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ABSTRACT: The novel terthiophene (3T) oligomer 6 and a
series of cationic Ir(Ill) bis-cyclometalates [Ir(C"N),(N"N)]-
PFs 9—12 were prepared. The synthesis, characterization,
electrochemical, and photophysical properties are reported.
The cyclometalating ligands (C"N) are 2-phenylpyridinato
(ppy) or the 3T oligomer (3T-ppy), asymmetrically capped in - -
the 5 and 5” positions with the ppy and mesityl groups. The N [
diimine ligands (N"N) are 2,2"-bipyridine (bpy) or 4-NO,- s
bipyridine (4-NO,-bpy). Hybrid metal-organic complexes 11
and 12 bear 3T-pendants ligated through the ppy cap, 10 and
12 contain NO, functionalized diimines, whereas 9 contains
neither. Structural characterization of 10 by single crystal X-ray diffraction confirms the presence of the NO, substituent and
pseudo-octahedral coordination geometry about the Ir(Ill) ion. Cyclic voltammetry highlights the large electron withdrawing
effect of the NO, substituent, providing an 850 mV shift toward lower potentials for the first diimine centered reduction of 10
and 12. Strong overlap of the intense 7 — 7* absorptions of the 3T-pendants with Ir(III) charge transfer bands is evident in
complexes of 11 and 12, precluding the possibility for selective excitation of either chromophore. Photoexcitation (A, = 400 nm)
of the series affords strong luminescence from the 3T oligomer 6 and the unsubstituted 9, with ¢,,, = 0.11. In stark contrast the
NO, and 3T functionalized complexes 10—12 display near total quenching of luminescence. Computations of the ground and
excited state electronic structure using density functional theory (DFT) and time-dependent DFT (TD-DFT) indicate that both
the NO, and 3T substituents play an important role in excited state deactivation of complexes 10—12. A substantial electronic
contribution of the NO, substituent results in stabilization of the diimine based molecular orbital (MO) and offers an efficient
nonradiative decay pathway for the excited state. Spin—orbit coupling effects of the Ir(III) ion lead to efficient population of the

non-luminescent

low lying, nonluminescent, triplet states centered on the 3T-pendants.

B INTRODUCTION

Over the past several decades the properties of electro and
photoredox active transition metal species have been
extensively investigated. Most notable among this class of
molecules are the Ru(II) polypyridyls, the most successful
inorganic sensitizers for dye-sensitized solar cell (DSSC)
applications." The isostructural Ir(Il[) cyclometalates have
also found use in a variety of applications ranging from
biolabeling agents” and oxygen sensors’ to electron transfer
arrays,* photocatalytic hydrogen production,’® and light-harvest-
ing materials. Perhaps the true strength of Ir(IIl) cyclo-
metalates is found as phosphorescent materials in organic light-
emitting diodes (OLEDs)®” and most recently for the
fabrication of electroluminescent devices known as light-
emitting electrochemical cells (LECs).”

The desirable photophysical properties of Ir(III) cyclo-
metalates, such as high emission quantum yields, favorable
excited state lifetimes, photostability, and spectral tuning
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through ligand modification have been exploited for the
fabrication of OLEDs as well LECs.**’®? LECs utilize ionic
luminescent materials in the active layer, bringing charged
transition metal species to the forefront. This is to the
advantage of the field as the synthetic steps required to yield
cationic Ir(II) bis-cyclometalates are relatively straightforward
and isomer free compared their neutral tris-cyclometalated
congeners.2#7e9en10

Taking into consideration the many favorable attributes of
cationic Ir(III) bis-cyclometalates, their use in devices for light-
to-energy or energy-to-light does not come without challenges,
such as minimizing concentration based quenching (triplet-
triplet annihilation) and enhancing spectral coverage of these
phosphorescent materials. These obstacles have been ap-
proached using several strategies. Aggregation can be
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9 R=H [Ir(ppy)z(bpy)PFg

10 R =NO, [Ir(ppy)»(4-NO,-bpy)|PFg

11 R=H [I(3T-ppy),(bpy)IPFs

12 R =NO, [Ir(3T-ppy){4-NO,-bpy)]PFg

Figure 1. Molecular structures of cationic Ir(III) bis-cyclometalates. Control complexes 9, 10, and 3T-pendant complexes 11, 12.

discouraged and charge transport enhanced by adjusting the
amount of phosphorescent dopant found in the supportive hole
transporting matrix'' or by employing a single layer of a
sterically encumbered phosphorescent material.**8™"> Pre-
vious work from others, as well as our own research lab, has
been concerned with the synthesis, photophysical and electro-
chemical properties of various Ru(II) and Os(II) polypyridyls
functionalized with oligothiophenes. These studies highlight the
importance of organic chromophores in the construction of
photoredox active dyads.'> We expect enhanced spectral
coverage to be provided by strongly absorbing oligothiophene
chromophores and the possibility of hole transfer after selective
hole generation at the metal chromophore, enhancing charge
separation. With these considerations in mind we have
designed a metal-organic hybrid motif consisting of a cationic
Ir(1II) bis-cyclometalate possessing axially projected steric bulk
in the form of z-conjugated, hole transporting, photoredox
active oligothiophene chromophores. The interplay of the
metal and organic chromophores in the excited state makes this
motif an interesting candidate for light-to-energy or energy-to-
light devices. To our knowledge this is the first example of a
cationic Ir(III) bis-cyclometalate to utilize axially projected
photoredox active pendants in this manner.

Herein we present the synthesis, characterization, and studies
of the photophysical and electrochemical properties of a series
of cationic Ir(III) bis-cyclometalates of the type [Ir-
(C"N),(N"N)]JPF,; (C"N = cyclometalating ligand, N"N =
diimine ligand) as shown in Figure 1. Two control complexes
([1x(ppy)>(bpy)IPEs (9) and [Ix(ppy)»(4-NO, bpy) JPF, (10))
were synthesized to aid in understanding the photophysical and
electrochemical properties of the series. These complexes
provide a reference for the systematic introduction of the
functionalized terthiophene (3T) pendants and electron
withdrawing NO, substituents found in complexes [Ir(3T-
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ppPy)2(bpy) JPFs (11) and [Ir(3T-ppy),(4-NO,-bpy) |PFs (12)
respectively. The 3T-pendants, selected for their well
documented spectroscopic and electrochemical properties,"*
were functionalized with n-Bu chains and capped with mesityl
groups to increase solubility and decrease aggregation. The 3T-
pendants were placed para to the heteroatom of the pyridyl
moiety to maximize axial projection (Figure 1); functionaliza-
tion at this location has not been well studied for this class of
compounds.®***'> Finally, the NO, substituent in complexes
10 and 12 is predicted to lower the energy gap of the MLCT
transition, acting as a trap for the lowest triplet excited state.
This stabilization should also make reduction of the diimine
facile and enhance charge separation,*7%?¥fi1p16

B EXPERIMENTAL SECTION

Safety Note. Caution! Appropriate safety measures should be
followed when using the organolithium and organostannane reagents
described here due to their pyrophoric and toxic natures, respectively.

General Considerations. NMR spectra were recorded on a
Varian Unity or Varian Inova 300 MHz instrument. High-resolution
mass spectrometry was performed on a Bruker BioTOF II mass
spectrometer, Hewlett-Packard Series II Model 5890 gas chromato-
graph/Finnigan MAT 95 mass spectrometer, or Bruker Biflex III
MALDI-TOF. All solvents and reagents used for synthetic procedures
were purchased from commercially available sources and used without
further purification. The following chemicals were used as provided:
IrCl;-:3H,0 (Johnson Matthey), 2-phenylpyridine (Hppy) (Aldrich),
2,2"-bipyridine (bpy) (TCI Amercia), NaPF, (Aldrich).

Compounds 2,2"-bipyridine-N-oxide,"”  4-nitro-2,2"bipyridine-N-
oxide,’® and 3',4'-dibutyl-2,2":5',2"-terthiophene (3',4'—11—Bu—3T)19
were synthesized according to the reported literature procedures.
The cyclometalated Ir(III) dichloro-bridged dimers, [Ir(ppy),(#-Cl)],
(7) and [Ir(3T-ppy),(u-Cl)], (8) were prepared using the method of
Watts from IrCly-3H,O in a mixture of 2-methoxyethanol and water
with slight modification.®® A series Ir[(C’'N)(N*N)]* (9-12)
complexes was prepared by cleavage of the corresponding dimers
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with an appropriate diimine ligand and subsequent metathesis to PF,~
salts as previously described with slight modifications.”® Details for all
procedural modifications are provided below.
4-Nitro-2,2’-bipyridine (1). Compound 1 was synthesized
according to the literature procedure with slight modifications.”!
PCl; (16.1 mL, 25.3 g, 0.185 mol) was added by syringe to a three
neck round-bottom flask containing 4-nitro-2,2"-bipyridine-N-oxide
(1.0 g 4.6 mmol), and the reaction mixture was refluxed (85 °C)
under an inert gas atmosphere for 24 h. The reaction mixture was
allowed to cool, then poured onto ice and stirred for 30 min. The
reaction mixture was brought to a pH of ~11 through the dropwise
addition of aq. NaOH, followed by extraction into CHCl;. The organic
extract was dried over Na,SO, and evaporated to give 1 as a white
solid. Yield: 97%. "H NMR (300 MHz, CD,Cl,): § 9.13 (dd, 1H, J =
2.4, 0.6 Hz), 8.95 (dd, 1H, ] = 5.4, 0.6 Hz), 8.73 (ddd, 1H, ] = 4.8, 1.8,
0.9 Hz), 8.48 (ddd, 1H, J = 7.8, 1.2, 0.9 Hz), 8.01 (dd, 1H, J = 5.1, 2.1
Hz), 7.89 (ddd, 1H, ] = 7.8, 7.8, 1.8 Hz), 7.42 (ddd, 1H, | = 7.5, 4.5,
12 Hz).
4-Bromo-2-phenylpyridine (2). Compound 2 was synthesized
according to the literature procedures with slight modifications.”* A
solution of 4-bromopyridine (10 g, 0.052 mol) in dry tetrahydrofuran
(THF, 200 mL) was cooled to —78 °C to which a solution of
phenylmagnesium chloride (2 M) in THF (65 mL) was added
dropwise at —78 °C and allowed to stir for 15 min. Phenyl-
chloroformate (8.0 mL, 10 g, 0.064 mol) in THF (20 mL) was then
added dropwise over 10 min at —78 °C after which the reaction
mixture was allowed to warm to room temperature (r.t.). The reaction
mixture was cooled to 0 °C and quenched with 20% NH,CI followed
by stirring at 0 °C for 2 h and extraction into diethylether. The
combined extracts were washed with H,0, 20% HCI, and H,O. The
organic layer was dried over Na,SO, and evaporated under vacuum to
yield a pale yellow material. The residue was dissolved in dry toluene
(200 mL) and o-chloronil (15.86 g, 0.06451 mol) dissolved in glacial
acetic acid (120 mL) was added dropwise, and the resultant red
solution was stirred at r.t. for 36 h. The solution was made basic using
aq. 10% NaOH, filtered through Celite and washed with H,O. The
organic layer was extracted three times using aq. 10% HCIL The
aqueous layers were made basic with NaOH and extracted with
CH,Cl,. The combined organic layers were dried over Na,SO,, and
the solvent was removed under vacuum to give the crude compound as
a red oil. Purification of the crude compound by column
chromatography (silica gel, hexanes:ethylacetate 98:2—95:5 v/v)
yielded 2 as a pale yellow oil. Yield: 79%. 'H NMR (300 MHg,
CDCly): § 8.52 (d, 1H, ] = 5.1 Hz), 7.99—7.96 (m, 2H), 7.91 (d, 1H, J
= 1.8 Hz), 7.53—7.45 (m, 3H), 741 (dd, 1H, J = 5.4, 1.8 Hz).
5-Bromo-3’,4’-dibutyl-2,2":5’,2"-terthiophene (3). Compound
3 was synthesized according to the literature procedure with slight
modifications.”® 3'4-n-Bu-3T (4.0 g, 0.011 mol), was added to a
round-bottom flask and pumped/purged with Ar (3 times).
Dimethylformamide (DMF, 25 mL) was added to the flask, and the
resulting solution purged for 15 min, then cooled to 0 °C. A solution
of N-bromosuccinimide (2.0 g, 0.011 mol) in DMF (6 mL) was then
added dropwise over 45 min. The reaction mixture was stirred for 3 h
at 0 °C, warmed to r.t. and allowed to stir an additional 21 h, followed
by the addition of water (20 mL) and CH,Cl, (15 mL). The resulting
organic phase was separated, and the aqueous phase extracted with
CH,Cl, (3 X 15 mL). The combined organic extracts were washed
with H,O (3 X 15 mL) and brine (1 X 20 mL), and then dried over
MgSO,. The solvent was removed via rotary evaporation to yield the
crude product as a brown-yellow oil. The crude product was purified
via column chromatography (silica gel, hexanes) to yield 3 as a yellow
oil. Yield: 79%. 'H NMR (300 MHz, CD,Cl,): 6 7.35 (dd, 1H, ] = 5.1
Hz, 1.2 Hz), 7.14 (dd, 1H, ] = 3.6 Hz, 1.2 Hz), 7.08 (dd, 1H, ] = 5.1
Hz, 3.6 Hz), 7.04 (d, 1H, ] = 3.9 Hz), 6.90 (d, 1H, J = 3.9 Hz), 2.73—
2.65 (m, 4H), 1.58—1.38 (m, 8H), 0.97—0.90 (m, 6H).
5-Mesityl-3',4’-dibutyl-2,2":5’,2"-terthiophene (4). 3 (2.5 g
5.7 mmol), 2,4,6-trimethylphenyl boronic acid (1.12 g, 6.83 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.53 g, 0.46 mmol), and
K,CO; (2.4 g, 0.017 mol) were added to a round-bottom flask and
pumped/purged with Ar (3 times). A mixture of dimethoxyethane and
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H,0 (v/v, 35:11.6 mL) was degassed and added to the flask via
cannulation. The reaction mixture was refluxed for 24 h then cooled to
r.t,, after which H,O (20 mL) and hexanes (50 mL) were added. The
resulting aqueous phase was extracted with hexanes (3 X 75 mL). The
combined organic extracts were washed with water (3 X 100 mL), and
then dried over Na,SO, The solvent was removed via rotary
evaporation to yield the crude product as a brown oily solid. The
crude product was purified via column chromatography (alumina,
hexanes) to yield 4 as a yellow oil. Yield: 82%. '"H NMR (300 MHg,
CD,Cl,): § 7.34 (dd, 1H, J = 5.4 Hz, 1.2 Hz), 7.16 (dd, 1H, ] = 3.9 Hz,
1.2 Hz), 7.14 (d, 1H, J = 3.6 Hz), 7.08 (1H, dd, ] = 5.4 Hz, 3.6 Hz),
6.95 (s, 2H), 6.76 (d, 1H, J = 3.6 Hz), 2.79—2.70 (m, 4H), 2.31 (s,
3H), 2.17 (s, 6H), 1.60—1.50 (m, 4H), 1.48—1.43 (m, 4H), 0.98—0.90
(m, 6H). HRMS (GC-MS EI) [M-]*: caled for C,,H,S, 478.1823,
found 478.1790.
5-((Tributyl)stannyl)-5"-mesityl-3’,4’-dibutyl-2,2":5",2"-ter-
thiophene (5). 4 (2.10 g, 4.39 mmol) was added to an oven-dried
Schlenk flask and pumped/purged with Ar. THF (30 mL) was added
and the solution was cooled to —78 °C with a dry ice/isopropanol
bath. n-butyllithium (2.40 mL, 4.82 mmol) was added dropwise over
45 min, and the solution was stirred for an additional 30 min at —78
°C, followed by the addition of tributyltin chloride (1.50 mL, 5.27
mmol). The solution was warmed to r.t. and stirred for 1 h, followed
by the addition of H,O (10 mL) and hexanes (10 mL). The resulting
organic phase was separated, and the aqueous phase extracted with
hexanes (3 X 20 mL). The combined organic extracts were washed
with H,O (2 X 50 mL) and a saturated solution of aq. NaHCO; (2 X
50 mL), and then dried over MgSO,. The solvent was removed via
rotary evaporation to yield § as a yellow-brown oil Yield: 82%. The
material as isolated was considered a reaction intermediate that was
pure enough for use without purification. '"H NMR (300 MHeg,
CD,CL): 6 7.27 (d, 1H, J = 3.3 Hz), 7.13 (d, 2H, J = 3.6 Hz), 6.95 (s,
2H), 6.75 (d, 1H, J = 3.6 Hz) 2.78—2.71 (m, 4H), 2.31 (s, 3H), 2.17
(s, 6H), 1.63—1.30 (m, 20H), 1.17—1.11 (m, 6H), 1.0-0.90 (m, 15H).
4-(3',4’'-Dibutyl-5"-mesityl-2,2":5’,2"-terthiophen-5-yl)-2-
phenylpyridine (H3T-ppy, 6). 5 (1.08 g, 1.40 mmol), 2 (0.30 g, 1.3
mmol), and tetrakis(triphenylphosphine)palladium(0) (0.08 g, 0.07
mmol) were added to an oven-dried Schlenk flask and pumped/
purged with Ar. DMF (25 mL) was degassed and added to the flask via
cannulation, and the reaction mixture was heated to 100 °C for 48 h.
The solution was cooled to r.t., transferred to a separatory funnel
followed by the addition of H,O (50 mL) and ethyl acetate (50 mL).
The resulting organic phase was separated and the aqueous phase
extracted with ethyl acetate (4 X S0 mL). The combined organic
extracts were washed with water (4 X 100 mL) and a saturated
solution of ag. NaHCO; (1 X 75 mL), and then dried over Na,SO,.
The solvent was removed via rotary evaporation to yield the crude
product as a red-brown oil. The crude material was purified via column
chromatography (silica gel, CH,Cl,:hexanes 75:25 to 100 CH,CL,) to
yield 6 as a thick red oil. Yield: 78%. 'H NMR (300 MHz, CD,Cl,) §
8.66 (dd, 1H, J = 5.4 Hz, 0.6 Hz), 8.07 (ddd, 1H, J = 5.7 Hz, 3.0 Hz,
1.5 Hz), 7.94 (dd, 1H, J = 1.8 Hz, 0.9 Hz), 7.59 (d, 1H, J = 3.9 Hz),
7.48 (m, SH), 7.22 (d, 1H, ] = 3.9 Hz), 7.17 (d, 1H, ] = 3.6 Hz), 6.95
(s, 2H), 6.77 (d, 1H, J = 3.6 Hz), 2.82—2.74 (m, 4H), 2.31 (s, 3H),
2.17 (s, 6H), 1.61—1.42 (m, 8H), 1.00—0.94 (m, 6H). HRMS (ESI-
TOF) [M + H] *: caled for CyoH,,NS, 632.2474, found 632.2464.
[Ir(3T-ppy),Cll, (8). A solution of 6 (0.30 g, 0.48 mmol) in 2-
methoxyethanol (15 mL) was added to a flask containing IrCl;-3H,0
(0.08 g, 0.2 mmol) and H,0 (S mL). The reaction mixture was
allowed to reflux under an inert gas atmosphere for 24 h. After cooling
to r.t. a red precipitate was collected by filtration. The reaction solid
was dried by suction and dissolved off the frit with CH,Cl, then
concentrated by rotary evaporation. Precipitation was induced by
addition of diethyl ether under a stream of N,. The solid was filtered
and washed with diethyl ether. Compound 8 was obtained as a brick
red solid in a crude yield of 70% and used without further purification.
'"H NMR (300 MHz, CD,CL,): § 9.28 (d, 4H, J = 6.3 Hz), 8.15 (s,
4H), 7.70 (d, 4H, ] = 7.5 Hz), 7.59 (d, 4H, ] = 3.9 Hz), 7.25 (d, 4H, ]
=3.9Hz),7.14 (d, 4H, ] = 3.6 Hz), 7.02 (dd, 4H, ] = 6.3, 1.8 Hz), 6.94
(s, 8H), 6.89 (t,4H, J = 7.5 Hz), 6.73 (d, 4H, ] = 3.6 Hz) 6.68 (t, 4H, ]
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=7.5Hz), 6.12 (d, 4H, ] = 7.8 Hz), 2.71 (q, 16H, ] = 7.2 Hz), 2.32 (s,
12H), 2.16 (s, 24H), 1.46 (m, 32H), 0.989 (t, 12H, ] = 6.6 Hz), 0.910
(t, 12H, J = 7.2 Hz). MS (MALDL-TOF) [M — CgoHgoCLIrN,S,]*:
caled for CgoHgoIrN,S, 1453.427, found 1453.427.

[Ir(ppy).(bpy)IPFs (9). [Ir(ppy),Cl], (0.17 g, 0.16 mmol), and
2,2"bipyridine (0.053 g, 0.34 mmol) were refluxed under an inert gas
atmosphere in a 1:1 mixture of CH,Cl,:CH;O0H for 6 h. The reaction
mixture was allowed to cool to r.t. and then concentrated by rotary
evaporation. Diethyl ether was added to induce precipitation followed
by filtration and washing with diethyl ether. Solid was then dissolved in
CH,;OH. Addition of NaPF, (0.31 g) to the solution while stirring
resulted in a bright yellow precipitate that was filtered and washed with
H,0 and diethyl ether and then dried in vacuo giving compound 9 as a
yellow solid. Yield: 92%. '"H NMR (300 MHz, CD,CL,): 5 8.49 (d, 2H,
J=84Hz),8.13 (ddd, 2H, ] = 7.5, 7.5, 1.5 Hz), 8.03 (ddd, 2H, ] = 5.4,
1.5, 0.6 Hz), 7.97 (d, 2H, ] = 7.8 Hz), 7.80 (dd, 2H, J = 7.5, 1.5 Hz),
7.76 (ddd, 2H, ] = 9.0, 7.5, 0.9 Hz), 7.49 (ddd, 2H, J = 54, 1.5, 0.9
Hz), 7.46 (dd, 2H, ] = 5.4, 1.2 Hz), 7.08 (ddd, 2H, ] = 7.5, 7.5, 1.5 Hz)
6.93 (ddd, 2H, ] = 7.5, 6.0, 1.5 Hz), 6.94 (ddd, 2H, ] = 7.5, 7.5, 1.2
Hz), 631 (ddd, 2H, J = 7.5, 1.2, 0.6 Hz). HRMS (ESL-TOF) [M]*:
caled for C3,H,,IrN, 657.1625, found 657.1638.

[Ir(ppy),(4-NO,-bpy)IPF (10). The synthesis of complex 10 was
conducted in a manner similar to that of complex 9 with the exception
of amounts used, [Ir(ppy),Cl], (0.09 g, 0.09 mmol), and 1 (0.04 g, 0.2
mmol). Compound 10 was obtained as a brown-red solid. Yield: 79%.
"H NMR (300 MHz, CD,CL,): § 9.09 (d, 1H, J = 2.1 Hz), 8.61 (d, 1H,
] =84 Hz), 833 (d, 1H, ] = 6.3 Hz), 821 (ddd, 1H, ] = 8.1, 8.1, 1.8
Hz), 8.11 (dd, 1H, J = 5.7, 2.1 Hz), 8.08 (d, 1H, J = 5.4 Hz), 7.97 (d,
2H, J = 8.1 Hz), 7.81 (ddd, 2H, ] = 7.5, 7.5, 1.5 Hz), 7.76 (d, 2H, ] =
7.8 Hz), 7.58 (ddd, 1H, ] = 7.8, 5.4, 1.2 Hz), 7.54 (d, 1H, ] = 6.0 Hz),
747 (d, 1H, ] = 5.4 Hz), 7.03 (m, 6H), 6.32 (d, 1H, J = 7.2 Hz), 6.45
(d, 1H, J = 7.8 Hz). HRMS (ESI-TOF) [M]*: calcd for C;,H,3IrNO,
702.1476, found 702.1474.

[Ir(3T-ppy),(bpy)IPFs (11). [Ir(3T-ppy),Cl], (0.15 g 0.050
mmol), and 2,2"-bipyridine (0.02 g, 0.1 mmol) were refluxed under
an inert gas atmosphere in a 2:1 mixture of CH,Cl,:CH;OH for 6 h.
The reaction mixture was allowed to cool to r.t. and the solvent was
removed by rotary evaporation. The sticky residue was sonicated in
diethyl ether to give a solid that was filtered and washed with diethyl
ether. The solid was dissolved in CH;OH and filtered before the
addition of NaPF, (0.12 g) to the stirred solution. Concentration of
the solution resulted in a precipitate that was collected by filtration and
washed with H,O and then dried in vacuo to give compound 11 as an
orange-brown solid. Yield: 51%. "H NMR (300 MHz, CD,CL,): § 8.52
(d, 2H, J = 8.1 Hz), 8.15 (ddd, 2H, ] = 7.5, 7.5, 1.2 Hz), 8.08 (d, 4H, J
= 6.0 Hz), 7.84 (d, 2H, ] = 7.2 Hz), 7.62 (d, 2H, ] = 3.9 Hz), 7.50 (t,
2H, ] = 6.6 Hz), 7.44 (d, 2H, ] = 63 Hz), 7.24 (d, 2H, ] = 3.9 Hz),
7.17 (d, 2H, ] = 3.6 Hz), 7.17 (d, 2H, ] = 8.4 Hz), 7.12 (d, 2H, ] = 8.4
Hz), 7.00 (ddd, 2H, ] = 8.4, 8.4, 1.8 Hz), 6.95 (s, 4H), 6.78 (d, 2H, ] =
3.6 Hz), 649 (d, 2H, J = 7.5 Hz), 2.78 (q, 8H, J = 8.4 Hz), 2.31 (s,
6H), 2.17 (s, 12H), 1.51 (m, 16H), 0.979 (t, 6H, ] = 7.2 Hz), 0.937 (4,
6H, ] = 7.2 Hz). HRMS (ESI-TOF) [M]*: calcd for CgoHgglrN,Sy
1609.4957, found 1609.4914.

[Ir(3T-ppy),(4-NO,-bpy)IPFs (12). The synthesis of complex 12
was conducted in a manner similar to that of complex 11 with the
exception of amounts used, [Ir(3T-ppy),Cl], (0.09 g, 0.03 mmol), and
1 (0.01 g, 0.06 mmol). Compound 12 was obtained as an orange-
brown solid. Yield: $1%. 'H NMR (300 MHz, CD,CL,): § 9.12 (d, 1H,
J=2.1Hz),8.64 (d, 1H, ] = 8.1), 8.38 (d, 1H, ] = 5.7 Hz), 8.23 (ddd,
1H, J = 8.1, 8.1, 1.5 Hz), 8.14 (ddd, 1H, J = 6.0, 6.0, 2.4 Hz), 8.09 (s,
4H), 7.86 (d, 2H, ] = 6.9 Hz), 7.63 (d, 2H, ] = 3.9 Hz), 7.60 (d, 1H, J
= 6.3 Hz), 748 (d, 1H, J = 6.3 Hz), 7.41 (d, 1H, ] = 6.3 Hz), 7.24 (dd,
2H, J = 4.8, 0.9 Hz), 7.17 (d, 2H, J = 3.6 Hz), 7.15(m, 3H), 7.03 (g,
2H, ] = 6.6 Hz), 6.95 (s, 4H), 6.78 (d, 2H, ] = 3.6 Hz), 6.50 (d, 1H, ] =
7.2 Hz), 6.46 (d, 1H, ] = 7.5 Hz), 2.79 (q, 8H, ] = 8.4 Hz), 2.31 (s,
6H), 2.17 (s, 12H), 1.50 (m, 16H), 0.977 (t, 6H, ] = 7.2 Hz), 0.936 (t,
6H, ] = 7.2). HRMS (ESI-TOF) [M]*": caled for CyoHg IrNO,S,
1654.4808, found 1654.4813.

Electrochemical Measurements. Electrochemical experiments
were performed with a BAS 100B electrochemical analyzer using a
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standard three electrode setup consisting of a glassy-carbon working
electrode, a platinum auxiliary electrode, and a Ag/AgCl reference
electrode containing 1.0 M KCI. Supporting electrolyte tetrabuty-
lammonium hexafluorophosphate (TBAPF,, Sigma-Aldrich) was
recrystallized from ethanol, dried and stored in a desiccator prior to
use. All compounds studied by electrochemical analysis were prepared
as 0.5 mM solutions in acetonitrile, dried over an activated alumina
column and deaerated, containing 0.1 M TBAPF,. Potentials are
reported vs aqueous Ag/AgCl and are not corrected for the junction
potential. The E°’ values for the ferrocenium/ferrocene couple for
concentrations similar to those used in this study were +0.40 V for
acetonitrile solutions at a glassy carbon electrode. A thorough
description of the experimental setup and conditions used here has
been described previously by our group.**

X-ray Structural Determination. The data for the structural
determination were collected in the X-ray Crystallographic Lab in the
LeClair-Dow Instrumentation Facility (Department of Chemistry,
University of Minnesota). A single crystal of compound 10 was
secured to a glass capillary and mounted on a Siemens SMART
platform CCD diffractometer for a data collection at 173(2) K using a
graphite monochromator and Mo Ka radiation (4 = 0.71073 A). An
initial set of cell constants was calculated from 51 reflections harvested
from three sets of 20 frames such that orthogonal wedges of reciprocal
space were surveyed. Final cell constants were determined from a
minimum of 4023 strong reflections from the actual data collection.
Data were collected to the extent of 1.5 hemispheres to a resolution of
0.77 A. Four major sections of frames were collected with 0.30° steps
in @. The intensity data were corrected for absorption and decay using
SADABS.*® The space group Pnma was determined based on
systematic absences and intensity statistics. A direct-methods solution
provided the positions of most non-hydrogen atoms. Full-matrix least-
squares/difference Fourier cycles were performed to locate the
remaining non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters, and all hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters. All calculations were performed
using the SHELXTL suite of programs.® Further details on the
structural refinement and treatment of disordered solvent of
crystallization and the NO, substituent are provided in the Supporting
Information.

Optical Spectroscopy. Absorption spectra of the 3T oligomer
and cationic Ir(III) bis-cyclometalates were collected for acetonitrile
solutions using a 1.0 cm path length cell with a Cary 14
spectrophotometer running the OLIS globalworks software suite.
Photoluminescence experiments were obtained using an excitation
wavelength of 400 nm in acetonitrile using a front face geometry, with
optical densities of solutions >2.0. Data was collected on a Spex
Fluorolog 1680 0.2 m double spectrofluorimeter, equipped with a
Hamamatsu R928 photomultiplier tube, running Datamax software.
Solutions of the cationic Ir(IIl) bis-cyclometalates were deaerated for
1S min prior to collection using an argon purge. All spectra were
corrected for the wavelength dependence of the detector.
Luminescence quantum yields (¢.,) were measured relative to
Coumarin 485 (C485) in acetonitrile solutions (¢, = 0.28);
estimated uncertainties in ¢, measurements are +20% or better.

Computational Details. All geometries were fully optimized using
DFT with the MO6-L functional.>’” The 6-31G(d,p) basis set>® was
used for all nonmetal atoms and the Stuttgart/Dresden (SDD) basis
set® relativistic effective core potential was used for the Ir(III) metal
centers. The n-Bu groups found in the 3’ and 4’ positions of the
terthiophene pendants were replaced with hydrogen atoms for all
computations. No symmetry restrictions were imposed while
determining the fully optimized ground state geometries. Integral
evaluation made use of the grid defined as ultrafine in the Gaussian 09
program.*® The nature of all stationary points was verified by analytic
computation of vibrational frequencies.’’ Solvent effects for
acetonitrile were modeled with SMD.>> To obtain the vertical
excitation energies of the three lowest singlet and triplet excited
states of the studied complexes time-dependent DFT (TD-DFT)*
calculations were performed using the M06-2X functional®* at the
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Scheme 1. Synthesis of 3T-Ligand and Cationic Ir(III) Bis-Cyclometalates
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MO6-L optimized ground-state (S,) geometry. Acetonitrile non-
equilibrium solvatochromic effects were evaluated via a linear response
formalism using SMD cavities.*>

B RESULTS AND DISCUSSION

Synthesis of Ligands and Complexes. Syntheses of the
3T oligomer 6, its corresponding Ir(III) complexes 11—12, and
the Ir(IlI) control complexes 9—10 are outhned in Scheme 1.
The diimine ligand 4-nitro- 22—b1pyr1d1ne (1),*" precursor 4-
bromo-2-phenylpyridine (2) and S5-bromo-3',4"-dibutyl-
2,2:5'2"terthiophene (3)*® were synthesized with slight
modifications to previously reported literature procedures.
Compound 3 was reacted with mesitylboronic acid ((Mes)B-
(OH),) under Suzuki coupling conditions to obtain the
monomesityl-capped terthiophene 4 in good yield (82%).
The monostannylated terthiophene 5 was prepared in
quantitative yield by reaction of the monolithiated derivative
of 4, generated in situ, with tributyltin chloride. Compound $
was then coupled to 2 using standard Stille coupling conditions
to obtain the desired cyclometalating 3T oligomer 6 in good
yield (78%).

The desired series of complexes 9—12 was synthesized via
conventional synthetic procedures for cationic Ir(IIl) bis-
cyclometalates, with control complexes 9—10 (79—92%), and
the 3T-pendant complexes 11—12 (51%), isolated in good to
moderate yields. The dichloro-bridged dimers [Ir(C*N),(u-
Cl)], 7 and 8, were prepared using the method described by
Watts et al,, substituting 2-ethoxyethanol for 2-methoxyetha-
nol.*® Dimers 7 and 8 were cleaved with the appropriate
diimine ligand in a mixture of refluxing CH,Cl,:MeOH (1:1 for
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the synthesis of 9 an 10 and 2:1 for the synthesis of 11 and 12)
to generate the monomeric [Ir(C"N),(N"N)]* species as Cl~
salts. These salts were subsequently metathesized by treatment
with NaPF to give PF4~ as the counterion.”* Complexes 9—12
were characterized by 'H NMR spectroscopy as well as HR-ESI
mass spectrometry. Ir(TIT) complexes 9—12 display 'H NMR
spectra consistent with a C,C-cis/N,N-trans coordination mode
for the cyclometalating ligands. As expected for molecules of C,
symmetry, 9 and 11 show a single resonance for each set of
aromatic 'H signals, 12 total for 9, and 1S total for 11.
Complexes 10 and 12 display more complicated 'H NMR
spectra as introduction of the NO, substituent results in a loss
of symmetry. The number of 'H signals observed for the
aromatic region is increased, 15 total for 10, and 19 total for 12.
In the case of 10 further confirmation of structural assignment
was provided by single crystal X-ray crystallography.

X-ray Crystallography. Single crystals of 10 were grown
by slow evaporation from a CH,Cl, solution. Relevant
crystallographic data for 10 is shown in Table 1, and a list of
selected bond lengths and angles (experimental and calculated)
can be found in Table 2. The structure obtained for 10 displays
two ppy cyclometalating ligands in the C,C-cis/N,N-trans or
“mer like” arrangement about a pseudo-octahedrally coordi-
nated Ir(IIl) ion (Figure 2). The 4-NO,-bpy diimine ligand
occupies the remaining two coordination sites with both N
atoms trans to the carbanions of the ppy ligands. Ir(III)-ligand
bond lengths for the diimine and cyclometalating ligands are in
good agreement with distances found for similar [Ir-
(C"N),(N*N)]* species. 2b7e9p 16035 pg g typically observed
within cyclometalating ligands the Ir—C bonds (~2.02 A) are
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Table 1. Crystallographic Data and Refinement Parameters
for [Ir(ppy),(4-NO,-bpy) ]PF; (10)

empirical formula C;, Hyy FgIr Ng O, P

crystal color, morphology red-orange, plate

crystal system orthorhombic

space group Pnma

4 A 21.287(4)

b, A 26.420(5)

¢ A 13.113(3)

a, deg 90

P, deg 90

7, deg 90

volume (V), A3 7375(2)

VA 8

formula weight, g mol ™! 731.76

density (calculated), g cm™ 1.525

temperature, K 173(2)

absorption coefficient (1), mm™! 3.728

F(000) 3296

0 range, deg 1.54 to 27.51

index ranges —27<h<27
-34<k<34
-17<1<16

reflections collected 75379

8645 [R;,, = 0.1145]
0.0493, 11.7270
0.9126, 0.3316
8645/3/446

0.0548, 0.1038
0.1095, 0.1181

independent reflections
weighting factors,” a, b
max, min transmission
data/restraints/parameters
Ry, wR, [I > 20(I)]

R, wR, (all data)

GOF 1.052

largest diff. peak, hole e A3 1.037, —0.788

“w = [ (F2) + (aP)* + (bP)]™", where P = (F,> +2F.»)/3.

Table 2. Selected Bond Lengths and Angles for [Ir(ppy),(4-
NO,-bpy) ]PF (10)

bond length (A) bond angle (deg)

atoms  experimental calculated atoms experimental  calculated

Ir1-N1  2.043(5) 2.087  NI1-Irl— 80.7(2) 79.8
Cc22

Ir1-N2  2.038(5) 2089  N2-Irl— 79.6(3) 79.7
Ci11

Ir1-N3  2.137(5) 2217  N3-Irl— 76.5(2) 74.2
N4

Ir1-N4  2.139(5) 2209  Ol-NS— 124.7(7) 125.1
02

Irl— 2.031(6) 2.018

Ci1l

Irl— 2.013(7) 2.020

C22

N5—O1  1.240(8) 1229

N5—02  1.199(8) 1.229

slightly shorter than those of the Ir—N bonds (~2.04 A), while
the Ir—N bonds (~2.14 A) to the diimine ligand are longer
than those observed for the cyclometalating ligands (Table 2).
Lengthening of the Ir-N(yy) is regularly observed in these
complexes because of the stron§ trans-influence of the
cyclometalated carbanions,?>7¢7P16b3%

A search of the Cambridge Crystallographic Database
(CSD)*® indicates 10 is the first Ir(III) species among five
transition metal complexes to contain a NO, functionalized
bipyridine ligand to be characterized crystallographically.”
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Figure 2. Thermal ellipsoid plot of [Ir(ppy),(4-NO,-bpy)]PF, (10).
Major component of disordered NO, substituent is shown. Hydrogen
atoms and PF,~ counterion have been removed for clarity.

Surprisingly the presence of a NO, substituent on the diimine
ligand appears to have no observable effect on the Ir1-N4 or
the Ir1—C11 distances. The average N—O bond length found
for atoms O1, 02, and NS is 1.220(11) A, which compares well
with the average values attained from the CSD*® (1.213(12) A)
and the DFT optimized ground state geometry (1.229 A). The
NO, substituent was nearly coplanar with the bpy ligand, with a
small torsion angle of 10.6(4)°, as measured from the O2—
N5S—C25—C24 unit. A slight twist in the NO, substituent is
commonly observed for transition metal complexes with NO,
functionalized phenanthroline and bipyridine ligands in the
coordination sphere.*”>3®

Frontier Orbital Analysis. Theoretical calculations were
performed in support of experiment to assess the optimized
ground state geometry and electronic structure of both the
control (9—10) and 3T-pendant (11—12) complexes. Calcu-
lations at the DFT level of theory allowed the investigation of
the stepwise addition of 3T-pendants and NO, substituents.
Contour plots representing the frontier orbitals for the series
(9—12) can be found in Figure 3. Control complexes 9 and 10
exhibit electron density assigned to the highest occupied
molecular orbital (HOMO) localized over the Ir(IIl) ion and
the phenyl ring of the cyclometalating ligands. The HOMO is
virtually unchanged on addition of the NO, substituent. The
lowest unoccupied molecular orbital (LUMO) is found to
reside almost exclusively on the 7-system of the diimine ligand
(bpy/4-NO,-bpy) in 9 and 10, greatly stabilized by the NO,
substituent.

Addition of 3T-pendants to complexes 11 and 12 does little
to affect the energy or nature of the molecular orbital (MO)
localized on the Ir(III)-(Ph~ty), moiety, assigned as the
HOMO-2 in the 3T-pendant complexes (Figure 3). In both
complexes 11 and 12 calculations show a higher lying pair of
degenerate MOs representing the HOMO and HOMO-1
delocalized over the 3T m-system. The small contribution of
electron density to the HOMO or HOMO-1 from the
cyclometalating ligand cap indicates poor interaction between
the 3T-pendant and the Ir(III) ion in the ground state.

Analysis of the lowest unoccupied orbitals for the series (9—
12) shows a MO of similar composition localized on the
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Figure 3. Contour plots of frontier orbitals (0.002 au) for control complexes (9—10) and 3T-pendant complexes (11—12) in the ground state.
Occupied orbitals are shown in blue/red, virtual orbitals are in cyan/green. Hydrogen atoms omitted for clarity.

Table 3. Photophysical® and Electrochemical® Properties of 3T Oligomer 6 and Cationic Ir(III) Complexes 9—12

compound Agby DM Aemy DM
6 252, 378 498
9 255, 265, 312, 344 375, 415, 470 603
10 252, 266, 30S, 381 400, 530 599
11 263, 300, 421 579, 756
12 263, 308, 418 592

Eijaoxp V E1jareay V
Do Ir(IV) /Ir(II1)® 3T*/3T bpy/bpy~
0.11 1.04
0.11 129 -137
0.005 135 —0.52
0.001 136 1.10 —125
0.0003 1.38 1.10 —0.40

“Spectra recorded in ACN solutions. “Potentials measured vs Ag/AgCl 1.0 M KCI at room temperature in dry degassed 0.1 M TBAPF; ACN
solution, scan rate 100 mV/s. “Deaerated solutions at 298 K, 4., = 400 nm. “Determined relative to Coumarin 485 in ACN (¢em = 0.28). “Redox
couple also contains significant contribution from the cyclometalating ligands.

diimine ligand. These MOs are assigned as the LUMO in 9 and
the LUMO+2 in 11, while the diimine based MOs on the NO,
functionalized compounds are greatly stabilized, leading to their
assignment as LUMO in both 10 and 12. For the 3T-pendant
complexes 11 and 12, calculations show a pair of nearly
degenerate MOs delocalized over the 3T-pendant and pyridyl
ring of each cyclometalating ligand. In the case of 11, these
orbitals (LUMO/LUMO+1) lie close in energy to the diimine
based MO, while in complex 12 these orbitals (LUMO+1/
LUMO+2) are significantly higher in energy (—2.833 €V, not
shown) than the NO, stabilized diimine MO.
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Electrochemistry of the Control Complexes. The
electrochemical properties of the cationic Ir(III) bis-cyclo-
metalates (9—12) investigated here are in agreement with the
DFT simulations discussed above. Results of the electro-
chemical investigation in acetonitrile (ACN) for control
complexes 9 and 10 are given in Table 3 and Figure 4. Both
complexes 9 and 10 displayed electrochemical behavior typical
of [Ir(C"N),(N"N)]* type complexes.*®7®%9™10 Quasi-
reversible single electron processes within the solvent window
were observed for 9 and 10, centered at 1.29 and 1.35 V,
respectively. Addition of the NO, substituent causes a nominal
positive shift (60 mV) in the oxidation of 10 relative to 9,
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Figure 4. Cyclic voltammograms in ACN for control complexes 9, 10
and 3T-pendant complexes 11, 12. Anodic currents are positive and
plotted downward. Scan rate of 100 mV/s.

consistent with the minimal disturbance in their HOMO
energies, as predicted by DFT. A single reduction centered at
—1.37 V for complex 9, is replaced by two reductions for
complex 10, centered at —0.52 and —1.16 V. A third reduction
at —1.42 V may be due to the successive reduction of the
doubly reduced species. These reductive processes are assigned
to ligand based reductions of the diimine ligand found in 9 and
10.

The most notable difference between the electrochemistry of
the control complexes is the large positive shift (850 mV) in the
first reduction of 10 relative to 9. Significant perturbation of the
first reduction potential and LUMO energy of 10 clearly
demonstrates the strong electron withdrawing character of the
NO, substituent. A positive shift in the location of the first
reductive process is well documented for similar complexes
coordinating NO, substituted ligands, althou%h the terminus of
the electron has been a topic of debate.”**” Recent work to
determine the reduction site of 4-NO,-bpy (1) and its Pt(II)
coordination complex Pt(4-NO,-bpy)Cl, was conducted by
Murray et al. with a combination of theoretical calculations,
cyclic voltammetry, as well as UV/vis, NIR, and EPR
spectroelectrochemistry.*® Their results indicate that after
electrochemical reduction or photoexcitation (MLCT, d7py
— m*\"n) the major component of electron density is localized
on the NO, substituted pyridyl ring in both the bound and the
unbound ligand. We adopt their assignment for the first
reduction in complex 10 as the one electron reduction of the
NO, substituted pyridyl ring of the coordinated 4-NO,-bpy
ligand. It is likely that the reduction at more negative potentials
in 10 is the addition of the second electron to the unsubstituted
pyridyl ring, slightly stabilized by induction.

Electrochemistry of the 3T Oligomer and 3T-Pendant
Complexes. The electrochemical properties of the 3T
oligomer 6 and its corresponding Ir(III) complexes 11 and
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12 were also examined in ACN by cyclic voltammetry (Table 3,
Figure 4). No reductions were observed for the 3T oligomer
within the solvent window, as expected for similar aryl capped
terthiophene species,"***¢ but the oligomer did exhibit rich
oxidation chemistry, undergoing two reversible, and one quasi-
reversible oxidation processes. The first 3T oligomer oxidation
is centered at 1.04 V, and is assigned to the formation of the 3T
radical cation.'***"*f Further oxidation produces a dicationic
species.

As observed for complexes 9 and 10, each of the 3T-pendant
complexes undergoes a quasi-reversible reduction located at
—1.25 and —0.40 V respectively for 11 and 12. Generation of
more highly reduced species at more negative potentials during
electrochemical experiments conducted with 11 and 12 gave
evidence for precipitation on the electrode surface. These
additional reductions were not assigned. A noteworthy
similarity in the electrochemical data is the 850 mV positive
shift observed for the first reduction of the diimine ligand in the
NO, functionalized 10 and 12, relative to complexes 9 and 11.
The similarity in the reduction chemistry of the 3T-pendant
complexes is fully supported by computational results, which
present diimine MOs nearly identical to those of the analogous
control complexes.

The 3T-pendant complexes 11 and 12 revealed three
oxidation processes rather than the single process observed
for the control complexes 9 and 10 (Table 3). In the 3T-
pendant complexes the first quasi-reversible oxidation at 1.10 V
is assigned to the isopotential one electron oxidation of both
3T-pendants to form the respective 3T radical cations. This
process is nearly unchanged in potential from the analogous
process in the free 3T oligomer, suggesting the ground states of
the 3T-pendant complexes and 3T oligomer are comparable.
The second process at ~1.37 V is assigned to the oxidation of
the Ir(Ill)-(Ph™¢"y), moiety, only slightly shifted from the
values observed for the same process in control complexes
(Table 3). The third oxidation process located at ~1.54 V is
attributed to a second oxidation of the 3T-pendant to form the
dicationic terthiophene species.me’l%’e’24 This process is not
reversible on the CV time scale and occurs at potentials close to
the second oxidation making it difficult to resolve electro-
chemically. Ordering of the first two oxidative processes are in
accord with the composition of the HOMO/HOMO-1, and
HOMO-2 predicted by DFT calculations.

Electronic Spectroscopy and Excited State Analysis.
UV—vis absorption spectra collected in ACN for cationic Ir(III)
bis-cyclometalates 9—12, and the free 3T oligomer 6, are shown
in Figure 5. Corresponding photophysical and spectral data
have been summarized in Table 3. To assist with the
interpretation of excited state properties, TD-DFT calculations
were performed for all molecules in the series (9—12) on their
fully optimized ground-state geometries. An energy level
diagram representing the three lowest singlet and triplet
excited states of complexes 11 and 12 is shown in Figure 6 (see
Supporting Information for detailed assignment of states). The
free 3T oligomer exhibits a relatively simple electronic
spectrum with only two strongly absorbing features. The high
energy band, located at 252 nm, is assigned to the 7 — #*
transition localized on the Hppy cap of 6. The broad, intense
absorption at lower energy (378 nm) is identified as the 7 —
m* transition characteristic of z-conjugated thiophene
oligomers.

Control complexes 9 and 10 presented absorption spectra
representative of comparable cationic Ir(III) bis-cyclometalate-
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Figure 5. Normalized UV—vis absorption spectra in ACN solutions at
room temperature of (a) control complexes 9, 10. (b) 3T oligomer 6
and 3T-pendant complexes 11, 12. Insets depict long wavelength
absorbance of 10 and 12.
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Figure 6. Energy level diagram for the lowest excited states in the 3T-
pendant complexes (11—12).
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occur at 326 (9) and 388 (10) nm. Experiment shows intense
absorption bands and shoulders present at high energy (320—
350 nm), assigned to 'LC transitions (# — 7*) on the
cyclometalating and diimine ligands. At lower energy a series of
weak absorption shoulders (340—440 nm) followed by a set of
very weak absorptions (450—470 nm) can be found. The bands
located between 340—440 nm are assigned to 'LLCT/'MLCT
transitions (7~ — 7*\n/dZamy — 7¥y'w), while those
found at wavelengths longer than 450 nm likely result from
transitions to the corresponding triplet states. The exact
ordering of these bands is not known for complexes 9 and
10. The long wavelength absorption band centered at 530 nm
for complex 10 is likely due to transitions terminating on the
significantly stabilized MO of the NO, substituted diimine
ligand (see inset Figure S).

Interpretation of the electronic spectra for the 3T-pendant
complexes 11 and 12 becomes increasingly more complicated
than for either the 3T oligomer or the control complexes.
Vertical excitations to the lowest energy singlet state S, in the
3T-pendant complexes are described as a 'z — 7* transition by
TD-DFT. Calculated values for excitation of the S, state are
446 (11) and 448 (12) nm. Experimentally the ultraviolet
region of complexes 11 and 12 display the same intense high
energy absorptions as 9 and 10, consistent with the 'LC
transitions (7 — 7*) on the cyclometalating and diimine
ligands. The remaining portions of the spectra are dominated
by the characteristic 'z — #* transition of the 3T-pendants, as
observed in the 3T oligomer. The absorbance of this band is
also increased (~ X1.5) because of the existence of two 3T-
pendants within the same molecule. Presence of the NO,
substituent on the diimine ligand of 12 yields a long wavelength
absorption near 540 nm analogous to the band observed in 10.
The NO, substitution appears to have no effect on the overall
position of the absorption bands corresponding to the 3T-
pendants. The broad absorptions attributed to the 3T-pendants
in complexes 11 and 12 overlap substantially with the position
of the charge transfer bands observed in the control complexes.
Observation and assignment of those bands expected to be
present beneath the 3T-pendant absorptions would require
additional experiments and data treatment beyond the scope of
this study.

A noteworthy red-shift (~40 nm) in the absorption of the
3T-pendants 'z — 7* transition is observed upon complexation
of 6 to the Ir(III) ion in both 11 and 12. Behavior such as this
has been consistently observed for coordination of ligands
functionalized with oligothiophene pendants to transition metal
centers,13h rationalized as stabilization of the oligothiophene
excited state resulting from increased conjugation with the aryl
caps along with the metal cations inductive effect.”*® We believe
this reasoning can be applied as the likely cause of the red-shift
described here for complexes 11 and 12.

Aside from complex 9, whose luminescence has been
previously reported,”*”*™%#1%¢ the remaining cationic
Ir(11I) bis-cyclometalates display extremely weak luminescence
at room temperature. Quantum yields obtained for the NO,
and 3T functionalized compounds are 2—3 orders of magnitude
smaller than that of control complex 9. In the case of the 3T-
pendant complexes accurate measurement of quantum yield or
time dependent decay dynamics using our experimental
configuration were not possible because of extremely low
luminescence intensities.

The experimentally observed luminescence of control
complexes 9 and 10 (Table 3, Figure 7) is described by TD-

dx.doi.org/10.1021/ic202573y | Inorg. Chem. 2012, 51, 5082—5094



Inorganic Chemistry

2510°
Fal —=6
5 A —_
. - 10
2010° | o
— . 1
5 ! \
\lg l .[
= 61 1
g 1.510 ;
- .'
e :
S 1010° | !
w
K} !
E ]
L i
5010° F
!
[}
/
0.0 b . ey
450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure 7. Luminescence spectra of 3T oligomer 6 and control
complexes 9, 10 in deaerated ACN solutions at 298 K. 4., = 400 nm.

DEFT as an excitation to the lowest triplet excited state T, with
SLLCT/*MLCT character, computed to arise at 381 (9) and
524 (10) nm. For the nonluminescent 3T-pendant complexes
TD-DFT predicts excitations to the 3T centered T, and T,
states (Figure 6), a degenerate pair of low lying triplet states, *z
— 7* in character. Calculations place the energy of these
degenerate triplet states 1.96 eV above the ground. This value is
in excellent agreement with the values measured and computed
for the lowest triplet excited state of the unfunctionalized 3T
oligomer, ranging from 1.76—1.92 ev. ¥

A partial decrease in emission intensity has been observed for
Ir(IlI) complexes similar to 10 coordinating electron with-
drawing diimine ligands bearing COOH or COOR substituent-
s.7%% T cases where the strong electron withdrawing NO,
substituent is used, near total quenching of charge transfer
phosphorescence is reported for Ru(1I), Re(I), Pt(II), and
Ir(III) species.gd’”a’43 Strong involvement of the NO,
substituent with the excited state and its vibrational modes
are believed to be the major deactivation pathway of radiative
decay in 10.>** There is also evidence in NO, aromatics for
excited state deactivation due to structural reorganization,
involving intramolecular twisting of the NO, substituent out of
the aromatic ring plane.** The weak emission measured for 10
is in nearly the same location as that of control complex 9
(Table 3). Electrochemical measurements and analysis of
absorption band energies for 10 suggest excitation of the
'"LLCT/'MLCT state and subsequent decay from the
SLLCT/®MLCT after rapid intersystem crossing to occur at
much lower energies than observed. Considering the position
and the extremely low quantum yield we cannot be certain of
the origin of luminescence from 10; for example, the
luminescence may originate from an alternate triplet state on
the diimine ligand. In any event, efficient deactivation of
excitation energy likely occurs through a triplet state partially
localized on the NO, substituent.

B DISCUSSION

Electrochemistry and DFT calculations for the first oxidation
and reduction processes in complexes 9 and 10 correlate with
the relative positioning of the HOMO and LUMO,
respectively. From the electrochemical and theoretical results,
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it is reasonable to infer that the HOMO in complex 10 is
relatively undisturbed by the NO, substituent. Conversely, the
very large shift in the reduction potential and computed energy
of the LUMO for 10 suggests significant stabilization of this
MO, as has been previously reported.gd'3'9’40 These results
emphasize the ability to independently modify the energy of
HOMO and LUMO. Specific functionalization of the cyclo-
metalating and diimine ligands then allows for the potential to
create a low lying trap state for triplet energy.

Introduction of 3T-pendants into the system provides
additional photoredox chromophores with MOs that may
produce dramatic changes in the excited state dynamics.
Relative to both the control complexes and the 3T oligomer an
overall positive shift for the oxidation of the 3T-pendants and
the Ir(Il[)-(Ph~cty), moiety in complexes 11 and 12 is
apparent, but minimal. The minimal disturbance in the
oxidation potential of the 3T-pendants is indicative of minor
electronic involvement between the 3T and Ir(IlI) chromo-
phores in the ground state. Further evidence of the weak
interaction is found in the contour plots of the HOMO/
HOMO-1 for complexes 11 and 12. This type of weak
electronic coupling is commonly observed in metal-oligothio-
phene systems, attributed to decreased conjugation between
the ligated aryl caps and their oligothiophene pendants >***
This suggests that coordination of the ligand containing the 3T
oligomer is unlikely to be a significant contributor to the
changes in the electrochemical processes observed at positive
potentials. Rather, this shift to positive potentials is likely a
consequence of the increased positive charge imparted on the
complexes through sequential oxidation.

The 3T-pendants have a more pronounced effect on the
excited states of complexes 11 and 12. The absence of strong
luminescence from the 3T-pendant complex 11 is striking as
both the free 3T oligomer 6 and the control compound 9
display strong fluorescence and phosphorescence respectively,
both with ¢,., = 0.11. For uncoordinated oligothiophene
chromophores fluorescence from the initial photoexcited
'7—n* state is observed, with intersystem crossing to the
lowest energy nonemissive *z—7z* state representing the major
nonradiative pathway.*** It has also been shown that
asymmetric capping of 3T oligomers in the 5 or 5" position
with electron withdrawing substituents enhances the rate of
nonradiative decay (k,,) in polar solvents by imparting a charge
transfer character from the 3T-backbone to the 1polarized caps,
deactivating fluorescence from the 'z—z* state.”*! In complex
11 the presence of a positively charged Ir(III) ion coordinated
to the ppy cap of the 3T oligomer serves as an electron
withdrawing moiety in the excited state, as indicated by the
significant contribution from the pyridyl ring of the cyclo-
metalating ligands in the contour plot of the LUMO/LUMO
+1.

On the basis of TD-DFT results and the disparity between
the extinction coefficients of the 3T and Ir(III) chromophore,
photoexcitation of the 3T-pendant complexes efficiently
populates the 3T 'm—z* state, although contributions of a
charge transfer character cannot be mutually excluded. We
suggest that following photoexcitation, the 'z—z* state rapidly
undergoes intersystem crossing to the lowest energy excited
triplet state facilitated by the strong spin—orbit coupling of the
Ir(III) ion. TD-DFT finds the lowest energy excited state to be
the 3T based 37—z* state, where the excitation energy is left to
decay nonradiatively.**® Existence of the dark *z—z* states
below the potentially emissive Ir(III) based triplet states found
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in the control complexes further supports deactivation of
potential radiative decay pathways. This relative positioning of
excited triplet states has been observed in other metal-
oligothiophene systems, resulting in quenching of oligomer
fluorescence and metal centered phosphorescence, supporting
the quenching observed here,'3*462

The 3T/NO, functionalized compound 12 is similar to 11
and its photophysical behavior can be rationalized using the
arguments outlined above for both complexes 10 and 11. In
summary, attempts to design a trap for the lowest triplet excited
state through functionalization of the diimine ligand with a
NO, substituent did not lower the energy of the diimine MO
(Figure 7, T; for 12) enough to shift the resulting
SLLCT/?MLCT state below the 3T *z—z* state. As a result
it is no surprise that neither fluorescence nor phosphorescence
is observed in the 3T-pendant complexes.

B CONCLUSIONS

We have carried out electrochemical and photophysical
investigations that include theoretical calculations on a series
of cationic Ir(III) bis-cyclometalated complexes (9—12)
incorporating 3T-pendants and the potent electron with-
drawing NO, substituent. Differences arising from the system-
atic introduction of 3T-pendants and the NO, substituent are
illustrated dramatically in the cyclic voltammetry experiments.
The potentials for the one electron oxidative processes of the
3T-pendants and the Ir(Il[)-(Ph~¢y), moiety are unaffected
by each other, but the one electron reductive process of the
diimine ligand is greatly affected by addition of the NO,
substituent. These trends are confirmed by DFT calculations
that show almost no disturbance in the Ir(III)-(Ph™c*y), based
MO upon addition of 3T-pendants, while considerable
stabilization of the diimine based MO is evident upon addition
of a NO, substituent. Both electrochemical and DFT results
suggest that the series should be capable of providing a low
lying trap state localized on the NO, functionalized diimine
ligand.

The excited state properties of the series and the supportive
TD-DFT calculations tell a different story. Examination of the
absorption spectra of 3T-pendant complexes (11 and 12)
shows complete overlap of the bands originating from both the
metal and organic chromophores ruling out selective excitation.
Aside from control complex 9 and the uncomplexed 3T
oligomer 6, NO, functionalized complex 10 is weakly
luminescent and no luminescence is observed upon photo-
excitation of the 3T-pendant complexes at 400 nm in room
temperature ACN solutions. TD-DFT calculations suggest that
the absence of luminescence from the 3T-pendant complexes
results because the lowest excited triplet state is found on the
3T-pendants rather than on the diimine ligand, regardless of
the NO, substituent.

The systems studied here have merit as potential light-
harvesting materials that have been improved through the
addition of the strongly absorbing 3T-pendants as secondary
chromophores to increase spectral efficacy; however, further
tuning of the system energetics will be necessary to direct the
excitation energy to a triplet state capable of charge injection.
This latter adjustment has proven somewhat difficult to achieve
as cationic Ir(III) bis-cyclometalates have higher energy triplet
excited states than their Ru(II) polypyridyl counterparts. The
use of UV-absorbing pendant chromophores is then required to
raise the triplet state energy of the pendant to prevent energy
funneling into a noneffective lowest energy state. This strategy
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is not particularly beneficial for light-harvesting in the visible
region, but use of longer wavelength absorbers such as the 3T
oligomers used in this study may still provide worth in light-
generating devices such as LECs.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format for 10, additional structural
discussion, detailed assignment of TD-DFT transitions, and
atom coordinates for DFT optimized geometries of complexes
9—12. This material is available free of charge via the Internet
at http://pubs.acs.org.
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