in
[Ir1-F]™ could be assigned entirely to the HOMO — LUMO transition
(Acale = 646 nm, Table 2). The LUMO is located fully on the dipyrro-
methene + bridged phenyl moiety (92.4%, Table S6), whereas the
HOMO level involves both the dipyrromethene (~71%) and triar-
ylborane units (~36%). These results strongly suggest that the experi-
mentally observed emission, which is turned-on upon fluoride binding,
originates from the dipyrromethene moiety-centered n—n* (°mn*) tran-
sition with a partial ICT transition between the dipyrromethene and
triarylborane units.

Interestingly, the calculated HOMO and LUMO levels for [Ir1-F] ™ in
the T;-state were higher compared to the frontier levels for Ir1 in the T;-
state (Fig. 3). In particular, the energy gap between the LUMO levels
(0.67 eV) of Ir1 and [Ir1-F]  is significantly larger than that (0.32 eV)
between the HOMO levels. These findings are in good agreement with
the experimentally observed frontier levels for Irl and [Irl-F], as
determined by cyclic voltammetry analysis. Such an enhanced band gap

of the fluoride adduct [Ir1-F] resulting from the elevation of the LUMO
level supports the blue-shifted emission maxima after fluoride binding to
the Ir complexes.

Consequently, fluoride binding to the borane moieties of the Ir
complexes interrupts the 3MLCT transition corresponding to the Ir
center, simultaneously reinforcing the dipyrromethene-based ligand
centered ©—n* transitions, and evoking the elevation of the LUMO energy
levels, thereby leading to the ‘turn-on’ response and blue-shifted emis-
sive patterns upon the addition of fluoride anions.

4. Conclusions

We herein reported the preparation and characterization of two
novel Ir(Ill)-borane conjugated complexes (Irl and Ir2) chelated by a
dipyrromethene based ancillary ligand (BL). The solid-state structures of
the two complexes were fully analyzed by single-crystal X-ray diffrac-
tion measurements, and their UV-vis absorption spectra exhibited
typical metal-to-ligand charge transfer (\MLCT) absorption bands at
483 nm in addition to borane-centered charge transfer (CT) absorption
bands at ~326 nm. The photoluminescence (PL) spectra for these
complexes demonstrate phosphorescent emission in the near IR region
(hem = ~690 nm), which can be attributed to the MLCT transition. In
addition, fluoride titration experiments for both complexes exhibited a
ratiometrically ‘turn-on’ emissive response and gradual blue-shifted
patterns (AL = 27 nm for Irl and 34 nm for Ir2, respectively).
Furthermore, the results of computational calculations for the fluoride
adduct of Ir1, [Ir1-F]~, verify that the intriguing emissive features could
be attributed to fluoride binding to the boron center, which interrupts
the 3MLCT transition, reinforces the dipyrromethene-based ligand
centered n—n* transition, and induces an enhancement in the band-gap.
Consequently, intramolecular electronic transitions on the Ir(IlI)-borane
conjugated complexes could be fine-tuned via fluoride anion binding,
suggesting that the described complexes are good candidates for
iridium-based phosphorescent sensory materials to detect fluoride an-
ions through ‘turn-on’ emission in the near IR region.
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