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ABSTRACT: The synthesis, complete structural characterization, electrochemistry, and
excited-state dynamics of a series of four bis-heteroleptic iridium(III) charge-transfer
complexes composed of a single acac-functionalized and two ortho-metalated 2-phenylpyr-
idine ligands. The formed iodophenyl complex (2) was used as a metallosynthon to

introduce extended-core ethynyltolyl (3), ethynylpyrene (4), and ethynylperylene (S) oy
residues into these structures projecting from the acac ancillary ligand. Static and dynamic “%‘:
photoluminescence along with ultrafast and conventional transient absorption measure- >

ments in conjunction with cyclic voltammetry were employed to elucidate the nature of the
intramolecular energy-transfer processes occurring in the excited states of polychromo-
phores 4 and $ and are directly compared with those of model complexes 2 and 3. Upon
charge-transfer excitation of these molecules, the long-lived triplet-state metal-to-ligand
charge-transfer (*MLCT)-based photoluminescence readily observed in 2 and 3 (7 = 1 us) is
nearly quantltatlvely quenched, resulting from production of the associated triplet intrali-
gand ( IL) excited states in 4 and § through intramolecular triplet—triplet energy transfer. The respective formation of the extended-
core **pyrenyl and **perylenyl-localized excited states in 4 and $ is confirmed by their ultrafast excited-state evolution, which
ultimately generates features associated with these *IL excited states and their greatly extended excited-state lifetimes with respect to
the parent complexes 2 and 3.

B INTRODUCTION

Third-row transition-metal charge-transfer complexes, parti-
cularly those containing platinum(II) or iridium(III), have
recently attracted considerable attention because they can facil-
itate efficient intersystem crossing, ultimately leading to the effi-
cient population of the molecule’s triplet excited state.' > Here
the spin-forbidden nature of the radiative relaxation process is
also relaxed, resulting in a high phosphorescence quantum effi-
ciency from the lowest triplet excited state. Minor structural
variation within certain platinum complexes often alters the resul-
tant photophysical properties,”* and judicious tuning of the
surrounding ligands has even enabled near-IR phosphorescence
emission to be observed, potentially an attractlve alternative to
more conventional organic fluorophores.®” Similarly, grafting
ancillary polyaromatic modules to the resultant platinum(II)
complex enables efficient intramolecular energy transfer to
the low-lying triplet of the organlc fragment, producing its corre-
sponding photophysics.* '* On the other hand, iridium(III)
complexes enable broader tuning possibilities because of their
increased ligand-field stabilization energy and pronounced de-
coupling with metal-centered excited states, which are essentially
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thermally inaccessible.">'® For instance, homoleptic iridium (IIT)
complexes such as Ir(ppy); possess desirable spectroscopic pro-
perties such as long-lived emitting states and quantitative photo-
luminescence quantum efficiencies."> Homoleptic and hetero-
leptic iridium(III) complexes have also been used extensively for
sensing and bioimaging,”f19 as the light-emitting component in
organic light-emitting dev1ces,207 achieving nearly 100% inter-
nal quantum efficiency,”* and in upconversion schemes.”®
Furthermore, the kinetic inertness of the coordmatlon sphere
permits the construction of asymmetric molecules®® but also the
use of dedicated complexes as metallosynthons to graft addi-
tional functional modules such as organic chromophores, using
the concept of “chemistry on the complex”.”” >
Cyclometalated iridium(III) complexes are robust, easy to
produce, synthetically versatile, and photochemically and ther-
mally stable and display desirable photophysical properties.>' >
These attractive features prompted us to combine an orthome-
talated iridium(III) precursor with (phenyliodo )acetylacetonate
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recently prepared using copper-promoted cross-coupling re-
actions.>* We speculated that selected functionalization of the
iodo function with alkyne chemistry would provide a range of
opportunities to tether photoactive polyaromatic residues in
such a way that intramolecular energy transfer from the charge-
transfer complex to the appended energy acceptor would be efficient.
Fortunately, unsubstituted acetylacetonate (acac)-based iridium-
(III) complexes do exist, and the majority of [(ppy),lr(acac)]
complexes indeed phosphoresce with high quantum yields and
exhibit microsecond lifetimes.*> Furthermore, when the appro-
priate ancillary ligand was chosen, green-to-red emission char-
acteristics could potentially be synthetically tailored into the
structure,*"**3°

Herein, we describe the synthesis and complete structural and
photophysical characterization of a series of bis-heteroleptic
Ir(IIT) chromophores linked to ethynyltolyl (3), ethynylpyrene
(4), and ethynylperylene (S), each projecting from an appended
acac ligand. The former serves as a control molecule where the
possibility of low-lying organic fragment-based triplet state photo-
physics is deleted and the two latter molecules were purposely
designed so that the corresponding hydrocarbon triplet states
would become populated. Indeed, this is the case and regardless
of the excitation wavelength utilized, the extended-core aromatic
hydrocarbon-based ligand-localized triplet excited state is exclu-
sively produced in 4 and §, clearly demonstrated by ultrafast and
conventional transient absorption spectroscopy. Although the
resultant ligand-localized excited states in 4 and S are long-lived,
these triplet states are unfortunately dark and do not phosphor-
esce at room temperature (RT).

B EXPERIMENTAL SECTION

General Procedures. All reactions were performed under a dry
atmosphere of argon using standard Schlenk techniques. All chemicals
were used as received from commercial sources without further purifica-
tion unless otherwise stated. CH,Cl, and CH3CN were distilled from
P,Os under an argon atmosphere. Tetrahydrofuran (THF) was distilled
from sodium benzophenone under an argon atmosphere. '"H NMR
(300.1 MHz) and *C NMR (75.5 MHz) spectra were recorded at RT
on a Bruker Avance 300 MHz spectrometer; 'H NMR (200.1 MHz) and
3C NMR (50.5 MHz) spectra were recorded at RT on a Bruker Avance
200 MHz spectrometer, using perdeuteriated solvents as internal standards.
Fourier transform infrared spectra were recorded on a ATR plate. Fast
atom bombardement (FAB, positive mode) mass spectra were recorded
with a ZAB-HF-VB analytical apparatus with m-nitrobenzyl alcohol as
the matrix. Chromatographic separations/purifications were performed
using 40—63 um silica gel. Thin-layer chromatography was performed
on silica gel plates coated with a fluorescent indicator.

X-ray Structure Determination. X-ray crystallographic data
were recorded at RT on a Nonius-Bruker Kappa CCD diffractometer
using graphite-monochromated Mo Ka radiation (4 = 0.7107 A).
Complete data sets were measured according to a j and w scan strategy
derived by the COLLECT®” suite once the cell parameters were
estimated using DENZO>® from a preliminary 10° j scan. In the case
of 4, this air-unstable crystal was mounted into a sealed capillary that
restricted a full rotation scan around the spindle axis, resulting in quick
and incomplete data collection. Data were then integrated by DENZO®
and corrected for Lorentz and polarization effects. An empirical absorp-
tion correction based on a comparison of the redundant and equivalent
reflections was applied using SCALEPACK.*® Both structures (2 and 4)
could be solved by direct methods"* and were expanded using Fourier
techniques.® All non-hydrogen atoms were refined anisotropically,
while the hydrogen atoms were principally located on difference Fourier

syntheses but refined isotropically with a riding model and with Uj,,(H) =
1.2U.4(C) (or 1.5 for the methyl group). The SQUEEZE option from
PLATON™ was used to treat the presence of disordered solvent mole-
cules in 4. Their contribution to the diffraction pattern supposedly
consisted of two molecules of the Et,O solvent, removed and modified
by F,* written to a new HKL file.

For complex 2 (C33H,6IIrN, O, - 2C,H3N): space group, triclinic PI;
a=10.124(4) A, b = 13.335(5) A, c = 13.893(5) A, @ = 110.81(2)°,
B =100.08(2)°, y = 93.96(1)°, V= 1708.5(11) A%, Z = 2, F(000) = 856,
Dy =1718 g cm >, u = 4848 mm independent reflections 6972
(Rine = 0.038), observed reflections 5475 [I > 20(I)], refinement method;
full-matrix least squares on FZ, data/restraints/parameters, 6972/3/410,
R1=0.0359, R,,=0.0747, GOF on F= 1.028, Arpin and 7, are +0.762
and —0.897 e A,

For complex 4 (CsHssIrN,O,:2C,H00): M, = 1048.25; space
group, triclinic, PT; a = 9.516(4) A, b = 11.742(6) A, ¢ = 20.778(12) A,
a =105.31(5)°, = 90.39(4)°, y = 91.63(4)°, V= 2238(2) A%, Z = 2,
F(000) = 1064, Doy = 1.555 g cm ™ >, u = 3.037 mm ', independent
reflections 7964 (R, = 0.0326), observed reflections 6281 [I > 20(I)],
refinement method; full-matrix least squares on FZ, data/restraints/
parameters, 7964/160/507, R1 = 0.0482, R,, = 0.1111, GOF on F =
1.043, Aryin and 7, are +0.901 and —1.474 e A2 Supplementary data
in the form of CIFs have been deposited with the Cambridge Crystal-
lographic Data Centre [CCDC 800954 (complex 2) and 80095S
(complex 4)]. Copies of the data can be obtained, free of charge, upon
application to CCDC, 12 Union Road, Cambridge CB2 IEZ, UK.
[fax +44(0)-1223-336033 or e-mail deposit@ccdc.cam.ac.uk].

Reagents. tBuOK, copper iodide, benzene, 2-phenylpyridine (ppy),
and triethylamine were purchased from commercial sources and used
without further purification. Dichloromethane was dried over P,Os
and distilled under an argon atmosphere immediately prior to use.
3-(4-Todobenzyl)-2,4-pentanedione,** [ (ppy),IrCl],,*' [Pd(PPh;),CL],*
1-ethynylpyrene,* and 3-ethynylperylene** were prepared and purified
according to literature procedures.

General Procedure for the Sonogashira Cross-Coupling
Reaction. A Schlenk flask was charged with [(ppy),Ir(acacPhI)] (2),
the appropriate ethynyl derivative, benzene, and triethylamine. The
mixture was argon-degassed for 30 min, then Cul and [Pd(PPh;),Cl,]
were introduced, and the reaction mixture was stirred at RT for 18 h. The
solvents were evaporated, and the residue was treated with water and
extracted with dichloromethane. The organic extracts were washed with
water, followed by saturated brine, and finally dried over Na,SO,. After
rotary evaporation, the residue was purified by column chromatography.

Complex [(ppy),ir(acacPhl)] (2). A solution of 3-(4-iodobenzyl)-2,
4-pentanedione (500 mg, 1.650 mmol) in SO mL of anhydrous dichloro-
methane was cooled to 0 °C, and +BuOK (192 mg, 1.700 mmol) was
added in one portion. The reaction mixture was stirred for 2 h before 1
(884 mg, 0.825 mmol) was added, and the resulting reaction mixture was
allowed to warm up to RT and stirred an additional 2 h. The resultant
solution was poured on 50 mL of a saturated NH,Cl solution and ex-
tracted with CH,Cl, (3 x 40 mL). The organic phase was washed with
water and brine and finally dried over sodium sulfate. The solvents were
removed under vacuum. Purification by chromatography on aluminum
oxide (40:60 ethyle acetate/petroleum ether) afforded 2 as a yellow solid
(1.136 g, 86%). 'H NMR (400 MHz, CD,Cl,): 0 8.62 (dd, 2H, * = 6.4
Hz,*J= 0.8 Hz),7.92 (d,2H, ] = 8.4 Hz), 7.83 (dt, 2H, *J = 7.2 Hz, ¥ =
1.6 Hz), 7.60 (dd, 2H, *] = 6.4 Hz, ] = 1.6 Hz), 7.29 (AB quartet, 4H,
ABT = 8.4 Hz, v 0,5 = 304.3 Hz), 7.26 (dt, 2H, °] = 6.4 Hz, ] = 1.2 Hz),
6.85 (dt, 2H, ] = 7.6 Hz, *J = 1.2 Hz), 6.69 (dt, 2H, ] = 7.2 Hz, *] =
1.2 Hz), 6.24 (dd, 2H, ] = 7.6 Hz, T = 1.2 Hz), 1.57 (s, 6H). *C NMR
(50 MHz, 4:1 CD,Cl,/CCl,): 0 184.1,169.2, 148.8, 148.3, 145.6, 143.4,
138.5,137.9, 135.1, 133.9, 129.7, 124.7, 122.4, 121.5, 119.3, 115.4, 92.6,
30.5. IR (ATR, cm ™ 1): v 3055 (w), 2997 (w), 1606 (m), 1578 (s), 1570 (s),
1476 (s), 1413 (m), 1343 (m), 1295 (m), 1331 (m), 1275 (m), 1198 (s),
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Scheme 1¢

(iif)
51%

(i) 4-(Acetylacetone)iodophenyl (1 equiv), +BuOK (1.05 equiv), and dichloromethane, 2 h, 0 °C; then [(ppy),IrCl], (0.5 equiv), 86%; (ii)
4-ethynyltoluene, benzene, triethylamine, [Pd(PPh;),Cl,] (6 mol %), and Cul (10 mol %), RT, overnight, 58%; (iii) 4-ethynylpyrene, benzene,
triethylamine, [Pd(PPh;),Cl,] (6 mol %), and Cul (10 mol %), RT, overnight, $1%; (iv) 3-ethynylperylene, benzene, triethylamine, [Pd(PPh;),Cl,]

(6 mol %), and Cul (10 mol %), RT, overnight, 58%.

1060 (m), 1030 (s), 788 (s), 726 (s). UV—vis [THF; Anm (&, M~ ' em™")]:
240 (17 800), 265 (21 250), 343 (4450), 414 (1780). EL-MS (nature of the
peak): m/z 802.0 ([M], 100), 676.1 ([M — I + H], 35). Anal. Calcd for
C33Hy6IIrN, O,: C,49.44; H, 3.27; N, 3.49. Found: C,49.28; H, 3.04; N, 3.19.

Complex [(ppy),lr(acacPhTol)] (3). The general procedure was
followed using 2 (87 mg, 0.109 mmol), 4-ethynyltoluene (38 mg,
41 uL, 0.327 mmol), [Pd(PPh;),CL] (4.5 mg, 6.54 X 10 mmol),
and Cul (2.0 mg, 10.9 x 10> mmol). Purification by chromatography
on aluminum oxide (60:40 dichloromethane/petroleum ether) followed
by crystallization by the slow diffusion of Et,O in a CH,Cl, solution gave
3 as a yellow solid (50 mg, 0.063 mmol, 58%). "H NMR (200 MHz,
CD,CL,): 0 8.64 (d, 2H, *] = 5.5 Hz), 7.95—7.79 (m, 4H), 7.60 (d, 2H,
3= 7.9 Hz), 7.50 (d, 2H, *] = 7.9 Hz), 7.42 (d, 2H, *] = 7.9 Hz), 7.28
(dt, 2H, *J = 7.2 Hz, ¥] = 1.2 Hz), 7.20—7.13 (m, 4H), 6.86 (dt, 2H,

3 =73Hz,*=12Hz),6.69 (dt, 2H, *J = 7.3 Hz, *J = 1.2 Hz), 6.25 (d,
2H, %/ = 6.7 Hz), 2.37 (s, 3H), 1.56 (s, 6H). "*C NMR (50 MHz, C¢Dy):
0 183.9, 168.6, 148.6, 148.1, 145.4, 143.6, 139.0, 137.7, 133.6, 132.8,
132.1, 131.7, 129.5, 129.2, 124.3, 122.2, 121.8, 121.14, 120.55, 119.0,
115.68, 89.8, 89.03, 29.50, 21.60. IR (ATR, cm ™ '): v 3491 (w), 3039 (w),
1605 (m), 1568 (s), 1515 (w), 1475 (m), 1437 (m), 1373 (s), 1347 (m),
1295 (m), 1265 (m), 1215 (m), 1157 (m), 1060 (m), 1030 (m), 1006 (s),
831 (m), 752 (s), 728 (s). UV—vis [THF; A nm (¢, M~ ' ecm™")]: 274
(36500), 308 (26750), 345 (7300), 412 (2372). EI-MS (nature of the
peak): m/z790.3 ([M], 100). Anal. Calcd for C4,H33IrN,O,: C, 63.86; H,
4215 N, 3.55. Found: C, 64.24; H, 4.45; N, 3.79.

Complex [(ppy),ir(acacPhPyr)] (4). The general procedure was followed
using 2 (80 mg, 0.099 mmol), 1-ethynylpyrene (27 mg, 0.118 mmol),
[Pd(PPh;),Cl,] (4 mg, 5.69 x 10 ° mmol), and Cul (1.8 mg,
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Figure 1. 'H NMR spectra of 2 (top) and 4 (bottom) recorded in CD,Cl,. Only the aromatic region is presented.

9.9 x 10~ * mmol) Purification by chromatography on aluminum oxide
(50:50 CH,Cl,/petroleum ether) followed by crystallization by the
slow diffusion of Et,O in a CH,Cl, solution gave 4 as a yellow solid (4S5
mg, 0.050 mmol, 50%). "H NMR (200 MHz, CD,Cl,): § 8.71—8.67
(m, 3H), 8.28—8.10 (m, 8H), 8.06—7.80 (m, 4H), 7.72 (d, 2H, *] = 8.0
Hz), 7.62 (d, 2H, *] = 7.8 Hz), 7.34—7.23 (m, 4H), 6.87 (dt, 2H, *] =
7.1Hz,*]=1.2Hz),6.70 (dt, 2H, *J = 7.2 Hz, *J = 1.2 Hz), 6.26 (d, 2H,
3] =73 Hz), 161 (s, 6H). *C NMR (50 MHz, CD,Cl,): 6 183.9, 168.7,
148.6, 148.1, 14S.5, 144.0, 137.7, 133.5, 133.0, 132.3, 132.2, 131.7, 131.5,
130.0, 129.2, 128.8, 128.6, 127.6, 126.8, 126.1, 125.8, 125.0, 124.8, 124.6,
1243, 1223, 1218, 1212, 1190, 1182, 1157, 957, 888, 29.5. IR

10862

(ATR, em™): v 3035 (w), 1605 (m), 1572 (m), 1477 (m), 1415 (m),
1375 (s), 1340 (m), 1297 (w), 1158 (w), 1060 (m), 1029 (w), 1006 (m),
970 (w), 843 (s), 822 (m), 794 (w), 754 (s), 734 (w), 714 (w). UV—vis
[THF; 2 nm (g, M~ " em™")]: 235 (35 150), 246 (34 550), 282 (32200),
295 (32.800), 346 (18 300), 364 (27 850), 385 (26971), 450 (1400). EI-
MS (nature of the peak): m/z 9002 ([M], 100). Anal. Calcd for
C;H3IrN,Os: C, 68.06; H, 3.92; N, 3.11. Found: C, 67.70; H, 3.72; N, 2.79.

Complex [(ppy)slr(acacPhPery)] (5). The general procedure was
followed using 2 (70 mg, 0.087 mmol), 3-ethynylperylene (60 mg,
0.204 mmol), [Pd(PPh;),CL,] (3 mg, 427 x 10> mmol), and Cul (1.8 mg
9.9 x 10~ mmol). Purification by chromatography on aluminum oxide

dx.doi.org/10.1021/ic201397v |Inorg. Chem. 2011, 50, 1085910871
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Figure 2. (a) ORTEP view of 2. Displacement ellipsoids are drawn at the 30% probability level. (b) Projection of the crystalline structure of 2 along the a
axis. Silver and golden colors are for inversion-related molecules. Black dashed lines indicate 71—7-stacking interactions. Hydrogen atoms as well as the
acetonitrile solvent molecules trapped during the crystallization step have been omitted for clarity.

(60:40 CH,Cl,/petroleum ether) followed by crystallization by the 0.041 mmol, 48%). "H NMR (400 MHz, CD,Cl,): 0 8.66 (dd, 2H,
slow diffusion of Et,0 in a CH,Cl, solution give 5 as a red solid (37 mg, 3] = 6 Hz, *J = 1 Hz), 8.34—8.19 (m, SH), 7.94 (d, 2H, *] = 8 Hz), 7.85
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Figure 3. (a) ORTEP view of 4. Displacement ellipsoids are drawn at the 30% probability level. (b) Projection of the crystalline structure of complex 4
along the a axis. Silver and golden colors are for inversion-related molecules. Light-blue dashed lines represent ;z—-stacking interactions. (Hydrogen
atoms as well as the acetonitrile solvent molecules trapped during the crystallization step have been omitted for clarity.)

(dt, 2H, ¥ = 7.6 Hz, *] = 1.2 Hz), 7.73 (t, 1H, *] = 8 Hz), 7.66—7.60
(m, 4H), 7.55—7.51 (m, 3H), 7.50 (AB quartet, 4H, *?] = 82 Hz, v
Oap =221.3 Hz),7.30 (dt, 2H, *J = 6 Hz, '] = 1.6 Hz), 6.86 (dt, 2H, ] =
7.2Hz,'J=1.2Hz), 6.70 (dt, 2H, *J = 7.2 Hz, * = 1.6 Hz), 6.26 (dd, 2H,
3 = 7.6 Hz, /] = 1 Hz), 1.60 (s, 6H). *C NMR (50 MHz, CD,Cl,):
0 183.6, 168.4, 149.1, 148.4, 145.2, 144.5, 138.7, 133.2, 132.8, 132.7,
132.2,132.1,131.7,131.5,130.0, 129.4,129.1, 128.7, 128.6, 128.2, 126.3,
126.1,125.8,125.0, 124.8, 124.6,124.3,122.3,121.8,121.6,118.4,118.2,
115.7,94.9, 88.2,29.7. TR (ATR, cm ™ '): v 2920 (s), 2851 (s), 1689 (m),
1611 (m), 1566 (m), 1538 (s), 1485 (m), 1465 (m), 1429 (m), 1417 (m),
1366 (m), 1331 (m), 1275 (m), 1198 (s), 1161 (m), 1111 (s), 989 (s),
951 (m), 815 (m), 764 (m), 751 (m), 731 (m), 704 (m). UV—vis (THF;
A nm (g, M~" em™")]: 260 (35150), 303 (12400), 331 (9370), 414
(8400), 440 (15000), 467 (17709). EI-MS (nature of the peak):
m/z 9502 ([M], 100). Anal. Calcd for CsH;,IrN,O,: C, 69.53; H, 3.93;
N, 2.95. Found: C, 69.44; H, 3.70; N, 2.70.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The preparation of target
complexes is sketched in Scheme 1. Deprotonation of the ligand
(acacHPhI) is ensured using +-BuOK at low temperature under
anhydrous conditions, and its reaction with 0.5 equiv of the
iridium dimer 1 provides complex 2 after chromatographic puri-
fication over alumina.

Complexes 3—5 bearing distinct aromatic fragments were
prepared using Sonogashira cross-coupling reactions between
the appropriate acetylenic-terminated precursor and phenylio-
dide projecting from the acac ligand available on the preformed
iridium(III) complex 2 in the presence of triethylamine. The
resulting complexes were purified by flash chromatography using
alumina. To illustrate the NMR structural assignments in the
aromatic region, representative "H NMR spectra of complexes

10864 dx.doi.org/10.1021/ic201397v |Inorg. Chem. 2011, 50, 10859-10871
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Table 1. Electrochemical Data for the Heteroleptic Iridium-
(I11) Complexes”

complex E'°0y V (AE, mV) E°..qy V (AE, mV)

2 +0.74 (60)"

3 +0.74 (60)"

1-ethnylpyrene +1.30 (irr.) —2.02

4 +0.74 (60)° —1.93 (irr.)*
+ 1.22 (irr.)*

3-ethnylperylene + 1.22 (irr.) —1.93 (irr.)

5 +0.74 (60)" —1.72 (irr.)?
+0.95 (60)*

“ Potentials determined by cyclic voltammetry in deoxygenated CH,Cl,
solutions, containing 0.1 M TBAPFq, at a solute concentration of 1.5 X
10® M, at RT. Potentials were standardized using ferrocene (Fc) as an
internal reference and converted to SCE by the relation E, /,(Fc/Fc") =
+0.38 V (AE, = 60 mV) vs SCE.>” Uncertainty in the half-wave
potentials is £10 mV. When the redox process is irreversible (irr.),
the peak potentials (E,,, or E,,) are quoted. ¥ Redox process associated
with the iridium center.  Redox process associated with pyrene. ¢ Redox
process associated with perylene.

2 and 4 as recorded in CD,Cl, are presented in Figure 1. For the
iodo derivative 2, characteristic signals of the orthometalated
ppy ligand are observed between 8.62 and 6.25 ppm. The most
deshielded doublet (a) at 8.62 ppm is assigned to the two protons
adjacent to the nitrogen atoms, whereas the characteristic AB
quartet at 7.68 and 6.93 ppm (labeled e,e’ and f,f') is due to the
acac moiety. The well-defined spectrum is consistent with a
single isomer, namely, trans-N,N, as confirmed by the single-
crystal X-ray structure. The chemical shifts of the orthometalated
ligand-based protons in 4 remain unaffected by cross-linking of
the pyrene module, but the major modification is the deshielding
of the AB quartet corresponding to the ancillary acac ligand
(Figure 1, bottom). Similar NMR observations were revealedin §
(Figure SI in the Supporting Information).

X-ray Structures. Pale-yellow crystals of 2 suitable for single
X-ray diffraction were grown by the slow diffusion of acetonitrile
into a concentrated solution of dichloromethane. For 4, diethyl
ether replaces acetonitrile, and smaller yellow crystals were
obtained. The ORTEP diagrams of 2 and 4 are depicted in
Figures 2 and 3, respectively. Both complexes crystallize in the
centered triclinic space group P1, with one complex of interest
and two solvent molecules in the asymmetric unit. Only two
acetonitrile solvent molecules could be properly modeled in the
X-ray structure of 2, with the diethyl ether molecules present in
the crystal of 4 being disordered. The iridium centers in com-
plexes 2 and 4 adopt a distorted octahedral coordination geo-
metry involving two ppy ligands and one acacPhl ligand. The
ppy ligands adopt a mutual eclipsed configuration, with the N1
and N2 atoms residing in trans positions, whereas the cyclome-
talated carbon atoms C11 and C22 are in cis positions. All bond
lengths and angles of 2 and 3 are within the normal ranges. The
Ir—N distances are 2.030(4) and 2.033(4) A for 2 [2.03(5) and
2.045(6) A for 4, respectively], which are longer than the Ir—C
distances of 1.989(6) and 1.993(5) A for 2 [1.969(8) and
1.993(7) A for 4, respectively], as seen normally in related com-
pounds. The (acacPhl) ligand displays an O,0’-chelating co-
ordination mode, and the distances of Ir—O are identical, with
nominal values of 2.139(4) A in 2 and slightly longer in 4 with an
average distance of 2.148(5) A. Similarly, the benzene ring
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Figure 4. Electronic absorption spectra of 2 (black line), 3 (blue line), 4
(orange line), and § (red line) recorded in THF (2 x 10> M) at RT.

directly attached to the chelating acac motif (for 2) lies ortho-
gonal to it, as indicated by the dihedral angle C23—C24—
C28—C29 of —86.5(6)° for 2 [88.3(9)° for 4]. Furthermore,
for 4, the mean plane of the pyrene unit is slightly twisted with
respect to the phenyl ring by a dihedral angle of 17.8(4)°.
Electrochemistry. The electrochemical activity of complexes
2—5 was determined in dichloromethane using tetrabutylam-
monium hexafluorophosphate as the supporting electrolyte
(electrochemical window from +1.7 to —2.1 V), and the results
are collected in Table 1, presented as V vs SCE. All four com-
plexes exhibit a reversible (i,,/ipc 2 1), one-electron (AE, = 60 mV),
metal-based oxidation at +0.74 V, demonstrating that variation in
the acac ligand structure imparts no significant electronic effect
on the redox activity of the iridium center.**~*’ In iridium (III)
complexes, pure metal-centered oxidations are typically reversi-
ble, whereas this wave becomes quasi-reversible or irreversible
when the highest occupied molecular orbital takes on more
cyclometalated ligand-based character.***’ Without question,
the one-electron reversible oxidation observed in complexes
2—5 must be due to the oxidation of iridium(IIl) to iridium-
(IV).>° No cathodic redox activity could be observed for com-
plexes 2 and 3 until the edge of the solvent window, —2.1 V.
These observations are consistent with previous results obtained
with Ir(ppy),(acac).*® The cyclic voltammogram of complex 4
shows two additional processes with respect to complex 3 due to
the redox activity of the appended pyrene residue, which irrever-
sibly oxidizes and reduces at +1.22 and —1.93 V, respectively.
Under the same experimental conditions, free 1-ethynylpyrene
exhibits irreversible redox activity at +1.30 and —2.02 V. These
results are also in line with previous values obtained in pyrene-
linked oligopyridine complexes of ruthenium(II), osmium(II),
and platinum(11).* Please note that, in the present complexes,
the redox activity of the phenylethynyl bridge falls outside our
electrochemical solvent window, as has been shown in related
iridium dipyrromethene, or platinum ethynylene®' complexes.
This result supports the fact that this fragment is not lying in the
same plane as the acac moiety because of the presence of methyl
groups, which force the phenyl ring to be tilted, as is found in the
presented crystal structures (vide supra). The perylene-based
complex § also exhibits a reversible oxidation of the metal at
+0.74 V and two additional redox processes assigned to that of
perylene. The irreversible reduction at —1.72 V is consistent
with the reduction of linked 3-ethynylperylene which is shifted
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Figure S. Top: Steady-state photoluminescence spectra of 2 (black
line) and 4 (orange line), measured in deaerated THF, excited at 430 nm
optically matched at the excitation wavelength. Bottom: Steady-state
photoluminescence spectra of 2 (black line) and § (red line), measured
in deaerated THF, excited at 316 nm optically matched at the excitation
wavelength.

anodically by 210 mV with respect to genuine 3-ethynylperylene.
On the oxidative side, the monoelectronic oxidation process of
the perylene unit is observable at +0.93 V, shifted by about 270
mV in comparison to unlinked 3-ethynylperylene, which ex-
hibits an irreversible oxidation at +1.22 V.

Electronic Spectroscopy. The electronic absorption spec-
trum of 2, shown in Figure 4, exhibits characteristic absorptions
from the spin-allowed intraligand '—z* transitions in the
ultraviolet (UV) region below 300 nm. These are followed by
spin-allowed metal-to-ligand charge-transfer (*MLCT) tran-
sitions centered at 343 nm with an extinction coefficient of
7500 M " cm ™" and finally a tail into the blue region as a result of
iridium-induced spin—orbit coupling promoting spin-forbidden
singlet—triplet charge-transfer transitions.”> The absorption
spectra of 3—35 are, in general, composed of absorptions of the
corresponding molecular building blocks. In 3, the absorptions
originating from the phenylacetylene subunit overlap with those
of the ppy ligands, resulting in larger extinction coefficients and
the appearance of two new shoulders at 290 and 308 nm. The
absorption of the pyrene moiety in 4 is clearly discernible with
associated maxima of 248, 285, 295, 365, and 390 nm and
extinction coefficients exceeding 30000 M~ "' cm™ . The strong
red shift of the pyrene transitions, in comparison to free pyrene, is

due to the core enlargement through the phenylacetylene unit
and is in very good agreement with previous reports on similar
structures.”>* The perylene-containing hybrid 5, exhibits an
additional absorption emerging from the perylene 7—* transi-
tion in the range between 400 and 510 nm with extinction coeffi-
cients of up to 20000 M~ ' cm ™, again red-shifted with respect
to free perylene due to a similar core extension, and is also in
good agreement with other core-extended perylenes.'>**

Photoluminescence Properties. The static and dynamic
photoluminescence properties of 2—S5 were evaluated. For 2, a
characteristic RT emission from the MLCT state was detected
(Figure S) between 470 and 660 nm with a maximum at 516 nm
and a shoulder near 560 nm, measured in THF. The identical
photoluminescence occurs regardless of the excitation wave-
length utilized and possesses a corresponding lifetime of 1 us
in deaerated THF. The emission spectrum of 3 exhibits the same
shape as 2 during excitation into any of the preceding absorption
features and also exhibits an excited-state lifetime of 1 us. In the
corresponding excitation spectrum, the phenylacetylene-based
transition is discernible in the UV region (Figure S2 in the
Supporting Information). For 4, the MLCT emission is
quenched by factors of 75 and 250 in THF (Figure S, top) and
acetonitrile (Figure S3 in the Supporting Information), respec-
tively, during excitation into the optically matched low-energy
absorption features. In this instance, the charge-transfer-based
photoluminescence is significantly quenched, now exhibiting a
lifetime of 2.1 ns at RT in acetonitrile. When this ensemble is
excited with higher energy, i.e., 280 nm, a minimal amount of
singlet fluorescence emanating from the pyrene moiety is
discernible with maxima at 390 and 410 nm (Figure S4 in the
Supporting Information). In 5, the "MLCT transitions strongly
overlap those of the '7—* transitions of the perylene at low
energies, precluding the possibility of selective excitation of
either chromophore. The photoluminescence from the *MLCT
state in $ is quantitatively quenched, and the only remaining
emission features are characteristic of the perylene moiety, with
maxima at 475 and 510 nm (Figure S, bottom) and a lifetime of
2.6 ns in acetonitrile, reduced by approximately 40% in comparison
to a core-extended perylene in a purely organic composition.>*

Femtosecond Transient Absorption. For more detailed
information on the processes taking place upon photoexcitation,
transient absorption measurements have been carried out in
oxygen-free solutions employing compound concentrations of
2 x 107° M at 293 K. An excitation wavelength of 420 nm was
employed to exclusively excite the charge-transfer-centered
transitions in 2—4 and the perylene subunit of 5. To predomi-
nantly photoexcite into the pyrenyl moiety in 4 or the charge-
transfer transitions of §, a pump wavelength of 360 nm was
employed.

Upon photoexcitation of 2 into the "MILCT state, a broad
transient absorption between 400 and 600 nm with a distinct
maximum at 495 nm (see Figure 6, top) is discernible immedi-
ately after the impulse response function in acetonitrile. Imme-
diately following the laser pulse, ultrafast intersystem crossing,
as a result of the strong spin—orbit coupling provided by the
iridium center, takes place within ~350 fs to produce the hot
*MLCT state, followed by vibrational relaxation to the lowest
*MLCT state. After a few picoseconds, the transient absorption
features remain invariant over the whole range of our 1 ns delay
line; see the bottom of Figure 6. Similar data were recorded using
THEF as the solvent. For 3, transient features identical with those
observed in 2 were measured.
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Figure 6. Top: Ultrafast transient absorption difference spectra of 2
after several time delays measured in deaerated acetonitrile excited at
420 nm. Bottom: Corresponding kinetic absorption transient recorded
at 500 nm.

The transient absorption spectra of the hybrid system 4 under
pulsed laser excitation at 420 nm, intended to selectively produce
the *MLCT state, are presented in Figure 7, top. Instantaneously,
two species are discernible: the >MLCT excited state with its
maximum at 495 nm, as discussed above for 2, and the *pyrene
state with its maximum at 480 nm. The spectral changes taking
place over the next 10 ps can be assigned to an intramolecular
energy redistribution from the higher vibrational levels of the
“pyrene state to the MLCT excited state, likely accelerated
through the internal heavy-metal effect of the iridium center.
Afterward, the **pyrene state is populated through intersystem
crossing (“pyrene — **pyrene) and triplet—triplet energy
transfer, which can be followed within the next nanoseconds
via the formation of new and more intense transients between
400 and 650 nm with maxima at 470 nm (a shoulder at S00 nm),
530, and 600 nm (see Figure 7, top). These transients were
assigned, based on direct spectral comparisons, to the pyrene-
centered triplet excited state, as previously published.>> Employ-
ing an excitation wavelength of higher energy, to predominantly
excite the 'pyrene-based 71—s* transitions, changes the initial
transient spectra observed (Figure 7, center). Under this excita-
tion condition, instantaneously the *S2 state of pyrene is
discernible near 500 nm with corresponding features that extend
beyond 600 nm.*® The pyrene *S2 state deactivates over the next
0.6 and 1.9 ps (in THF and acetonitrile, respectively) to the
*lpyrene excited state through vibrational cooling. Afterward,
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Figure 7. Top: Ultrafast transient absorption difference spectra of 4
after several time delays in deaerated acetonitrile excited at 420 nm.
Center: Ultrafast transient absorption difference spectra of 4 after
several time delays in deaerated acetonitrile excited at 360 nm. Bottom:
Corresponding time absorption profile monitored at 470 nm following
420 nm excitation, data from top.

energy redistribution to the >MLCT excited state occurs in a
manner similar to that presented above for 2. We note that direct
energy transfer from the pyrene *S2 state to the *MLCT excited
state also represents a viable concurrent deactivation pathway
for the *S2 state that cannot be ruled out. After formation of

the SMLCT excited state, triplet—tr13plet energy transfer occurs,
ultimately producing the long-lived “*pyrene state.
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Figure 8. Top: Ultrafast transient absorption difference spectra of §
after several time delays in deaerated acetonitrile excited at 420 nm. Bottom:
Corresponding time absorption profile observed at 470 nm (black),
555 nm (red), and 625 nm (blue) of the difference spectra shown.
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Figure 9. Top: Ultrafast transient absorption difference spectra of §
after several time delays in deaerated acetonitrile excited at 360 nm.
Bottom: Corresponding time absorption profile observed at 470 nm
(black), 555 nm (red), and 625 nm (blue) of the spectra shown.

The initial difference spectrum of the perylene-containing
hybrid system, when exciting with 420 nm laser pulses, is
dominated by distinct *perylene features located at 438, 473,
510, and S50 nm, followed by a maximum at 620 nm (Figure 8,
top). These features convert rapidly via intersystem crossing to
the corresponding **perylene excited state, which is defined by a
strong bleach at 470 nm surrounded by maxima at both higher
and lower energies at 440, 520, and 560 nm. After 10 ps, these
latter features dominate the whole visible region, and after 50 ps,
all transients associated with the "*perylene state features are no
longer observed. The longer-lifetime component, as reflected
through the corresponding time absorption profile (Figure 8,
bottom), is believed to be due to triplet—triplet energy transfer
from the *MLCT state, whose features are hidden beneath the
much more intense perylene features.

Excitation into the transition centered at 360 nm leads to the
population of the *S2 state of the perylene moiety, which
dominates the entire spectral window (Figure 9). From this
*S2 state, a number of competitive processes occur: vibrational
cooling to the *perylene state, direct intersystem crossing to the
**perylene state, and energy migration to the "MLCT state taking
place over the first 3 ps. After 10 ps, the whole visible range is
dominated by the **perylene transient features with an indication
of minor formed *perylene state features clearly observable by
the ground-state bleach, i.e., at 430 nm. Within the next nano-
second, the **perylene features increase in intensity, which can be

followed at the **perylene triplet marker at 555 nm, because of
the triplet—triplet energy transfer from the *MLCT state.

Nanosecond Transient Absorption. The nansecond transi-
ent absorption difference spectra of the hybrids and the reference
compounds measured at select delay times following nanosecond
laser pulses are presented in Figure 10. The current data obtained
on an iCCD detector provide non-emission-corrected spectral
difference profiles for compounds 2, 4, and S between 400 and
800 nm.

The transient absorption difference spectrum of 2 contains the
features characteristic of the >"MLCT state. The difference of the
spectral shape, in comparison to the femtosecond transient
absorption spectra, is given by the fact that also phosphorescence
is detected, reflected by the apparent strong bleach between 490
and 640 nm. The recovery of the ground state determined via
observation of the triplet absorption features occurs with a time
constant of 1 us, in perfect agreement to the value determined in
the emission lifetime experiment. Complex 3 displays identical
transient features (data not shown) with a lifetime of 1 ¢s in THF
and 890 ns in acetonitrile. For 4, the **pyrene state dominates the
entire visible range and is discernible with maxima at 480, 540,
and 600 nm, followed by a much weaker shoulder at 650 nm,
similar to the observations in the ultrafast transient absorption
experiment at 1 ns delay and in good agreement with previous
reports.”” The recovery of the ground state follows afterward
within 40 and 20 us respectively in THF and acetonitrile.>®
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Figure 10. Nanosecond transient absorption difference spectra of 2
(gray line), 4 (orange line), and S (red line) recorded 100 ns after a
465 nm laser pulse, measured in deaerated THF.
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In S, the difference spectra observed in the nanosecond
transient absorption show the well-known features of the
**perylene excited state, with three weak maxima before the
intense ground-state bleach at 470 nm and three intense transi-
tion afterward at 490, 520, and 565 nm.'” The lifetime of the
triplet excited state was determined to be 82 and 30 us in oxygen-
free THF and acetonitrile solutions, respectively.

Energetics. Comparing the energetics with the molecular
orbital levels helps one to comprehend the relevant mechanisms
of excited-state deactivation. First, 2 and 3 instantaneously form
the *MLCT state upon photoirradiation. Even during excitation
into the 'IL or '"MLCT transitions, ultrafast relaxation acceler-
ated by strong spin—orbit coupling favors intersystem crossing
to the MLCT state, which is located at 2.58 €V. Afterward, the
recovery of the ground state occurs through both radiative
(phosphorescence) and nonradiative processes in both mole-
cules because there are no low-lying triplet states in kinetic
competition.

The additional orbital levels localized on 1-ethynylpyrene in 4
enable new pathways for deactivation upon photoexcitation, as

presented in Scheme 2. During pumping into the iridium charge-
transfer states, still located at 2.58 eV, only one of them,
triplet—triplet energy transfer to the pyrene triplet excited state
located at 2.13 eV, is favorable.”” Populating the *pyrene state,
located at 3.23 eV, results into two competing pathways, inter-
system crossing to the **pyrene state and the energy redistribu-
tion to the MLCT state, with the latter pathway dominating
excited-state decay out of higher-lying vibrational levels. Pre-
dominant photoexcitation of the *S2 state of the pyrene subunit
results in even faster energy redistribution to the "MLCT state.
Subsequent to triplet—triplet energy transfer, the final manifold
ultimately populated in 4 that regenerates the ground state is the
Ppyrene state. Similarly, the dynamics of § follow precisely
pathways identical with those discussed above for 4. Any popula-
tion of the >MLCT state is immediately followed by triplet—
triplet energy transfer to the lower-lying **perylene state,
where the excitation energy finally localizes and slowly decays
to reform the molecular ground state. The >MLCT state can be
populated either directly or via energy redistribution from the
*S1 or *S2 state of the perylene, with respective rate constants of
1.0 x 10" and 3.3 x 10" s~ ". Such long-lived triplet excited
states appear poised to serve as sensitizers for a variety of
applications including solar fuel photochemistry,™ singlet oxy-
gen production,®® and photon upconversion based on sensi-
tized triplet—triplet annihilation.®!

M CONCLUSION

In summary, we have synthesized and investigated the photo-
physical properties of a series of new iridium(III) charge-transfer
chromophores bearing a lone extended-core tolyl (3), pyrenyl
(4), or perylenyl (5) subunit, each constructed using the “chemistry
on the complex” approach. The iodo precursor synthon 2, along
with the tolyl-substituted 3, each exhibit charge-transfer-based
photoluminescence (7 ~ 1 us at RT), whereas this emission is
nearly quantitatively quenched, regardless of the excitation
wavelength, in both 4 and S. Ultrafast transient absorption
spectroscopy revealed that, regardless of the mode of excitation
in 4 and S, the lowest-energy ligand-localized triplet state inevitably
becomes populated in each instance and is readily identified as
the extended-core **pyrene or **perylene in nature, respectively.
Conventional laser flash photolysis was used to determine the
excited-state lifetimes of these triplets, which are on the order of
tens of microseconds, depending upon the nature of the solvent.
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