Downloaded via NORTH DAKOTA STATE UNIV on November 30, 2022 at 02:00:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Mono-/Bimetallic Neutral Iridium(lll) Complexes Bearing
Diketopyrrolopyrrole-Substituted N-Heterocyclic Carbene Ligands:
Synthesis and Photophysics

Wan Xu, Levi Lystrom, Yanxiong Pan, Xinyang Sun, Salim A. Thomas, Svetlana V. Kilina, Zhongyu Yang,

Hua Wang, Erik K. Hobbie, and Wenfang Sun*
I: I Read Online

Article Recommendations ‘

Cite This: Inorg. Chem. 2021, 60, 15278-15290

ACCESS |

ABSTRACT: The synthesis and photophysics (UV—vis absorption,
emission, and transient absorption) of four neutral heteroleptic cyclo-
metalated iridium(III) complexes (Ir-1—Ir-4) incorporating thiophene/
selenophene-diketopyrrolopyrrole (DPP)-substituted N-heterocyclic car- R R R -

bene (NHC) ancillary ligands are reported. The effects of thiophene

versus selenophene substitution on DPP and bis- versus monoiridium(III) ~ soxto* i

complexation on the photophysics of these complexes were systematically -z

investigated via spectroscopic techniques and density functional theory 7§ %o — 4

calculations. All complexes exhibited strong vibronically resolved

absorption in the regions of 500—700 nm and fluorescence at 600—770
nm, and both are predominantly originated from the DPP-NHC ligand. . |
Complexation induced a pronounced red shift of this low-energy 300 400 M evelength o 700 800
absorption band and the fluorescence band with respect to their

corresponding ligands due to the improved planarity and extended -

conjugation in the DPP-NHC ligand. Replacing the thiophene units by selenophenes and/or biscomplexation led to the red-shifted
absorption and fluorescence spectra, accompanied by the reduced fluorescence lifetime and quantum yield and enhanced population
of the triplet excited states, as reflected by the stronger triplet excited-state absorption and singlet oxygen generation.
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B INTRODUCTION

Developing molecules that strongly absorb and/or emit in the
far-red to near-infrared (NIR) regions has aroused significant ) )
attention due to their wide applications on night-vision emergzic_lzsas a new platform for th.eranostlc PDT applica-
devices, optoelectronics, heat shielding, 1nformat10n security tions. Ir(III) possesses stronger ligand field strengths than
displays, phototherapy, bioimaging, and so forth.'™ Partic- Ru(II), pushing the nonradiative deactivating d—d state to a

population of the triplet excited state, which is a desirable
feature for photosensitizers employed for PDT or TTA-UC
applications."*™*" In recent years, Ir(Ill) complexes have

ularly, far-red/NIR-absorbing molecules are desirable photo-
sensitizers for photodynamic and/or photothermal therapy
because light in these spectral regions can penetrate tissue
deeper10 12 For the same reason, far-red/NIR- emlttlng
molecules are attractive for bioimaging applications.””’ Far-
red/NIR-absorbing molecules are also desired for dye-
sensitized solar cells (DSSCs)® or tri Iet triplet annihilation
upconversion (TTA-UC) applications > because solar light has
significant far-red/NIR components. To date, most of the far-
red/NIR-absorbing molecules are organic molecules with an
extended 7z-conjugation."”*~”? Studies on far-red/NIR-
absorbing transition-metal complexes have been rare.'*™**
Unlike many of the unstable z-conjugated organic far-red/
NIR molecules, some transition-metal complexes such as
metallophthalocyanines and metallotexaphyrlns are highly
stable and possess rich photophysical properties.”>** Especially
for heavy transition-metal-containing complexes, the heavy-
atom-enhanced intersystem crossing (ISC) facilitates the
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much higher energy than the ligand-based Sz,m% or metal-to-
ligand charge transfer (*MLCT) states and thus generating a
long-lived *z,7* or *MLCT state for the Ir(Ill) complex
compared to the corresponding Ru(II) complex. We have
demonstrated that tricationic Ir(III) complexes exhibited >1
order of magnitude longer lowest-energy triplet excited-state
(T,) lifetimes compared to their Ru(II) counterparts bearing
the same set of diimine ligands.”” The bisterpyridyl Ir(IIT)
complexes also possessed a much longer-lived T, state than
their Ru(II) counterparts.’”*" The Ir(III) ion has one of the
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Scheme 1. Structures and Synthetic Routes for Complexes Ir-1-Ir-4
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largest spin—orbit coupling (SOC) constants among all of the
transition metals,*” facilitating the T, state formation via ISC.
However, most of the currently studied Ir(III) complexes
mainly absorb light in the UV to blue spectral regions,
wavelengths of lesser interest for PDT because of their shallow
tissue penetration due to tissue scattering and absorption.”
Efforts in red-shifting the absorption of the Ir(Ill) complexes
to far-red/NIR spectral regions have been quite
limited, 1417202124

To date, two of the reported red/NIR-absorbing Ir(III)
complexes bear the styryl-BODIPY (boron dipyrromethene
difluoride) or cyanine motif.””*" Although the absorption of
the styryl-BODIPY-containing complexes was red-shifted to
606—729 nm and their T, states were long-lived (~31—157
us), the in vitro PDT effects of these complexes were quite
weak, with high dark toxicity (inhibitory concentration to
reduce the cell viability to 50%, ICs, = 8.16—16.70 uM) and
minimal phototherapeutic indices (PIs < 4) upon 635 nm
excitation.”” In addition, these complexes readily decompose
upon light irradiation. For the Ir(III)—cyanine complex
nanoparticles, although it showed a significant in vivo PDT
effect upon 808 nm irradiation, its singlet oxygen generation
efficiency was quite low (4.36%).”' To overcome these
shortcomings, more robust red/NIR light-harvesting chromo-
phores are needed.

Diketopyrrolopyrrole (DPP) and its derivatives are promis-
ing candidates because of their strong visible-light absorption,
better thermal- and photostability, and ease of structural
modifications.”* > DPP derivatives and their polymeric
materials have been explored for applications in photo-

15279

refractive materials,”® fluorescence sensors,”’ light-emitting
diodes,®® photovoltaics, and DSSC.>**° It was also reported
that the optoelectric properties of DPP derivatives could be
easily tuned by altering the aromatic substituents appended to
the DPP, especially chalcogenophene substitution bath-
ochromically shifted the absorption to longer wavelengths.*>*!
Incorporation of transition-metal complexes, such as Pt(1I)
and/or Ir(Ill) complexes, to DPP derivatives via covalent
linkage not only enhanced the ISC to the triplet state of the
DPP derivatives but also extended the ﬂ'—con}ugation of the
DPP derivatives and induced further red shifts. "*** Mean-
while, a long-lived ligand-localized T state was retained, which
was able to generate singlet oxygen as demonstrated by
dinuclear cationic Ir(III) complexes bearing the DPP bridging
linkage.”

Our group has extensively explored a variety of Ir(IIl)
complexes for PDT, which include a series of neutral Ir(III)
complexes with the BODIPY-substituted N-heterocyclic
carbene (NHC) ligancl.l7’3l’44_48 Although these complexes
exhibited strong in vitro PDT effects, the absorption of these
complexes was limited to the green spectral regions. Inspired
by this result and by the advantages of the DPP derivatives,
herein we incorporated DPP derivatives to the NHC-
containing neutral Ir(III) complexes via C=C triplet
bond(s) to red-shift the absorption of the Ir(III) complexes
to the orange/red spectral regions while imparting internal
heavy atoms (i.e., S or Se from the thiophene or selenophene
rings, respectively) to enhance the triplet excited-state
population. The structures of the synthesized complexes Ir-
1-Ir-4 are presented in Scheme 1. Both mononuclear and
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dinuclear complexes are synthesized to assess the effects of
additional Ir(IlI) complexation on the ground- and excited-
state properties. Different chalcogenophenes, that is, thio-
phenes or selenophenes, were attached to DPP to further red-
shift the absorption and induce additional heavier atom(s). It
has been reported that the larger size of the selenium (Se)
atom reduced the overlap of the Se orbitals with the z-orbitals
of the carbon skeleton, leading to increased quinoidal
contribution and double-bond character.*”*® The shorter C—
C bonds from the significantly contributing quinoid structures
resulted in a red shift in the absorption of selenophene-
containing compounds.”’ Moreover, the heavier Se atom could
facilitate the formation of the triplet excited state because
transition-metal complexes with a 7-expensive ligand could
have a small SOC due to the reduced contributions of metal d-
orbitals to the frontier molecular orbitals of the complexes.”
The neutral Ir(III) complex rather than the cationic complex
was selected for study in this work because the hydrophobicity
of the neutral complexes could facilitate their encapsulation
into self-assembled micelles for future PDT studies. Nonethe-
less, the aim of this work is to understand the structure—
property correlations in these DPP-containing Ir(III) com-
plexes.

B EXPERIMENTAL SECTION

Synthesis and Characterizations. All chemicals and solvents
were purchased from Sigma-Aldrich, Alfa Aesar, or VWR International
and used as received. Silica gels (60 A, 230—400 mesh) used for
column chromatography were purchased from Sorbent Technology.
The intermediate compounds and ligands were characterized by 'H
NMR spectroscopy, while the Ir(II) complexes were characterized by
'"H NMR, HRMS, and elemental analysis. 'H NMR spectra were
recorded on a Varian Oxford-400 or a Bruker 400 MHz spectrometer
in CDCl; or DMSO-ds, with tetramethylsilane as the internal
standard. A Bruker BioTOF III mass spectrometer was used for
ESI-HRMS analyses. Elemental analyses were carried out by NuMega
Resonance Laboratories, Inc., in San Diego, California.

Benzo[h]quinoline (C"N ligand) was obtained from Alfa-Aesar and
its Ir(III) p-chloro-bridged dimers [Ir(-C"N),Cl], were synthesized
according to the literature procedure.”®> Compounds 3,6-bis-
(thiophenyl)-1,4(2H,5H)-diketopyrrolo[3,4-c]pyrrole (DPP-S),>*
3,6-bis(selenophenyl)-1,4(2H,5SH)-diketopyrrolo[3,4-c]pyrrole
(DPP-Se),**% 2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H)-dione (1a),*° 2,5-bis(2-ethylhexyl)-3,6-di-
(selenophen-2-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1b),””*
3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydro-6-(thio-
phen-2-yl)-pyrrolo[3,4-c]-pyrrole-1,4(2H,5H)-dione (2a),””* 3-(5-
bromoselenophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydro-6-(seleno-
phen-2-yl)-pyrrolo[3,4-c]-pyrrole-1,4(2H,5H)-dione (2b),*® 3,6-bis-
(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-pyrrolo[3,4-c]-pyrrole-
1,4(2H,5H)-dione (2c),”***° and 3,6-bis(S-bromoselenophen-2-yl)-
2,5-bis(2-ethylhexyl)-pyrrolo[3,4-c]-pyrrole-1,4(2H,5H)-dione (2d)>*
were synthesized following the reported procedures. The synthetic
procedures and characterization data for 3a—3d, 4a—4d, and Ir-1-Ir-
4 are reported below, and the 'H NMR, *C NMR, and HRMS
spectra of Ir-1—Ir-4 are provided in Supporting Information, Figures
S1-S83.

General Synthetic Procedure for 3a—3d. To a degassed solution
of compounds 2a—2d (1 equiv, 0.99 mmol) and (NHC)Ph-= (1.05
equiv, 1.04 mmol for synthesizing 3a and 3b and 2.10 equiv, 2.08
mmol for synthesizing 3¢ and 3d) in toluene (20 mL)/triethylamine
(6 mL) was added Pd(PPh;), (0.03 equiv, 0.03 mmol for synthesizing
3a and 3b and 0.06 equiv, 0.06 mmol for synthesizing 3c and 3d).
The reaction mixture was heated to 60 °C for 115 h under a nitrogen
atmosphere. The reaction mixture was then cooled to room
temperature (rt) and concentrated under reduced pressure. The
residue was washed with water (30 mL) and brine (30 mL),

respectively, and then extracted with CH,Cl, (3 X 10 mL). The
CH,Cl, fractions were combined and washed with water (3 X 30 mL)
and then dried over MgSO,. After removal of the solvent, the crude
product was purified by using silica gel column chromatography
[CH,Cl,/acetone = 10:1 (v/v) for 3a and 3b and CH,Cl,/acetone =
5:1 (v/v) for 3c and 3d] to obtain the product.

3a. A red powder (0.26 g, 36%) was obtained. '"H NMR (400 MHz,
CDCL,): § (ppm) 8.95 (d, ] = 4.0 Hz, 1H), 8.87 (d, ] = 4.0 Hz, 1H),
8.15 (s, 1H), 7.91—-7.89 (m, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.66 (d, ]
= 4.0 Hz, 1H), 7.60—7.55 (m, 3H), 7.44 (d, ] = 4.0 Hz, 1H), 7.38—
7.36 (m, 2H), 7.30—7.27 (m, 1H), 4.06—4.01 (m, 4H), 1.91—1.87
(m, 2H), 1.39—1.24 (m, 16H), and 0.93—0.84 (m, 12H). *C NMR
(400 MHz, CDCL,): & (ppm) 161.70, 161.55, 142.96, 141.69, 140.97,
139.01, 136.23, 135.76, 135.06, 133.37, 133.27, 133.07, 131.20,
131.01, 129.74, 128.55, 127.43, 124.38, 123.88, 123.59, 122.41,
120.46, 110.65, 108.96, 108.03, 95.93, 83.99, 46.0S, 45.97, 39.17,
39.09, 30.21, 30.16, 28.36, 23.58, 23.55, 23.08, 14.07, 14.04, 10.52,
and 10.49. ESI-HRMS (m/z): calcd for [C,sHsN,0,S,]%, 741.3297;
found, 741.3294.

3b. A purplish-red powder (0.29 g, 35%) was obtained. '"H NMR
(400 MHz, CDCL,): & (ppm) 8.89 (d, J = 4.0 Hz, 1H), 8.77 (d, ] =
4.0 Hz, 1H), 8.43 (d, J = 8.0 Hz, 1H), 8.15 (s, 1H), 7.74 (d, ] = 8.0
Hz, 2H), 7.60—7.55 (m, 4H), 7.50 (t, ] = 4.0 Hz, 2H), 7.38—7.36 (m,
2H), 3.99-3.96 (m, 4H), 1.92—1.87 (m, 2H), 1.37—1.26 (m, 16H),
and 0.92—0.84 (m, 12H). *C NMR (400 MHz, CDCL,): § (ppm)
161.83, 161.70, 143.17, 142.64, 141.73, 140.80, 137.54, 137.04,
136.22, 136.16, 135.94, 13S5.5S, 133.92, 133.16, 132.63, 130.90,
124.33, 123.87, 123.52, 122.64, 120.51, 110.63, 109.08, 108.15, 98.30,
86.25, 46.03, 45.89, 39.12, 39.03, 30.24, 28.35, 28.33, 23.62, 23.60,
23.08, 14.05, 10.52, and 10.47. ESI-HRMS (m/z): caled for
[C,sH,N,0,Se,]", 837.2197; found, 837.2185.

3c. A purplish-red powder (0.31 g, 32%) was obtained. 'H NMR
(400 MHz, CDCly): 6 (ppm) 8.92 (d, J = 4.0 Hz, 2H), 8.16 (s, 2H),
7.93—7.89 (m, 2H), 7.76 (d, ] = 8.0 Hz, 4H), 7.60—7.56 (m, 6H),
7.45 (d, ] = 4.0 Hz, 2H), 7.39-7.37 (m, 4H), 4.06—4.04 (m, 4H),
1.95—-1.90 (m, 2H), 1.43—1.26 (m, 16H), and 0.95—0.88 (m, 12H).
BC NMR (400 MHz, CDCL,): & (ppm) 161.54, 141.52, 139.55,
136.10, 135.52, 133.47, 133.33, 132.07, 131.07, 127.90, 124.60,
123.97, 123.87, 122.55, 120.25, 110.75, 109.09, 96.18, 84.03, 46.16,
39.18, 30.17, 28.34, 23.58, 23.09, 14.08, and 10.50. ESI-HRMS (m/
z): caled for [CeoHgeNgO,S, + 2H]Y, 959.4141; found, 959.4121.

3d. A purplish-red powder (0.31 g, 30%) was obtained. "H NMR
(400 MHz, CDCLy): 6 (ppm) 8.82 (d, J = 4.0 Hz, 2H), 8.16 (s, 2H),
7.91-7.89 (m, 2H), 7.75 (d, J = 8.0 Hz, 4H), 7.62—7.56 (m, SH),
7.39—7.36 (m, 4H), 4.01-3.98 (m, 4H), 1.95—1.91 (m, 2H), 1.42—
126 (m, 16H), and 0.94—0.87 (m, 12H). *C NMR (400 MHz,
CDCL): & (ppm) 161.69, 141.55, 141.22, 136.59, 136.09, 135.80,
135.67, 133.21, 133.11, 124.54, 123.96, 123.79, 122.77, 120.31,
110.74, 109.22, 98.58, 86.30, 46.14, 39.15, 30.23, 28.32, 23.62, 23.09,
14.06, and 10.50. ESI-HRMS (m/z): caled for [CeHscNgO,Se,]",
1053.2889; found, 1053.2878.

General Synthetic Procedure for 4a—4d. Compounds 3a—3d
(0.94 mmol) and iodomethane [0.09 mL (1.41 mmol) for
synthesizing 4a and 4b and 0.18 mL (2.82 mmol) for synthesizing
4c and 4d] were dissolved in 20 mL of degassed tetrahydrofuran
(THF) in a 100 mL pressure tube and heated to 100 °C for 48 h.
After the reaction mixture was cooled to rt, 5 mL of hexane was
added. The mixture was centrifuged, and the solid was filtered out and
dried in vacuo to obtain a black solid. The black solid was dissolved in
10 mL of CH,Cl, and washed with water (3 X 30 mL), and the
combined organic fractions were dried over MgSO,. After removal of
the solvent, the residue was purified by using silica gel column
chromatography [CH;0H/acetone = 1:3 (v/v) for 4a and 4b and
CH,0H/acetone = 1:1 (v/v) for 4c and 4d] to yield the product.

4a. A purplish-red powder was obtained (0.62 g, 75%). '"H NMR
(400 MHz, CDCl,): 6 (ppm) 11.11 (s, 1H), 8.94 (d, J = 4.0 Hz, 1H),
8.84 (d, ] = 4.0 Hz, 1H), 7.98 (d, ] = 12.0 Hz, 2H), 7.83 (d, ] = 8.0
Hz, 3H), 7.78—7.72 (m, 3H), 7.65 (d, ] = 4.0 Hz, 1H), 7.46 (d, ] =
4.0 Hz, 1H), 7.28—7.27 (m, 1H), 4.46 (s, 3H), 4.05—-4.01 (m, 4H),
1.89—1.86 (m, 2H), 1.43—1.25 (m, 16H), and 0.93—0.84 (m, 12H).

https://doi.org/10.1021/acs.inorgchem.1c01848
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BC NMR (400 MHz, CDCLy): 6 (ppm) 161.66, 161.48, 142.30,
141.08, 138.83, 135.83, 134.93, 133.81, 133.63, 132.70, 132.28,
131.61, 131.06, 130.94, 130.75, 130.63, 129.72, 128.54, 128.16,
127.94, 126.87, 125.36, 125.19, 113.55, 113.41, 109.04, 107.98, 95.14,
85.36, 46.05, 45.97, 39.14, 39.07, 34.79, 30.22, 30.16, 28.35, 23.58,
23.54, 23.07, 14.08, 14.04, 10.52, and 10.48. ESI-HRMS (m/z): calcd
for [C,eHN,0,S, — HJ*, 755.3453; found, 755.3439.

4b. A purplish-red powder was obtained (0.65 g, 72%). '"H NMR
(400 MHz, CDCLy): 6 (ppm) 11.14 (s, 1H), 8.89 (d, J = 4.0 Hz, 1H),
8.75 (d, ] = 4.0 Hz, 1H), 8.41 (d, ] = 4.0 Hz, 1H), 7.97 (d, ] = 8.0 Hz,
2H), 7.82—7.70 (m, 6H), 7.63 (d, J = 4.0 Hz, 1H), 7.50—7.48 (m,
1H), 4.46 (s, 3H), 4.00—3.96 (m, 4H), 1.92—1.87 (m, 2H), 1.38—
124 (m, 16H), and 0.92—0.84 (m, 12H). C NMR (400 MHz,
CDCL): 5 (ppm) 161.83, 161.66, 14231, 140.68, 137.61, 137.12,
136.46, 136.07, 133.90, 133.81, 133.56, 133.23, 132.54, 132.27,
132.25, 131.82, 130.99, 13091, 128.23, 128.22, 128.00, 125.73,
125.15, 125.04, 113.61, 113.34, 109.18, 108.13, 97.36, 88.45, 46.04,
45.90, 39.11, 39.01, 34.72, 30.23, 28.35, 28.33, 23.62, 23.59, 23.08,
14.06, 14.04, 10.52, and 10.47. ESI-HRMS (m/z): caled for
[C,eH,N,0,Se, — H]*, 851.2354; found, 851.2350.

4c. A purplish-red powder was obtained (0.86 g, 74%). '"H NMR
(DMSO-dg, 400 MHz): 5 (ppm) 10.19 (s, 2H), 8.78 (d, ] = 4.0 Hz,
2H), 8.17 (d, ] = 8.0 Hz, 2H), 8.01 (d, J = 8.0 Hz, 4H), 7.94—7.91
(m, 4H), 7.83—7.74 (m, 8H), 4.19 (s, 6H), 4.00—3.80 (m, 4H),
1.79—1.75 (m, 2H), 1.34—1.20 (m, 16H), and 0.88—0.81 (m, 12H).
BC NMR (400 MHz, DMSO-dy): § (ppm) 161.12, 143.75, 139.19,
135.23, 13491, 134.16, 133.84, 132.39, 131.29, 131.13, 128.02,
127.54, 127.19, 126.09, 123.64, 114.51, 113.88, 108.84, 97.90, 84.43,
45.76, 38.90, 34.05, 30.00, 28.19, 23.67, 22.82, 14.26, and 10.74. ESI-
HRMS (m/z): caled for [Ce,Hg,NgO,S, — 2H]*, 493.2188; found,
493.2177.

4d. A purplish-red powder was obtained (0.89 g, 71%). '"H NMR
(DMSO-dg, 400 MHz): § (ppm) 10.19 (s, 2H), 8.72 (d, ] = 4.0 Hz,
2H), 8.17 (d, J = 8.0 Hz, 2H), 8.01 (d, J = 8.0 Hz, 4H), 7.93 (d, ] =
12.0 Hz, 4H), 7.89 (d, J = 4.0 Hz, 2H), 7.83—7.74 (m, 6H), 4.19 (s,
6H), 3.98—3.96 (m, 4H), 1.78—1.75 (m, 2H), 1.27—-1.19 (m, 16H),
and 0.87—0.80 (m, 12H). *C NMR (400 MHz, DMSO-dg): § (ppm)
16132, 143.76, 140.89, 137.11, 136.67, 136.34, 134.02, 133.70,
13246, 132.39, 131.12, 128.01, 127.53, 126.04, 124.06, 114.52,
113.90, 109.06, 98.80, 87.02, 45.71, 38.80, 34.0S, 29.97, 28.13, 23.67,
22.84, 14.24, and 10.75. ESI-HRMS (m/z): calcd for [ Ce,Hg,NO,Se,
— 2H]*, 541.1641; found, 541.1648.

General Synthetic Procedure for Ir-1—Ir-4. Compounds 4a—4d
(0.23 mmol), Ag,0 [0.10 g (0.46 mmol) for synthesizing Ir-1 and Ir-
2 and 020 g (0.92 mmol) for synthesizing Ir-3 and Ir-4], and
[Ir(benzo[ H]quinolone),(4-Cl)], [0.14 g (0.11 mmol) for synthesiz-
ing Ir-1 and Ir-2 and 0.29 g (0.22 mmol) for synthesizing Ir-3 and Ir-
4] were dissolved in 20 mL of 1,2-dichloroethane, and the mixture
was degassed with nitrogen. The reaction mixture was heated at 90 °C
for 48 h in the dark and then cooled to rt. The mixture was extracted
with CH,Cl, (3 X 10 mL), and the organic phase was washed with
water (3 X 30 mL). The combined organic fractions were dried over
MgSO,, and the solvent was removed. The residue was purified by
using silica gel column chromatography [hexane/CH,Cl, = 1:1 (v/v)
for Ir-1 and Ir-2 and hexane/CH,Cl, = 1:2 (v/v) for Ir-3 and Ir-4] to
obtain the product.

Ir-1. A purplish-red solid was obtained (50 mg, 15%). '"H NMR
(400 MHz, CDCLy): & (ppm) 8.88 (d, J = 4.0 Hz, 1H), 8.40 (d, J =
4.0 Hz, 1H), 8.26 (d, ] = 8.0 Hz, 1H), 821 (d, J = 8.0 Hz, 1H), 8.06
(t, J = 8.0 Hz, 2H), 7.90 (d, J = 8.0 Hz, 1H), 7.81—7.76 (dd, ] = 8.0,
12.0 Hz, 2H), 7.61 (d, ] = 8.0 Hz, 1H), 7.55 (d, ] = 8.0 Hz, 2H),
7.40—7.32 (m, 3H), 7.31=7.27 (m, 4H), 7.25—7.15 (m, 4H), 7.13—
7.05 (m, 3H), 6.66 (d, ] = 8.0 Hz, 1H), 6.36 (d, ] = 8.0 Hz, 1H),
4.04—3.96 (m, 4H), 3.26 (s, 3H), 1.88—1.84 (m, 2H), 1.37—1.26 (m,
16H), and 0.89—0.83 (m, 12H). *C NMR (400 MHz, CDCL): §
(ppm) 189.68, 169.10, 168.72, 161.76, 161.59, 159.91, 158.79,
155.47, 151.89, 151.60, 150.50, 142.12, 141.51, 140.68, 139.99,
139.93, 136.71, 135.75, 135.22, 134.35, 134.30, 134.21, 133.68,
132,91, 132.18, 130.44, 130.34, 130.11, 130.00, 129.92, 129.38,
129.56, 129.08, 128.44, 127.67, 127.05, 126.79, 12649, 123.47,
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123.00, 122.80, 122.49, 121.04, 120.96, 118.26, 118.06, 111.77,
111.61, 110.21, 108.20, 100.59, 81.15, 68.18, 46.03, 45.92, 39.09,
39.04, 33.79, 30.23, 30.09, 29.73, 28.37, 28.26, 23.54, 23.50, 23.07,
14.07, 14.04, and 10.49. ESI-HRMS (m/z): calcd for
[C;,HgsNgO,S,Ir]Y, 1302.4243; found, 1302.4216. Anal. Calcd (%)
for C,,HgIrNO,S,-CH,,-C3H(O: C, 67.24; H, 5.92; and N, 5.81.
Found: C, 67.05; H, 5.94; and N, 5.52.

Ir-2. A purplish-red solid was obtained (54 mg, 16%). '"H NMR
(400 MHz, CDCL,): & (ppm) 8.82 (d, J = 4.0 Hz, 1H), 8.40 (d, J =
12.0 Hz, 1H), 8.37 (d, ] = 4.0 Hz, 1H), 8.26 (d, ] = 8.0 Hz, 1H), 8.22
(d, J = 8.0 Hz, 1H), 8.06 (t, ] = 8.0 Hz, 2H), 7.90 (d, ] = 8.0 Hz, 1H),
7.79 (dd, J = 8.0, 12.0 Hz, 2H), 7.56—7.52 (m, 2H), 7.49—7.46 (m,
1H), 7.41-7.36 (m, 3H), 7.34—7.27 (m, 3H), 7.24—7.15 (m, 4H),
7.13—7.07 (m, 2H), 7.05 (d, ] = 4.0 Hz, 1H), 6.67 (d, ] = 4.0 Hz,
1H), 6.36 (d, ] = 8.0 Hz, 1H), 3.99—3.90 (m, 4H), 3.26 (s, 3H),
1.91-1.83 (m, 2H), 1.36—1.23 (m, 16H), and 0.88—0.83 (m, 12H).
BC NMR (400 MHz, CDCL;): & (ppm) 189.65, 169.11, 168.75,
161.89, 161.73, 159.91, 158.78, 155.48, 151.91, 151.60, 150.50,
142.00, 141.74, 141.70, 141.52, 140.69, 137.14, 136.93, 136.71,
136.51, 135.36, 134.36, 134.30, 134.22, 134.12, 133.97, 133.67,
132.90, 130.91, 130.79, 130.35, 130.10, 129.91, 129.58, 129.08,
128.83, 127.68, 127.04, 126.80, 126.44, 123.48, 123.02, 122.81,
122.50, 121.05, 120.97, 118.35, 118.29, 118.07, 111.82, 111.60,
110.22, 108.29, 103.30, 83.58, 68.18, 45.99, 45.85, 39.07, 39.03, 38.76,
33.79, 30.28, 30.19, 29.73, 28.37, 28.28, 23.60, 23.55, 23.09, 14.06,
and 10.49. ESI-HRMS (m/z): caled for [C,,H¢NgO,Se,lIr]",
1397.3225; found, 1397.3193. Anal. Calcd (%) for
C,,H¢sNgO,Se,Ir-H,0: C, 61.14; H, 4.77; and N, 5.94. Found: C,
61.09; H, 4.57; and N, 6.11.

Ir-3. A purplish-red solid was obtained (80 mg, 15%). '"H NMR
(400 MHz, CDCL,): § (ppm) 8.87 (d, ] = 4.0 Hz, 2H), 8.40 (d, ] =
4.0 Hz, 2H), 8.26 (d, ] = 4.0 Hz, 2H), 8.21 (d, J = 8.0 Hz, 2H), 8.06
(t, J = 8.0 Hz, 4H), 7.90 (d, ] = 8.0 Hz, 2H), 7.81-7.75 (dd, J = 8.0,
12.0 Hz, 4H), 7.56—7.52 (m, 4H), 7.41-7.27 (m, 10H), 7.24—7.12
(m, 8H), 7.12—7.07 (m, 4H), 7.05 (d, J = 4.0 Hz, 2H), 6.66 (d, ] =
8.0 Hz, 2H), 6.36 (d, ] = 8.0 Hz, 2H), 3.98—3.95 (m, 4H), 3.26 (s,
6H), 1.88—1.83 (m, 2H), 1.36—1.28 (m, 16H), and 0.92—0.83 (m,
12H). C NMR (400 MHz, CDCL): § (ppm) 189.68, 169.11,
168.71, 161.57, 159.91, 158.79, 155.43, 151.89, 150.49, 148.8S,
142.11, 141.51, 140.67, 140.56, 139.46, 136.71, 135.85, 135.68,
135.55, 134.31, 134.21, 133.67, 132.91, 132.21, 130.34, 130.11,
129.91, 129.67, 129.56, 129.07, 128.22, 127.80, 127.67, 127.57,
127.05, 126.79, 126.48, 125.36, 124.38, 123.47, 123.37, 123.00,
122.79, 122.59, 122.49, 121.86, 121.04, 120.97, 11826, 118.06,
118.05, 111.77, 111.61, 110.21, 108.48, 100.60, 81.22, 46.06, 39.03,
33.79, 31.95, 30.07, 29.72, 29.39, 28.25, 23.48, 23.06, 22.71, 14.14,
14.07, and 10.47. ESI-HRMS (m/z): caled for [C;1,HgoN;0,S,Ir,]%,
2080.5964; found, 2080.5947. Anal. Calcd (%) for
Cy14HoIr,N | 00,8,-2C¢H,,-2H,0-C;HO: C, 66.02; H, 5.50; and N,
5.97. Found: C, 66.12; H, 5.45; and N, 5.60.

Ir-4. A purplish-red solid was obtained (73 mg, 14%). '"H NMR
(400 MHz, CDCLy): & (ppm) 8.81 (d, J = 4.0 Hz, 2H), 8.40 (d, J =
8.0 Hz, 2H), 8.26 (d, J = 4.0 Hz, 2H), 8.21 (d, ] = 8.0 Hz, 2H), 8.05
(t, J = 8.0 Hz, 4H), 7.90 (d, J = 8.0 Hz, 2H), 7.81—7.75 (dd, ] = 8.0,
12.0 Hz, 4H), 7.56—7.52 (m, 4H), 7.41-7.28 (m, 10H), 7.23-7.12
(m, 8H), 7.08—7.04 (m, 4H), 7.04 (d, ] = 4.0 Hz, 2H), 6.67 (d, ] =
4.0 Hz, 2H), 6.36 (d, ] = 8.0 Hz, 2H), 3.92—3.89 (m, 4H), 3.26 (s,
6H), 1.89—1.84 (m, 2H), 1.35—1.26 (m, 16H), and 0.88—0.83 (m,
12H). BC NMR (400 MHz, CDCl): § (ppm) 189.68, 159.91,
158.80, 151.92, 150.48, 141.99, 141.98, 141.50, 141.22, 140.67,
140.07, 140.01, 137.04, 136.72, 135.74, 135.54, 135.19, 134.36,
134.31, 13422, 133.68, 132.92, 130.25, 130.14, 129.91, 129.58,
129.07, 127.68, 127.06, 126.79, 123.47, 123.01, 122.80, 122.58,
122.56, 122.50, 121.04, 120.99, 118.29, 118.07, 111.80, 111.63,
110.22, 83.64, 62.12, 46.02, 39.07, 33.79, 31.95, 31.46, 30.17, 29.73,
29.15, 28.76, 27.22, 24.86, 23.53, 23.09, 22.72, 14.05, and 10.47. ESI-
HRMS (m/z): caled for [C;,HgoN;00,Se,lr, + HJY, 2175.4944;
found, 2175.4924. Anal. Calcd (%) for C,;,HooIr,N;00,Se,-C¢Hyy: C,
63.76; H, 4.64; and N, 6.20. Found: C, 63.65; H, 4.60; and N, 6.10.
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Photophysical Studies. The solvents used for photophysical
studies were of spectrophotometric grade and purchased from Alfa
Aesar or VWR International and used as received without further
purification. The ultraviolet—visible (UV—vis) absorption spectra of
ligands 3a—3d and 4a—4d and complexes Ir-1—Ir-4 were recorded
using a Varian Cary 50 spectrophotometer. The steady-state emission
spectra in different solvents (CH;CN, THF, CH,Cl,, and toluene)
were recorded using a HORIBA Jobin Yvon FluoroMax-4
fluorometer/phosphorometer. The relative actinometry method was
used for determining the emission quantum yields of 3a—3d, 4a—4d,
and Ir-1-Ir-4 with ZnTPP in toluene being used as the reference
(Amax = 550 nm, @, = 0.033).*" For emission lifetime measurements,
modulated pulsed excitation was delivered with a fiber-coupled pulsed
UV laser (Advanced Laser Diode Systems, PiL037, 375 nm, 30 ps
pulse width, 140 mW peak power, and 1 kHz modulation) fiber
coupled to a photomultiplier tube (Hamamatsu H10721-20). The
background-corrected intensity was collected over a broad range of
emissions above 500 nm to yield spectrally integrated intensity as a
function of time, which was then fit to a stretched-exponential decay
I(t) = A exp[—(t/7)*] to extract lifetime. Slight deviations from a = 1
reflect the width of the emission spectrum. The nanosecond transient
absorption (TA) spectra and triplet lifetimes were recorded using a
laser flash photolysis spectrometer (Edinburgh LP920). The
excitation source was the third-harmonic output (355 nm) of a
Quantel Brilliant Nd:YAG laser (pulse duration: 4.1 ns; repetition
rate: 1 Hz). Each sample was purged with nitrogen for 45 min prior to
the measurement.

Singlet Oxygen Measurement. Singlet oxygen generation was
detected by electron paramagnetic resonance (EPR) spectroscopy in
toluene using 2,2,6,6-tetramethylpiperidine (TEMP) as the singlet
oxygen spin trapper. TEMP was mixed with ~20—25 uL of each
sample solution to reach a final sample concentration of 1 mM and
TEMP concentration of 10 mM. The mixed sample was transferred
into a borosilicate capillary tube (0.70 mm i.d./1.00 mm o.d.; Wilmad
LabGlass, Inc.) and irradiated with a white light (~370 mW-cm™,
ACE Glass Inc. Cat.#7825-34) for a varied period of time, followed by
EPR signal acquisition on a Varian E-109 spectrometer equipped with
a cavity resonator for 10—30 min. All continuous wave (CW) EPR
spectra were recorded with an observe power of 200 mW, a
modulation frequency of 100 kHz, and a modulation amplitude of 0.5
G and scanned for 100 G from 3300 to 3400 G. The obtained CW
EPR spectra are in the first derivative format.

Computational Method. All calculations were performed using
the Gaussian 16 software package.”> The geometries of all compounds
were optimized at the level of the density functional theory (DFT)
using the hybrid PBEO functional®® and the mixed basis sets with
LANL2DZ®*®* for iridium, sulfur, and selenium and 6-31G*“° for
hydrogen, carbon, nitrogen, and oxygen atoms. All calculations
utilized the conductor polarized continuum model®”*® to implicitly
introduce the toluene solvent. The UV—vis absorption spectra and
fluorescence energies were computationally investigated applying
linear-response time-dependent DFT (TDDFT) using the same
methodology (the functional, the basis set, and the solvent model) as
for the ground-state calculations. For simulations of UV-—vis
absorption spectra, 225 singlet optical transitions were computed by
TDDFT and broadened by the empirical Gaussian function using a
linewidth of 0.07 eV to reproduce the thermal broadening of spectra
observed in experiments (see Figures SS—S8 in the Supporting
Information). Overall, this approach has shown good agreement with
experimental spectra for many heteroleptic Ir(Il[) complexes.'**”**

However, vibrational fine structures that are clearly seen in the
experimental absorption spectra for the lowest-energy bands of Ir-1—
Ir-4 give an indication of the high degree of Frank Condon (FC)
factors—the overlap between the vibrational states of two electronic
states.”” Thus, the vibronic features associated with FC overlaps
cannot be neglected for the considered complexes in order to
reproduce an accurate shape of their first absorption band. Therefore,
FC progression’””" for the first optical transition was computed for
each complex to generate a vibrationally resolved electronic spectrum
in the energy range of 500—800 nm. The rest of the spectrum (<500

nm) was created based on the TDDFT results without the inclusion
of FC correction. The fluorescence energies were computed using the
analytical gradient TDDFT’>”® by optimizing the lowest singlet
excited state S;. The natures of interested optical transitions were
characterized by natural transition orbitals (NTOs),”* as implemented
in Gaussian 16, which were further visualized via VMD”> using an
isovalue of 0.02.

B RESULTS AND DISCUSSION

Electronic Absorption. The experimental UV—vis ab-
sorption spectra of Ir-1—Ir-4 in toluene are displayed in Figure
lc. For comparison purposes, the absorption spectra of their
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Figure 1. Experimental UV—vis absorption spectra of (a) 3a—3d, (b)
4a—4d, and (c) Ir-1-Ir-4 in toluene.

corresponding ligands 3a—3d and 4a—4d in toluene are
presented in Figure lab, respectively. The absorption band
maxima and molar extinction coefficients for these ligands and
complexes are compiled in Table 1. Concentration-dependent
studies in the range of $ X 107 to 5 X 10™° mol L™ for 3a—3d
and 4a—4d and § X 10 to 1 X 10" mol L™" for Ir-1-Ir-3
(Figure S4) followed Beer’s law within the experimental errors,
implying the absence of ground-state aggregation in the tested
concentration range in toluene. However, when the concen-
tration was higher than 1 X 107> mol L™ for Ir-4, a shoulder
appeared at ca. 700 nm, suggesting the occurrence of
aggregation at higher concentrations owing to the reduced
solubility of this complex in toluene. The TDDFT-calculated
spectra for 3a—3d, 4a—4d, and Ir-1-Ir-4 in toluene are
provided in Supporting Information, Figures S5—S8, which
matched the experimental spectra well with respect to the
spectral features, trends, and energies. NTOs for the electrons
and holes corresponding to the major transitions were
generated for better understanding the nature of the electronic
transitions, and the NTOs are shown in Table 2 and
Supporting Information, Tables S1—84.

The UV—vis absorption spectra of 3a—3d (Figure 1a) and
4a—4d (Figure 1b) are similar in shape and energy, all
possessing two major absorption bands at 300—450 nm (band
I) and 450—700 nm (band II). The low-energy bands were
well-resolved and exhibited large molar extinction coefficients,
suggesting a '7,7* transition in nature. Referring to the NTOs
corresponding to the §; transitions in these compounds
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Table 1. Photophysical Data for 3a—3d, 4a—4d, and Ir-1—Ir-4 in Toluene

Ag/nm (lff/ ns),

Aae/nm (£/10* L-mol™!-cm™)“ @ Ari—to/nm (7p/ps)©

3a 374 (3.10), 544 (4.32), 580 (4.52) 60065%4.35), 500 (7.30), 564 (6.72), 618 (6.03)

3b 317 (3.74), 386 (3.22), 561 (4.79), 596 (4.79) 630(;1(73,20), 516 (0.42 (10%), 4.62 (90%)), 654 (0.41 (11%), 3.66 (89%))

3c 348 (3.68), 573 (4.35), 612 (4.60) 6%2.483.20), 537 (10.55), 553 (11.79), 657 (9.23)

3d 349 (4.37), 588 (4.64), 632 (4.89) 66041(52.70), 500 (9.05), 555 (10.15), 675 (0.21 (24%), 9.54 (76%))

4a 366 (3.51), 536 (4.70), 565 (4.51) 60045%3.82), 430 (5.02), 570 (4.25), 650 (3.94)

4b 373 (3.84), 555 (4.89), 581 (4.64) 626' (2.16), 510 (0.15 (13%), 3.58 (87%)), 590 (0.09 (13%), 2.49 (87%)), 657 (0.12 (24%),

0.20 2.68 (76%))

4c 344 (3.84), 564 (4.76), 599 (4.59) 63023%2.40), 453 (14.0), 507 (13.7), 756 (191.0)

4d 345 (4.32), 579 (4.96), 612 (4.73) 6505.1(51.74), 462 (13.2), 513 (13.9), 771 (124.0)

Ir-1 395 (2.56), 552 (4.08), 585 (4.56) 6103;4(13.03), 426 (5.11), 486 (4.94), 639 (4.57), 678 (4.52), 747 (4.63)
Ir2 397 (2.58), 570 (4.57), 601 (4.73) 632)9.1(73.00), 440 (0.51), 494 (0.57), 700 (0.54)

Ir-3 34(34 (542)91), 395 (2.27), 4.39 (1.63), 582 (3.85), 624 6501.35‘2.58), 462 (1.57), 666 (1.50)

Ir-4 344 (5.56), 440 (2.04), 600 (4.38), 645 (4.89) 674 (1.66), 492 (0.32), 693 (0.29)

0.14
“Absorption band maxima (A,,,) and molar extinction coefficients (¢) at rt. “Fluorescence band maxima (4;), lifetimes (z;), and quantum yields
(®@y) for 3a—3d, 4a—4d, and Ir-1-Ir-4 at rt (1., = S50 nm). The reference used for the quantum yield measurement was a toluene solution of

ZnTPP (®,,, = 0.033, A, = 550 nm). “Nanosecond TA band maxima (4r,_r,) and triplet excited-state lifetimes (7).

Table 2. NTOs Representing the Lowest-Energy Singlet Transitions (S;) for Ir-1—Ir-4 in Toluene Calculated by TDDFT

Using the PBEO Functional

Hole Electron Hole Electron
Ir-1 s Ir-2 <3 :
606 nm b 618 nm
f=1.581

{<, .
f=1.563 f}

Ir-4 2%
688 nm é;(

f=2476 o,

(Tables S1 and S2), these absorption bands originated from
the chalcogenophene—DPP L7, 7% transitions. The '7,7* nature
of the lowest-energy absorption bands in 3a—3d and 4a—4d is
further supported by the minor solvatochromic effects, as
shown in Supporting Information, Figure S9. For the high-
energy absorption bands at <450 nm, they mainly emanated
from the intramolecular charge transfer ('ICT)/'m,x*
(localized on chalcogenophene—DPP) transitions according
to the NTOs presented in Tables S1 and S2. Compared to
their respective chalcogenophene—DPP precursors,*” attaching
1-phenyl-NHC unit(s) in ligands 3a—3d led to a red shift of
approximately 50 nm. Methylation of 3a—3d caused slight blue
shifts in 4a—4d. Nonetheless, a general trend was revealed
from both series of compounds. The selenophene-substituted
compounds displayed a 13—20 nm red shift compared to those
of the thiophene-substituted compounds, that is, 3b versus 3a,
3d versus 3¢, 4b versus 4a, and 4d versus 4c. This trend is in
accordance with that reported for other selenophene—DPP
derivatives with respect to the thiophene—DPP derivatives.>
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The red-shifted absorption of the selenophene-containing
compounds is ascribed to the reduced overlap of the Se
orbitals with the z-orbitals of the carbon skeleton due to the
larger size of the Se atom, which increases the quinoidal
contribution and results in a shorter C=C double bond and
lager electron delocalization.*” ™" The compounds bearing two
1-phenyl-NHC motifs exhibited a 30—36 nm bathochromic
shift due to the extended 7-conjugation in comparison to those
of their corresponding monosubstituted counterparts, that is,
3c versus 3a, 3d versus 3b, 4c¢ versus 4a, and 4d versus 4b.
The absorption spectra of complexes Ir-1—Ir-4 resembled
those of their corresponding ligands 4a—4d but with obvious
red shifts. Similar to those of 3a—3d and 4a—4d, the
vibronically resolved low-energy absorption bands at 480—
700 nm can be attributed to the z,7* transition delocalized to
the phenylethynyl chalcogenophene—DPP motifs (see NTOs
for the S, states of these complexes in Table 2). This
delocalization should be a result of the increased co-planarity
due to Ir(III) complexation, which promoted the interaction
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between the chalcogenophene—DPP and the ethynylphenyl
components, expanded the 7-conjugation, and induced the red
shift of this band with respect to those in 3a—3d and 4a—4d.
The minor solvatochromic effect manifested in Figure S9
confirmed the predominant 'z,z* transition assignment. For
the absorption bands at 380—480 nm, the NTOs in Table S3
suggest mixed metal-to-ligand charge transfer ('MLCT),
ligand-to-ligand charge transfer ("LLCT), and 'ma* and
intraligand charge transfer ('ILCT) transitions. For the high-
energy absorption bands at <380 nm, the dominant
contributors are the 'zz* transitions based on the cyclo-
metalating C"N ligands, mixed with 'MLCT/!LLCT and
DPP-based 'z,7%/'ILCT transitions (see NTOs in Table S4).
Similar to the trend observed in 3a—3d and 4a—4d, replacing
thiophenes with selenophenes caused the red shifts of the low-
energy absorption bands in Ir-2 and Ir-4 relative to those in Ir-
1 and Ir-3, respectively. The dinuclear complexes Ir-3 and Ir-4
also displayed ca. 40 nm red shifts in their low-energy
absorption bands with respect to those of their mononuclear
counterparts Ir-1 and Ir-2, respectively.
Photoluminescence. The emission of 3a—3d, 4a—4d, and
Ir-1—Ir-4 was studied in different solvents at rt. The emission
spectra in toluene are displayed in Figure 2, and the emission
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Figure 2. Normalized experimental emission spectra of (a) 3a—3d,
(b) 4a—4d, and (c) Ir-1—Ir-4 at rt in toluene. ¢ = 1 X 10~ mol L™,

band maxima (4;), lifetime (7;), and quantum yield (®;) are
listed in Table 1. The normalized emission spectra and
emission data in other solvents are provided in Figure S10 and
Table SS in the Supporting Information.

The emission spectra of all compounds are mirror images to
their corresponding excitation spectra, with Stokes shifts in the
range of 689—1237 cm™'. The emission lifetimes are in the
range of 1.66—4.35 ns, and the emission intensity is insensitive
to oxygen. All these emission characters are indicative of
fluorescence in nature. The vibronic structures, minor
solvatochromic effects (Figure S10 and Table SS), and the
TDDFT calculation results for Ir-1—Ir-4 in toluene (Table S6)
suggest that the emitting states are primarily the chalcogeno-
phene—DPP-localized '7,7* S, states. The fluorescence spectra
of 3a—3d, 4a—4d, and Ir-1—1Ir-4 all resembled each other, and
the trends of the fluorescence energies followed the same

trends as those observed from their absorption spectra, that is,
(i) the fluorescence spectra of 4a—4d were somewhat blue-
shifted compared to those of 3a—3d, while the spectra of the
complexes Ir-1—Ir-4 were red-shifted compared to those of
3a—3d and 4a—4d owing to the increased co-planarity and
extended 7-conjugation in the complexes; (ii) within each
series of compounds, selenophene substitution caused red-
shifted fluorescence compared to thiophene substitution due to
the larger size of Se and the increased quinoid structure, and
incorporation of 1-phenyl-NHC or its Ir(III) complex to both
sides of chalcogenophene—DPP induced further red shifts in
the emission with respect to the one-side substituted
counterparts.

Structural variations not only impacted the fluorescence
energies but also influenced 7; and @y in a systematic way. As
displayed in Table 1, the 7; in toluene decreased in
selenophene-containing compounds with respect to their
corresponding thiophene-containing compounds; di(1-phe-
nyl-NHC) substitution shortened the 7; compared to mono-
(1-phenyl-NHC) substitution. In addition, the z; values of 3a—
3d were generally longer than those of their corresponding
compounds in 4a—4d and their Ir(IlI) complexes. These
trends should be mainly attributed to the heavy-atom effect
from Se, I7, and/or Ir(III), which increased the ISC to the
triplet excited state (T;) and thus depopulated the S; state.
The @y values of the corresponding compounds between 3a—
3d and 4a—4d were quite similar, but the ®; values in their
respective Ir(III) complexes were significantly lower due to the
heavy-atom-induced rapid ISC to the T, state (Figure 3),
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Figure 3. Simplified Jablonski diagram for compounds Ir-1-Ir-4 in
toluene. The energies of the singlet excited states are estimated based
on the TDDFT calculation results. The T, energy is estimated from
the phosphorescence energy reported for the cationic dinuclear Ir(IIT)
complex tethered by DPP.*" States S;/S; indicate the third singlet
excited state in Ir-1 and Ir-2 and the fifth singlet excited state in Ir-3
and Ir-4 and S;/S,, refer to the fifth and 10th singlet excited states in
Ir-1/Ir-2 and Ir-3/Ir-4, respectively. ISC refers to intersystem
crossing, and TA indicates the transient absorption.

which consequently decreased the fluorescence intensity and
lifetime. For the same reason, the @ values were pronouncedly
decreased in the selenophene-containing compounds com-
. o s 76
pared to those of the thiophene-containing ones.”” In contrast,
although the di(1-phenyl-NHC) substitution attenuated the
fluorescence efficiencies in 3c/4c and 3d/4d with respect to
those of their mono(1-phenyl-NHC)-substituted analogues
3a/4a and 3b/4b, respectively, owing to the reduced
fluorescence energies in the disubstituted compounds (which
increased the nonradiative decay rates according to the energy
77 . .
gap law’’), the quantum yield reduction became much less
pronounced, especially in the selenophene-containing com-
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Figure 4. Emission spectra and photographs of (a) Ir-3 and (b) Ir-4 in the CH,Cl,/hexane mixture with different hexane fractions at rt. ¢ = 1 X
1075 mol L™". The inset shows the fluorescence intensity (i.e., the integrated area underneath the spectrum) versus hexane fraction.

pounds 3d/4d compared to those of 3b/4b. This phenomenon
implies that the heavy-atom effect plays the major role in
decreasing @y

It should be noted that although the polarity of the solvent
exhibited a minor effect on the emission energy of each
compound, the effect of different solvents on @®; was
substantial. Analysis of the ®; data in Table S5 revealed a
general trend, that is, the polar solvent decreased the ®; values
significantly, indicating the increased ratio of the nonradiative
decay rate (k,,) versus the radiative decay rate (k,) in polar
solvents. For Ir-1-Ir-4, the very low emission quantum yields
are ascribed to their poor solubility in polar solvents. Although
the dilute solutions (~2 X 107 mol L") in polar solvents
appeared to be transparent after sonication, the complexes
could still present as oligomers in these solutions. This notion
can be supported by the following facts: (1) the vibronic
structure of the low-energy absorption band of Ir-4 in CH;CN
was lost and a shoulder appeared at 702 nm (Figure S9); (2)
the emission of Ir-4 in CH;CN was red-shifted to 713 nm
(Figure S10); (3) all samples were trapped in the 0.2 pm
syringe filter and left the blank CH;CN solvent after the dilute
CH;CN solution used for the quantum yield measurement was
filtered; and (4) aggregation also occurred for Ir-4 in toluene
when concentrations were higher than 1 X 107 mol L™" as a
shoulder appeared at ca. 700 nm (Figure S4) even if it is the
best solvent to dissolve this complex. In CH,Cl, and THF
solutions, although aggregation was not clearly evidenced from
the UV—vis absorption and emission spectra of Ir-4 and for the
other three complexes in polar solvents, it is reasonable to
believe that they all present as oligomers or small-size
aggregates based on the similarly low-emission quantum yields
of these complexes in these polar solvents.

Emission of the complexes Ir-1—Ir-4 was further studied in a
mixed solvent of CH,Cl, (better solvent) and hexane (poor
solvent) with varied volume compositions. As shown in Figure
4A for Ir-3, the emission intensity gradually increased when
the volume fraction of hexane increased from 0 to 80%.
Beyond 80% fraction, the emission intensity started to
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decrease. At a first glimpse, this phenomenon resembles the
aggregation-induced emission (AIE).”® However, considering
the drastically higher emission quantum yields of these
complexes in less polar solvents such as toluene, the enhanced
emission upon the addition of hexane could be the result of
reduced solvent polarity. To verify this possibility, the emission
quantum yields of these complexes were measured in hexane,
and the results are presented in Table SS. For Ir-1 and Ir-2,
their @; values in hexane are 61- and 38-fold of those in
CH,Cl,, respectively. The ®; values of Ir-3 and Ir-4 in hexane
were unable to be determined because of their very poor
solubility in hexane. When the hexane concentration reached
80%, the formed aggregates started to precipitate out, reducing
the concentration of the emissive monomers, and thus, the
emission intensity decreased. Ir-1, Ir-2, and Ir-4 also exhibited
a similar behavior in the mixed CH,Cl, and hexane solutions
(Figures 4b and S12) but with the highest emission intensity
being reached at 70% of hexane fraction for Ir-4 and at 95% of
hexane fraction for Ir-1 and Ir-2. This difference should be
ascribed to the poorer solubility of Ir-4 but better solubility of
Ir-1 and Ir-2 compared to that of Ir-3 in both CH,Cl, and
hexane.

The dynamic light scattering measurement of Ir-3 and Ir-4
in mixed CH,Cl,/hexane solutions with 95% of hexane
fraction (v/v) revealed number-averaged hydrodynamic
diameters of approximately 18 and 13 nm at the concen-
trations of 2.5 X 107¢ and 1.65 X 107 mol L™/, respectively
(Figure S13). For Ir-3, a number-averaged hydrodynamic
diameter of approximately 14 nm was also detected in a 5.0 X
107 mol L' CH,Cl,/hexane solution with 90% of hexane
fraction (v/v). However, the size of aggregates was too small to
be detected when the hexane fraction was lower than 90% for
Ir-3 and <95% for Ir-4 due to the instrument resolution (0.2
nm).

To further exclude the presence of AIE, the absorption and
emission of Ir-1 in the mixed CH;CN and H,O medium were
studied. This solvent system was chosen because of the similar
polarity of CH;CN and H,O, which minimizes the impact of
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solvent polarity change on the emission intensity. In addition,
Ir-1 has the best solubility in CH;CN among the four Ir(III)
complexes. As shown in Figure S14, with the increased H,O
fraction, the low-energy absorption band became broader and
significantly red-shifted with an increased baseline; meanwhile,
the fluorescence intensity kept decreasing. These phenomena
indicate the formation of aggregates in the mixed CH;CN/
H,O solutions, and aggregation quenches the emission. This
experiment provides additional support that the enhanced
emission in CH,Cl,/hexane is due to the reduced polarity of
the solvent media when the hexane fraction increased. It also
approves that the aggregation quenched the emission in these
complexes.

Transient Absorption. It was reported that the phosphor-
escence of the thiophene—DPP bridged cationic dinuclear
Ir(IIT) complex appeared at >900 nm at 77 K.*' However, the
phosphorescence of 3a—3d, 4a—4d, and Ir-1-Ir-4 was too
weak to be monitored at rt, which prevented us from studying
the triplet excited-state characteristics via phosphorescence.
Nevertheless, the triplet excited-state lifetime can be
investigated via the time-resolved TA spectroscopy. The
nanosecond TA of 3a—3d, 4a—4d, and Ir-1-Ir-4 was
investigated in deaerated toluene. The obtained TA spectra
at zero delay after 355 nm excitation are illustrated in Figure 5,

—_—r-1 = Ir-2
— -3 —— Ir-4

) )
400 500 600 700 800
Wavelength / nm

Figure S. Nanosecond TA spectra of (a) 3a—3d, (b) 4a—4d, and (c)
Ir-1-Ir-4 in a deaerated toluene solution at zero delay after 355 nm
excitation (A;55 = 0.4 in a 1 cm cuvette). 4c and 4d were measured in
mixed toluene/methanol (50:50, v/v) due to their poor solubility in
toluene.

and the TA band maxima and the triplet excited-state lifetimes
deduced from the decay of the TA signals at various TA band
maxima are listed in Table 1. The time-resolved TA spectra of
these compounds and the kinetic decay curves at the respective
TA band maximum for each compound are provided in
Supporting Information, Figures S15 and S16.

The TA spectra of 3a—3d possessed broad positive
absorption bands at 410—750 nm (for 3¢, the positive band
extended to 800 nm). Three general trends were observed
based on the spectral features and the T, lifetimes: (i) the TA
intensity of the selenophene-containing compound 3b is much
larger than that of the thiophene-containing compound 3a,
while the T, lifetime of 3b is shorter than that of 3a. This

phenomenon can be rationalized by the heavy-atom (Se)-
enhanced ISC, which facilitates the population of the triplet
excited state in 3b and consequently increased the quantum
yield of the triplet excited-state formation and enhanced the
triplet excited-state absorption. Meanwhile, the rapid ISC also
facilitates the decay of T to S,, shortening the T lifetime of
3b compared to that of 3a. (ii) The T, lifetimes of 3c and 3d
are much longer than those of 3a and 3b, respectively, due to
the extended 7-conjugation in 3¢ and 3d compared to that in
3a and 3b. The expansive 7-conjugation probably reduces the
contribution of the d orbitals in S and Se to the frontier
molecular orbitals of 3¢ and 3d, undermining the heavy-atom
effects of Se in 3d. As a result, the impacts of the selenophene
versus thiophene substitution on the TA intensities and
lifetimes of 3d versus 3¢ become much less pronounced.

For compounds 4a and 4b, their TA spectral features
resembled those of 3a and 3b, respectively, but with a much
enhanced TA intensity. Meanwhile, the T, lifetimes were
obviously shorter than their counterparts 3a and 3b. These
changes could likely be attributed to the additional heavy-atom
effect induced by I". In 4c and 4d, the shape of the TA spectra
resembled each other, but the maximum of the 400—570 nm
band was red-shifted in 4d. However, their T, lifetimes
resembled each other.

The TA spectral features of Ir-1—Ir-4 resembled those of
the reported cationic Ir(Il) complexes bearing the DPP
unit,"”** while their TA intensities were much stronger than
their corresponding compounds 3a—3d and 4a—4d, especially
the absorption in the red to NIR regions was prominent. The
T, lifetimes of Ir-2—Ir-4 were significantly shorter than those
of 3b—3d and 4b—4d. The shapes of the TA spectra of Ir-1
and Ir-2 were alike each other and those of Ir-3 and Ir-4 were
in resemblance to each other. However, the absorption band
maxima of the selenophene-containing complexes, that is, Ir-2
and Ir-4, were red-shifted compared to those of their
thiophene-containing counterparts Ir-1 and Ir-3, respectively,
and the T, lifetimes of Ir-2 and Ir-4 were markedly shorter
than those of Ir-1 and Ir-3. In addition, complexation with two
Ir(III) ions in Ir-3 and Ir-4 shortened their T, lifetimes with
respect to those of their mononuclear counterparts Ir-1 and Ir-
2, accompanied by somewhat enhanced TA signals in the red-
NIR regions. All these observations are in accordance with the
promoted ISC by the heavy Ir(III) ion. A general conclusion
that can be drawn is that complexation with the heavy Ir(III)
ion facilitated the population of the triplet excited states in
these complexes, which enhanced the TA signals; on the other
hand, it also aided the decay from the T, to S, state and thus
shortened the T, lifetimes.

Singlet Oxygen Measurement. Both the photolumines-
cence and TA studies suggest that Ir(III) complexation
enhanced the T state formation, together with the moderate
to long T, lifetimes, Ir-1-Ir-4 could potentially generate
singlet oxygen via energy transfer in aerated solutions. To
verify this possibility, EPR spectroscopy was used to detect the
singlet oxygen generation by utilizing TEMP as the spin
trapper. Figure 6 shows the irradiation time-dependent EPR
signals for Ir-1. The EPR signals for Ir-2—Ir-4 are provided in
Supporting Information, Figure S17. The three-line signals
represent the typical EPR signals for the TEMP-'O, adduct,
that is, TEMPO, testifying the 'O, generation upon white light
irradiation. As expected, the production of 'O, followed a
time-dependent fashion. The TEMPO signals increased with
prolonged irradiation time until reaching a maximum point.
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Figure 6. Time-dependent EPR signals of Ir-1 (1 mM + 10 mM
TEMP) in toluene.

After that, the signal intensity decreased, presumably due to
the consumption of oxygen in the sample solution.

B CONCLUSIONS

We have synthesized four neutral Ir(III) complexes Ir-1—Ir-4
bearing a DPP-substituted NHC ligand. Spectroscopic studies
and DFT calculations on these complexes and their
corresponding ligands suggest that the singlet excited-state
properties including the UV—vis absorption and fluorescence
are dominated by the properties of their respective ligands.
Replacing the thiophene substituents by selenophene sub-
stituents on DPP caused pronounced red shifts in both the
absorption and emission spectra, and incorporation of two
(NHC)Ir(bqu), units further lowered the energies of the S,
states in the bimetallic complexes compared to those of the
monometallic complexes. As expected, the heavy-atom effects
induced by Ir(I1I) led to a reduced fluorescence quantum yield
and shorter fluorescence lifetime in Ir-2 and Ir-4 compared to
their monometallic counterparts Ir-1 and Ir-3, respectively. On
the other hand, the increased triplet excited-state population
induced by the heavy Se and Ir(IIl) enhanced the triplet
excited-state absorption of these complexes with respect to
their corresponding ligands, and these complexes also
manifested the ability of singlet oxygen production upon
white light activation. The potential of utilizing these
complexes as photosensitizers for PDT will be studied in the
near future after they are encapsulated into amphiphilic
polymer micelles to improve their dispersity in aqueous
solution.
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