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Introduction

Thienylpyridine-based cyclometallated iridium(in)
complexes and their use in solid state
light-emitting electrochemical cells¥

Andreas M. Biinzli,® Henk J. Bolink,” Edwin C. Constable,?

Catherine E. Housecroft,*® José M. Junquera-Hernandez,® Markus Neuburger,?
Enrique Orti,*® Antonio Pertegas,” Juan J. Serrano-Pérez,® Daniel Tordera® and
Jennifer A. Zampese®

The synthesis and characterization of four iridium(i) complexes [Ir(thpy)o(NAN)][PFg] where Hthpy = 2-(2'-
thienyl)pyridine and NAN are 6-phenyl-2,2-bipyridine (1), 4,4'-di-‘butyl-2,2'-bipyridine (2), 4,4'-di-
‘butyl-6-phenyl-2,2'-bipyridine (3) or 4,4'-dimethylthio-2,2'-bipyridine (4) are described. The single
crystal structures of ligand 4 and the complexes containing the [Ir(thpy),(1)]* and [Ir(thpy)»(4)]* cations
have been determined. In [Ir(thpy).(1)]*, the pendant phenyl ring engages in an intra-cation z-stacking
interaction with one of the thienyl rings in the solid state, and undergoes hindered rotation on the NMR
timescale in [Ir(thpy)»(1)]* and [Ir(thpy)»(3)I*. The solution spectra of [Ir(thpy)»(1)1[PFel and [Ir(thpy),(4)][PFel
show emission maxima around 640 nm and are significantly red-shifted compared with [Ir(thpy),(2)][PFgl
and [Ir(thpy)>(3)][PFe] which have structured emission bands with maxima around 550 and 590 nm. In thin
films, the emission spectra of the four complexes are similar with emission peaks around 550 and 590 nm
and a shoulder around 640 nm that are reminiscent of the features observed in solution. In solution,
quantum yields are low, but in thin films, values range from 29% for [Ir(thpy)>(1)][PF¢] to 51% for
[Ir(thpy).(4)][PFel. Density functional theory calculations rationalize the structured emission observed for
the four complexes in terms of the *LC nature predicted for the lowest-energy triplet states that mainly
involve the cyclometallated [thpy]l™ ligands. Support for this theoretical result comes from the observed
features of the low temperature (in frozen MeCN) photoluminescence spectra of the complexes. Photo-
luminescence and electroluminescence spectra of the complexes in a light-emitting electrochemical cell
(LEC) device configuration have been investigated. The electroluminescence spectra are similar for all
[Ir(thpy)>(NAN)I[PFg] complexes with emission maxima at 600 nm, but device performances are relatively
poor probably due to the poor charge-transporting properties of the complexes.

blended structure (PLECs)® or an ionic transition-metal
complex (iTMC) that performs the roles of injection, transport

Cationic iridium complexes have been extensively used in
electroluminescence applications including organic light-
emitting diodes (OLEDs) and light-emitting electrochemical
cells (LECs)."® LECs consist of a luminescent material that can
be either a conjugated polymer with an added electrolyte in a
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and light emission (iTMC-LECs).>*”” The main advantages of
this type of device are their simple structure, as they usually
consist of a single layer processed from solution, and their
insensitivity to the work function of the electrodes
employed.®® This is a consequence of the presence of ions
which migrate towards the electrodes when a bias is applied,
lowering the injection barriers and allowing for efficient elec-
tron and hole injection.>'°™** In the case of iTMC-LECs, many
complexes have been evaluated mainly using iridium(m) as the
metal core due to their high photoluminescence efficiencies
and tunable colour emission.**

We now describe the synthesis and characterization of a
family of iridium(m) complexes of type [Ir(thpy),(N"N)]%,
in which Hthpy = 2-(2-thienyl)pyridine and N~N are the
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Scheme 1 Iridium(i) complex cations and atom labelling for NMR
spectroscopic assignments.

2,2"-bipyridine-based ligands 1-4 (Scheme 1). The cyclometal-
lating ligand Hthpy was chosen because it produces stable,
cyclometallated iridium(m) complexes,"*™"” while at the same
time perturbing their electronic properties with respect to
those containing the more commonly employed 2-phenylpyri-
dine (Hppy). Bernhard and coworkers'® have attempted to
include [Ir(thpy),(N*N)]" complexes as part of a combinatorial
approach to screening the photophysical behaviour of a range
of complexes; however, these authors encountered synthetic
problems. Across the series of N*N ligands 1-4, we are able to
explore the effects of attaching: (i) electron-withdrawing SMe
and electron-releasing ‘Bu substituents, introduced to red- or
blue-shift the emission of the complex, respectively, and (ii) a
pendant phenyl substituent, designed to engage in face-to-face
n-stacking®>* with one of the coordinated [thpy]™ ligands
thereby stabilizing the excited state of the complex.

Experimental
General

'"H and "C spectra were recorded on a Bruker Avance
III-500 spectrometer with chemical shifts referenced to
residual solvent peaks with respect to 5(TMS) = 0 ppm. Solu-
tion absorption spectra were recorded using an Agilent 8453
spectrophotometer. FT-IR spectra were registered on a
Shimadzu 8400S instrument with Golden Gate accessory for
solid samples. Electrospray ionization (ESI) mass spectra were
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recorded on a Bruker Esquire 3000 Plus mass spectrometer.
Electrochemical measurements were carried out using cyclic
voltammetry and were recorded using a VersaSTAT 3 potentio-
stat from Princeton Applied Research with glassy carbon
working and platinum auxiliary electrodes; a silver wire was
used as a pseudo-reference electrode. The solvent was dry, pur-
ified MeCN and 0.1 M ["Bu,N][PF,] was used as a supporting
electrolyte. Cp,Fe was used as an external reference. A Biotage
Initiator 8 reactor was used for the syntheses under microwave
conditions. Solution quantum yields were measured with an
absolute PL quantum yield spectrometer C11347 Quantaurus-
QY from Hamamatsu, and lifetimes using a Compact Fluore-
scence lifetime Spectrometer C11367 Quantaurus-Tau from
Hamamatsu; a LED light source with an excitation wavelength
of 280 nm was used.

Hthpy and ligand 2 were purchased from Alfa Aesar and
Sigma-Aldrich, respectively, and were used as received. The
dimer [Iry(thpy)s(p-Cl),]**'®'® was prepared by the general
method detailed by Nonoyama.>® Compounds 1,%° 3>’ and 4*°
were prepared according to the literature.

[Ir(thpy),(1)][PFs]. A  suspension of  [Iry(thpy)s(u-Cl),]
(100 mg, 0.091 mmol) and 1 (42.6 mg, 0.183 mmol) in MeOH
(20 cm®) was heated in a microwave reactor for 2 h at 120 °C.
The orange solution was cooled to room temperature and
excess NH,PF, (150 mg, 0.912 mmol) was added. The mixture
was stirred for 30 min and then the solution was evaporated to
dryness. The product was purified by column chromatography
(alumina 90 standardized; CH,Cl, changing to CH,Cl,-MeOH
100: 1, followed by silica 60, 0.040-0.063 mm, CH,Cl, chan-
ging to CH,Cl,-MeOH 100: 1). [Ir(thpy),(1)][PFs] was isolated
as an orange solid (137 mg, 0.154 mmol, 84%). 'H NMR
(500 MHz, CD,Cl,, 295 K) §/ppm 8.53 (overlapping m, 2H,
H™') 821 (t, ] = 7.9 Hz, 1H, H'™), 8.14 (td, J = 8.0, 1.6 Hz,
1H, H*"), 7.84 (ddd, J = 5.4, 1.4, 0.6 Hz, 1H, H*®), 7.71 (ddd, J =
8.1, 7.4, 1.5 Hz, 1H, H™), 7.64 (ddd, J = 8.1, 7.6, 1.5 Hz, 1H,
H®), 7.51-7.42 (overlapping m, 6H, HP¥*BO*P3DEESES -7 3¢
(d, J = 4.8 Hz, 1H, H™), 7.10 (tt, ] = 7.6, 1.2 Hz, 1H, H*), 6.93
(br t, J = 7.5 Hz, 2H, H®), 6.89 (ddd, J = 7.4, 5.9, 1.4 Hz, 1H,
H"), 6.81 (overlapping m, 2H, H>*'“*), 6.68 (br, 2H, H%?), 5.93
(d,J = 4.8 Hz, 1H, H*"), 5.38 (d, J = 4.7 Hz, 1H, H*). >*C NMR
126 MHz, CD,Cl,, 295 K) §/ppm 166.5 (C*®), 165.4 (C?), 163.9
Cc"), 157.6 (C*?), 157.4 (C™), 154.2 (C), 151.5 (C™®), 150.1
%), 149.5 (C"°), 147.5 (C*), 140.2 (C™), 140.0 (C**), 139.3

(

)

@)

B, 139.0 (CP*), 138.8 (C"), 136.3 (C*?), 135.5 (C??), 131.7
, 130.7 (C™), 130.5 (C*), 129.8 (C%%), 129.6 (C*?), 129.5
C*), 128.45 (C®), 128.4 (C*), 127.7 (C%?), 125.5 (C™), 124.1
C™), 121.0 (C®), 119.8 (C™), 118.9 (C®*), 118.7 (C™*). IR
(solid, v/em™) 3099 w, 3057 w, 2361 w, 2324 w, 1684 W,
1653 w, 1603 m, 1562 w, 1506 w, 1472 s, 1448 m, 1394 m,
1339 w, 1296 w, 1281 w, 1246 w, 1225 w, 1184 w, 1157 m,
1148 m, 1115 w, 1076 w, 1065 w, 1047 w, 1022 w, 1003 w,
989 w, 878 m, 833 s, 762 m, 716 m, 694 m, 652 w, 629 m,
555 s. UV-Vis A/nm (¢/dm*® mol™* ecm™") (MeCN, 1.00 x 107>
mol dm™) 279 (35 000), 310 sh (28 000), 410 (5000). Emission
(MeCN, 2.50 x 107> mol dm™>, leye = 410 nm) ey, = 611 sh,
646 nm. ESI-MS m/z 745.2 [M — PF¢|" (base peak, calc. 745.1).
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Found C 45.90, H 2.77, N 6.15; C3,H,,F¢IrN,PS, requires
C 45.89, H 2.72, N 6.30%.

[1x(thpy),(2)][PFe]. [Ir,(thpy)s(p-Cl),] (100 mg, 0.091 mmol)
and 2 (49.2 mg, 0.183 mmol) in MeOH (20 cm®) were reacted
together. The conditions and methods of anion exchange and
purification were as for [Ir(thpy),(1)][PFs]. [Ir(thpy).(2)][PFs]
was isolated as an orange solid (127 mg, 0.137 mmol, 75%). 'H
NMR (500 MHz, CD,Cl,, 295 K) §/ppm 8.27 (d, J = 1.8 Hz, 2H,
H®), 7.86 (d, J = 5.9 Hz, 2H, H"®), 7.67 (ddd, J = 8.1, 7.5,
1.5 Hz, 2H, H"), 7.58 (ddd, J = 8.1, 1.3, 0.8 Hz, 2H, H™®), 7.49
(dd,J = 5.9, 2.0 Hz, 2H, H®), 7.45 (d, J = 4.7 Hz, 2H, H"®), 7.42
(m, 2H, H®®), 6.83 (m, 2H, H), 6.31 (d, J = 4.8 Hz, 2H, H""),
1.43 (s, 18H, HY®). ">C NMR (126 MHz, CD,Cl,, 295 K) §/ppm
164.7 (C*?), 164.6 (CP?), 156.2 (C**), 153.0 (C*), 151.4 (CF9),
149.5 (C®%), 139.2 (C™"), 137.5 (C*?), 131.1 (C*), 130.9 (C*),
126.3 (C™), 121.4 (C™), 120.9 (C*), 119.0 (C™), 36.2 (C™®),
30.5 (C™*). IR (solid, v/em™") 3101 m, 3051 m, 2962 m, 2876 m,
1603 m, 1558 m, 1541 m, 1472 s, 1435 m, 1414 m, 1393 m,
1364 m, 1339 m, 1302 m, 1279 m, 1248 m, 1204 m, 1157 m,
1115 m, 1074 m, 1034 m, 982 m, 955 m, 930 m, 899 m, 879 m,
829 s, 770 s, 737 m, 710 m, 656 m, 631 m, 606 m, 555 s,
527 m. UV-Vis A/nm (¢/dm® mol™" em™") (MeCN, 1.00 x 10~°
mol dm™) 275 (40000), 308 sh (28000), 330 sh (15000),
415 (6000). Emission (MeCN, 2.5 x 107> mol dm™, lee =
415 nm) Aey = 543, 585, 634 sh nm. ESI MS m/z 781.3
[M — PF¢]" (base peak, calc. 781.2). Found C 46.74, H 4.02,
N 5.83, C36H36F6IrN,PS, requires C 46.70, H 3.92, N 6.05%.

[Ir(thpy),(3)][PFe). [Irx(thpy)s(p-Cl);] (100 mg, 0.091 mmol)
and 3 (62.9 mg, 0.182 mmol) in MeOH (20 cm?) were reacted
together. The conditions and methods of anion exchange and
purification were as for [Ir(thpy),(1)][PFs]. [Ir(thpy).(3)][PFe]
was isolated as an orange solid (143 mg, 0.143 mmol, 78%). 'H
NMR (500 MHz, CD,Cl,, 295 K) §/ppm 8.33 (d, J = 2.0 Hz, 1H,
H™), 8.32 (d, J = 1.8 Hz, 1H, H®®), 7.74-7.68 (overlapping m,
2H, H**"®), 7.65 (m, 1H, H™*), 7.51 (ddd, J = 5.9, 1.4, 0.8 Hz,
1H, H"®), 7.48-7.41 (overlapping m, 5H, H®?"P?*B6*E3*F5) 17 o9
(d, J = 4.8 Hz, 1H, H*), 7.10 (tt, ] = 7.6, 1.2 Hz, 1H, H"), 6.93
(br t,J = 7.6 Hz, 2H, H%®), 6.90 (ddd, J = 7.4, 5.9, 1.4 Hz, 1H,
H"?), 6.85-6.79 (m, overlapping d, J = 4.7 Hz, 2H, H**'°), 6.69
(br, 2H, H®?), 5.93 (d, J = 4.8 Hz, 1H, H*"), 5.37 (d, J = 4.7 Hz,
1H, H(A), 1.47 (S 9H, HMe on ring F) 1.45 (S 9H, HMe on ring E)
BC NMR (126 MHz, CD,Cl,, 295 K) §/ppm 166.2 (C™),
165.4 (CP?), 164.8 (C™), 164.5 (C**), 164.0 (C*?), 157.4 (C***F?),
154.7 (C®), 151.0 (C*°), 150.1 (CP°), 149.6 (C®°), 148.1 (C*),
139.5 (C®"), 139.1 (C°"), 139.0 (C™"), 136.2 (C**), 135.5 (C™?),
131.7 (C®%), 130.5 (C*), 129.6 (C®%), 129.5 (C**), 129.49 (C°),
128.4 (C%%), 127.8 (C?), 127.7 (C™), 125.9 (C®), 121.9 (CE3],
120.8 (CP%), 120.7 (C*), 119.7 (C*), 118.8 (C™?), 118.6 (C*?),
36.14 (CCMe on ring E), 36.08 (CCMe on ring F)’ 30.54 (CMe on ring F)’
30.52 (CMe °n 1ing By R (solid, v/em™) 3057 w, 2961 w, 2910 w,
2870 w, 1603 s, 1558 5, 1541 m, 1472 s, 1439 m, 1420 w, 1389 w,
1366 w, 1339 w, 1300 w, 1281 w, 1248 m, 1205 w, 1148 m,
1115 w, 1072 w, 1032 w, 1001 w, 906 w, 878 m, 831 s, 768 m,
696 m, 652 m, 627 m, 555 s. UV-Vis A/nm (¢/dm® mol™ em™)
(MeCN, 1.00 x 107> mol dm™) 279 (38 000), 310 sh (30 000),
410 (5000). Emission (MeCN, 2.50 x 10> mol dm™>, e =
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410 nm): Aeyy = 555 sh, 595, 638 sh nm. ESI-MS m/z 857.4
[M — PF¢]" (base peak, calc. 857.2). Found C 50.24, H 4.03,
N 5.54; C4oH,0F6IrN,PS, requires C 50.34, H 4.02, N 5.59%.

[Ir(thpy)s(4)][PFe). [Iry(thpy)a(p-Cl),] (100 mg, 0.091 mmol)
and 4 (45.5 mg, 0.183 mmol) in MeOH (20 cm?®) were reacted
together. The conditions and methods of anion exchange and
purification were as for [Ir(thpy),(1)][PFs]. [Ir(thpy).(4)][PFe]
was isolated as an orange solid (105 mg, 0.116 mmol, 64%). 'H
NMR (500 MHz, CD,Cl,, 295 K) §/ppm 8.05 (d, J = 1.9 Hz, 2H,
H"), 7.67 (overlapping d + m, 4H"*"®*), 7,58 (ddd, J = 8.1, 1.4,
0.8 Hz, 2H, H®), 7.47 (ddd, J = 5.9, 1.5, 0.8, 2H, H®®), 7.44 (d,
J = 4.7 Hz, 2H, H™), 7.22 (dd, J = 6.1, 2.0 Hz, 2H, H"), 6.83
(ddd,J = 7.4, 5.9, 1.5 Hz, 2H, H*), 6.29 (d, J = 4.7 Hz, 2H, H"),
2.63 (s, 6H, H™®). >C NMR (126 MHz, CD,Cl,, 295 K) §/ppm
164.6 (C*%), 156.8 (C™), 155.0 (C*?), 152.8 (C*), 150.3 (C"®),
149.5 (C"°), 139.2 (C™*), 137.5 (C*?), 131.2 (C*), 130.9 (C*),
123.8 (C™), 120.9 (C*°), 120.4 (C*?), 119.0 (C®?), 14.7 (CM°). IR
(solid, v/em™) 3101 w, 3049 w, 1599 s, 1533 w, 1475 m, 1435
w, 1393 m, 1335 w, 1283 w, 1246 w, 1161 w, 1117 m, 1080 w,
1036 w, 1016 m, 957 w, 895 m, 876 m, 831 s, 816 s, 770 s,
752 m, 710 m, 654 m, 629 m, 555 s, 532 m. UV-Vis i//nm
(e/dm* mol™ em™) (CHZCN, 2.50 x 10> mol dm™) 275
(61 500), 325 sh (26 000), 362 sh (14 000), 415 (7000). Emission
(MeCN, 2.50 x 107> mol dm™>, leye = 415 nm): Aoy, = 615 sh,
640 nm. ESI-MS m/z 761.1 [M — PFg]" (base peak, calc. 761.1).
Found C 40.41, H 3.01, N 6.86; C3oHy,FeIrN,PS;-0.5MeCN
requires C 40.19, H 2.77, N 6.80%.

Crystallography

Data were collected on a Bruker-Nonius KappaAPEX diffracto-
meter with data reduction, solution and refinement using
the programs APEX2>° and SHELXL97.?® ORTEP-type diagrams
and structure analysis used Mercury v. 3.0.>"%?

Compound 4. C;,H;,N,S,, M = 248.37, colourless block,
monoclinic, space group P2,/n, a = 8.5217(8), b = 5.3745(5), ¢ =
12.8745(10) A, p = 105.203(4)°, U = 569.01(9) A%, Z = 2, D, =
1.450 Mg m ™, y(Mo-K,) = 0.439 mm™", T = 123 K. Total 8091
reflections, 1891 unique, Rj,c = 0.029. Refinement of 1424
reflections (73 parameters) with I > 206(I) converged at final
R; = 0.0294 (R, all data = 0.0369), wR, = 0.0401 (WR, all data =
0.0580), gof = 1.0768. CCDC 949191.

2{[1r(thpy),(4)][PFe]}*CH,CL,. CoiHsClLF oI, NgP,Ss, M =
1896.93, orange block, monoclinic, space group P2,/c, a =
9.3688(3), b = 14.4939(5), ¢ = 24.5780(9) A, # = 91.535(2)°, U
3336.3(2) A’, Z = 2, D, = 1.888 Mg m™, u(Mo-Ka)
4.444 mm™', T = 123 K. Total 113585 reflections, 10 602
unique, Rj, = 0.0337. Refinement of 9581 reflections (578
parameters) with I > 26(I) converged at final R; = 0.0262 (R, all
data = 0.0309), wR, = 0.0519 (WR, all data = 0.0541), gof =
1.072. CCDC 949192.

[Ir(thpy)s(1)][PFe]. C34H4F6IrN,PS,, M = 889.90, orange
block, triclinic, space group P1, a = 9.6280(8), b = 12.2606(10),
¢ =13.9602(12) A, a = 94.621(4), = 103.208(4), y = 95.953(4)°,
U = 1586.4(2) A%, Z = 2, D. = 1.863 Mg m™®, u(Mo-K,) =
4.459 mm™ "', T = 123 K. Total 43 407 reflections, 8611 unique,
Rine = 0.0307. Refinement of 8283 reflections (433 parameters)

This journal is © The Royal Society of Chemistry 2014
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with I > 20(I) converged at final R, = 0.0183 (R, all data =
0.0196), WR, = 0.0473 (WR, all data = 0.0498), gof = 1.095.
CCDC 949190.

Photophysics

Room and low temperature solutions and thin film photo-
luminescence spectra and quantum yields were measured
with a Hamamatsu C9920-02 Absolute PL Quantum Yield
Measurement System. The system is made up of an excitation
light source, consisting of a xenon lamp linked to a mono-
chromator, an integration sphere and a multi-channel
spectrometer.

Device preparation and characterization

Poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:
PSS) was purchased from Hereaus and solvents used were
obtained from Aldrich. Indium tin oxide (ITO)-coated glass
plates (15 Q O ") were patterned using conventional photolitho-
graphy (obtained from Naranjosubstrates, http:/www.naranjo-
substrates.com). The substrates were extensively cleaned using
sonification in subsequently water-soap, water and 2-propanol
baths. After drying, the substrates were placed in a UV-ozone
cleaner (Jelight 42-220) for 20 minutes.

The electroluminescent devices were prepared as follows.
Transparent thin films of the complexes with the ionic
liquid (1-butyl-3-methylimidazolium hexafluorophosphate) in
a molar ratio 4 to 1 were obtained by spinning from aceto-
nitrile solutions using concentrations of 20 mg mL™" at 1000 rpm
for 20 seconds. The resulting films had a thickness of
80 nm. Prior to the deposition of the emitting layer, a 90 nm
layer of PEDOT:PSS was deposited to increase the device prepa-
ration yield. The thickness of the films was determined using
an Ambios XP1 profilometer. After spinning the organic layers,
the samples were transferred to an inert atmosphere glovebox
(<0.1 ppm O, and H,0, MBraun) and dried on a hot plate at
100 °C for 1 hour. Aluminum metal electrodes (70 nm) were
thermally evaporated using a shadow mask under a vacuum
(<1 x 107° mbar) using an Edwards Auto500 evaporator inte-
grated into an inert atmosphere glovebox. Lifetime data were
obtained by applying pulsed currents and monitoring the
voltage and simultaneously the luminance by a True Colour
Sensor MAZeT (MTCSICT Sensor) using a Lifetime Test System
designed by BoTEST (Botest OLT OLED Lifetime-Test System).

Computational details

Density functional calculations (DFT) were carried out with the
C.01 revision of the Gaussian 09 program package®® using
Becke’s three-parameter B3LYP exchange-correlation func-
tional***° together with the 6-31G** basis set for C, H, N, and
S,¢ and the “double-{” quality LANL2DZ basis set for the Ir
element.?” The geometries of the singlet ground states and of
the lowest-energy triplet states were fully optimized without
imposing any symmetry restriction. The geometry of the triplet
state was calculated at the spin-unrestricted UB3LYP level with
a spin multiplicity of 3. All the calculations were performed in
the presence of the solvent (acetonitrile). Solvent effects were

This journal is © The Royal Society of Chemistry 2014
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considered within the self-consistent reaction field (SCRF)
theory using the SMD keyword that performs a polarized conti-
nuum model (PCM)***° calculation using the solvation model
of Truhlar et al.*' The SMD solvation model is based on the
polarized continuous quantum chemical charge density of the
solute (the “D” in the name stands for “density”). Time-depen-
dent DFT (TD-DFT) calculations of the lowest-lying 20 triplets
were performed in the presence of the solvent at the
minimum-energy geometry optimized for the ground state.

Results and discussion
Structure of ligand 4

Ligands 1-4 are known in the literature (see the Experimental
section) but the single crystal structure of 4 has not been
reported. Crystals were grown from a CDCI; solution of 4; the
molecular structure is depicted in Fig. 1a. The bpy domain
adopts the expected trans-conformation. The S-Cy, bonds lie
in the plane of the centrosymmetric molecule, and the S-C
bond distances (S1-C6 = 1.7944(14), S1-C3 = 1.7490(13) A)
along with the angle C6-S1-C3 = 104.30(6)° indicate sp® hybri-
dized S with negligible extension of the m-electron density

-§/® J N1 c5

>Nt e
o - Cé
= He2

(a

(b)
Fig.1 (a) Structure of compound 4 (ellipsoids plotted at the 50%
probability level). Symmetry code i = —x, —y, —z. (b) Packing of molecules
of 4.
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from the pyridine ring into the S1-C3 bond. Molecules are
stacked in domains which are related to one another in a
herring-bone pattern (Fig. 1b). The packing interactions
involve face-to-face m-stacking of pyridine rings** containing
N1 and N1 (ii = —x, 1 — y, —z, distance between planes =
3.23 A, distance between centroids = 3.92 A), in addition to
Cwme+-N, CHpy---S and CHp,---w close contacts.

Synthesis and characterization of [Ir(thpy),(N"N)][PF]
(N~N = 1-4)
The complexes [Ir(thpy),(N"N)][PFs] were prepared by the
established procedure®® of reacting a [Ir(C"N),(p-Cl),] dimer
(in this case [Ir,(thpy)(p-Cl),]">"**®) with two equivalents of
ligands 1, 2, 3 or 4 followed by exchange of the counter-ion
(Scheme 2). Yields ranged from 64 to 84%. The base (and only)
peak envelope in the ESI mass spectrum of each complex cor-
responded to [Ir(thpy),(N*N)], and the isotope pattern
matched that simulated. The solid-state IR spectrum of each
complex exhibited a strong absorption close to 830 cm™" con-
sistent with the presence of the hexafluoridophosphate ion.
Solution "H and "*C NMR spectra were assigned by a combi-
nation of DEPT, COSY, NOESY, HMQC and HMBC techniques.
The cations [Ir(thpy),(2)]" and [Ir(thpy),(4)]" are C,-symmetric
(Scheme 1). However, the introduction of the pendant phenyl
ring in the N”N ligand in 1 and 3 lowers the symmetry of the
complex, and, in [Ir(thpy),(1)]" and [Ir(thpy),(3)]", the [thpy]~

[Ira(thpy)a(u-Cl),]

l (), (i)

[PFel

[Irtthpy)2(1)][PFe] ~ Ry=Rp=H  R3=Ph
[rthpy)2(2)]IPFe] ~ Ry=Rp;="Bu R3=H
[rthpy)2(3)IPFe] ~ R1=R;='Bu Rz =Ph
[Irthpy)2(4)][PFe] ~ Ry=R,=SMe R;=H

Scheme 2 Synthetic method for the preparation of the complexes.
Step (i) = 1, 2, 3 or 4 in MeOH, 2 h at 120 °C in microwave reactor; step
(i) excess NH4PFe.
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Fig. 2 Aromatic region of the 500 MHz *H NMR spectrum of CD,Cl,
solutions of (a) [Ir(thpy).(2)I[PFs] and (b) [Ir(thpy),(4)][PFgl.

ligands are non-equivalent. We have adopted a ring labelling
system (Scheme 1) that permits comparison of chemical shift
data in the four complexes. Fig. 2 compares the aromatic
regions of the room temperature 'H NMR spectra of
[Ir(thpy),(2)][PFs] and [Ir(thpy),(4)][PFs]. Doublets for the
thienyl protons (H** and H"®) were distinguished by a NOESY
cross peak between the resonances for H** and H"®. Structural
data for [Ir(thpy),(4)][PFs] (see below) show that the H"®...H**
separation is significantly less than H"®...H** (av. 3.6 versus
4.6 A), and the chelating modes of the ligands indicate that
these distances are approximately valid in solution. As
expected, on going from [Ir(thpy),(2)]" to [Ir(thpy),(4)], only
the signals for the bpy domain are noticeably affected by the
change from the ‘Bu to SMe substituent. The presence of the
pendant phenyl ring in [Ir(thpy),(1)][PFs] and [Ir(thpy),(3)][PFs]
desymmetrizes the spectra. Signals for protons in ring C
(Scheme 1) were distinguished from those in ring A starting
with the observation of a NOESY cross-peak between signals
for H* and H"®, and H* and H®®. A preliminary crystallo-
graphic study of [Ir(thpy),(3)][PFs] (see below) established that
the phenyl ring (ring G in Scheme 1) lies over one of the cyclo-
metallated thienyl rings (defined as ring C). This results in the
protons of these rings exhibiting close, through-space separ-
ations. Ring D was distinguished from ring B by the obser-
vation of a NOESY cross-peak between resonances for H°* and
HP®. At room temperature in CD,Cl,, signals for phenyl
protons H” (6 6.67 and 6.69 ppm in [Ir(thpy),(1)][PFs] and
[Ir(thpy),(3)][PFs], respectively) and H®* (§ 6.92 and 6.93 ppm,
respectively) are broad as a consequence of hindered rotation
of ring G on the NMR timescale. Cooling a CD,Cl, solution of
[Ir(thpy),(3)][PFs] to 240 K leads to a collapse of these signals
and, at 210 K, a set of four signals for the ortho and meta-
protons of ring G is observed (Fig. 3). These were assigned
from the COSY spectrum at 210 K. The data are reminiscent of
those obtained for related complexes.>*** It is noteworthy
that, despite the complexity of the NMR spectra for
[Ir(thpy),(1)][PFs] and [Ir(thpy),(3)][PFs], consistent trends in
the >C NMR chemical shifts for specific **C nuclei across the

This journal is © The Royal Society of Chemistry 2014
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D6+B3+D3+B6+E5+F5 *

G4+G3/5

83 81 79 77 75 73 71 69 67 65 63 61 59 57 55 ppm

Fig. 3 Aromatic region of the 500 MHz *H NMR spectrum of a CD,Cl,
solution of [Ir(thpy),(3)1[PF¢] at 280 and 210 K. (* = residual solvent).

full set of [Ir(thpy),(N*N)][PFs] compounds can be used to
verify the accuracy of the spectroscopic assignments.

X-Ray quality crystals of [Ir(thpy),(1)][PFs] were grown from
a CH,Cl, solution of the complex. Fig. 4a shows the structure
of the [Ir(thpy),(1)]" cation and the important bond parameters
are given in the caption; bond lengths and angles within the
coordination sphere of Irl are unremarkable. The structural
determination confirms that cyclometallation has occurred;
previous structural studies have shown that neutral Hthpy can
bind to iridium(i) as an N,S-donor," while [thpy]~ coordinates
to iridium(m) as a C,N-donor.”>*> Atom Ir1 is octahedrally
sited and the N-donors of the cyclometallated [thpy]|™ ligands
are mutually ¢trans. Each bidentate [thpy]™ ligand is planar, but
in contrast, the bpy unit of ligand 1 is twisted (the angle
between the planes of the pyridine rings = 14.1°). The latter is
most likely a consequence of the face-to-face n-stacking of the
6-phenyl substituent in 1 over the thienyl ring containing atom
S2 (Fig. 4b). The phenyl ring is twisted 70.1° with respect to
the pyridine ring to which it is bonded, and sits over the
thienyl ring so that the distance between the centroids of the
two rings is 3.55 A; the angle between the planes of the rings
is 12.1°. This z-stacking interaction within the coordination
sphere of the iridium(m) centre adds to the growing number of
such examples.'®** The centrosymmetric pair of cations in the
unit cell pack with the pyridine rings containing N2 and N2'
(symmetry codei=1—x,1 -y, 1 — 2) in a face-to-face arrange-
ment. However, the distance between the ring-planes (4.03 A)
is too great for this to be a significant stacking interaction.
Dominant packing forces involve C-H---S, C-H---F and
C-H-**Tpyridine iNteractions.

Single crystals of 2{[Ir(thpy),(4)][PFs]}-CH,Cl, were grown
from a dichloromethane solution of the complex. The struc-
ture of the [Ir(thpy),(4)]" cation is depicted in Fig. 5. The
[thpy]™ ligand containing atoms N4 and S4 is disordered and
has been modelled over two sites with occupancies of 81 and
19%; only the major occupancy sites are shown in Fig. 5. Atom
Ir1 in the [Ir(thpy),(4)]" cation is in an octahedral environment
with the anticipated trans-arrangement of the two N-donors of

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Structure of the [Ir(thpy)»(1)]* cation in [Ir(thpy)»(1)][PFgl; ellip-
soids plotted at the 40% probability level and H atoms omitted. Selected
bond distances and angles: Ir1-C23 = 1.991(2), Ir1-C32 = 2.010(2), Ir1—
N4 = 2.0430(18), Ir1-N3 = 2.0703(18), Ir1-N1 = 2.1260(18), Ir1-N2 =
2.1875(18) A; N1-Ir1-N2 = 76.15(7), C32-1r1-N4 = 80.11(8), C23-Ir1-N3
= 79.98(8), N4-Ir1-N3 = 172.06(7), C25-S1-C22 = 90.75(11), C34-S2-
C31 = 90.45(11)°. (b) Face-to-face n-stacking of the phenyl ring of ligand
1 and one thienyl unit.

the cyclometallated [thpy]™ ligands. Each bidentate ligand is
essentially planar. As in the free ligand 4, the S-Cye bonds lie
in the plane of the bpy unit (torsion angles C11-S1-C3-C2 and
C12-52-C8-C9 = -4.3(2) and 1.7(2)°, respectively). The [PF¢]|”
ion is disordered and has been modelled over two sites of
occupancies 69 and 31%. A half-occupancy CH,Cl, solvate
molecule is disordered across a special position. Packing inter-
actions involve primarily CHpy**-Sihieny1 and CH---F contacts;
weak CH:--m and Sys.---7 contacts contribute, but are not opti-
mally directed. Cations pack into 2-dimensional sheets separ-
ated by sheets of [PFe]” anions (Fig. 6). Disordering of the
solvent molecules makes it difficult to comment meaningfully
on their role in the lattice.

Crystals of [Ir(thpy),(3)][PFs] were obtained from a CH,Cl,
solution of the complex into which Et,0 was allowed to
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C12

Fig. 5 Structure of the [Ir(thpy)»(4)]* cation in 2{[Ir(thpy),(4)]
[PFsl}-CH,CL, (ellipsoids plotted at the 40% probability level); H atoms
are omitted and only the major ligand occupancy (see text) is shown.
Selected bond parameters: Ir1-N1 = 2.1294(15), Ir1-N2 = 2.1171(14),
Ir1-N3 = 2.0601(16), Ir1-C19 = 2.0060(19), Ir1-N4 = 2.094(2), Ir1-C28
= 2.005(2), S1-C3 = 1.737(2), S1-C11 = 1.799(2), S2-C8 = 1.7421(18),
S2-C12 = 1.801(3), S3-C21 = 1.709(3), S3—-C18 = 1.725(2), S4-C30
1.719(3), S4-C27 = 1.723(2) A; N2-Irl-N1 = 76.47(5), C28-Ir1-N4
78.84(9), C19-Ir1-N3 = 80.18(7), N3-Ir1-N4 = 171.65(8), C3-S1-C11 =
102.99(11), C8-S2-C12 = 102.16(11), C21-S3-C18 = 90.16(11), C30—
S4-C27 = 90.55(12)°.

Fig. 6 The packing in 2{[Ir(thpy),(4)][PFs]}-CH,Cl, consists of alternat-
ing sheets of cations and anions; each sheet lies in the ab-plane.

diffuse. Unfortunately, the crystals grew as thin plates that
were heavily twinned and a dataset of high quality could not
be obtained. However, preliminary crystallographic data were
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Table 1 Cyclic voltammetric data for the complexes (each as [PFgl™
salt) with respect to Fc/Fc*; MeCN solutions with 0.1 M ['BusNI[PFg] as a
supporting electrolyte and a scan rate of 0.1V s™* (ir = irreversible; qr =
quasi-reversible)

Complex ETLIV ESSIV AE,/V
[1r(thpy)s(1)]" +0.729%, +1.21"™ -1.77, —2.43" 2.49
1(thpy), +0.749%) +1. -1.85, —2.5 5
Ir(thpy),(2 0.74%, +1.26"" 1.85, —2.51™" 2.59
[Ir(thpy),(3)]" +0.73%, +1.28™ -1.82, —2.42™" 2.55
[Ir(thpy),(4)]" +0.7497, +1.28"" -1.73,-2.30"" 2.47

sufficient to confirm the gross structural features of the
[Ir(thpy),(3)]" cation, ie. the octahedral coordination environ-
ment of the iridium(m) centre, which is bound by two cyclo-
metallated [thpy]” ligands and chelating ligand 3. The
structure also confirms the fact that the phenyl ring in ligand
3 engages in efficient face-to-face n-stacking with one of the
cyclometallated thienyl rings.

Electrochemistry

Cyclic voltammetric data for [Ir(thpy),(N*N)][PFs] (N"N = 1-4)
are given in Table 1; electrochemical processes are reversible
or near-reversible unless otherwise noted. The quasi-reversible
oxidation observed in each case arises from an iridium-centred
process, with a substantial contribution from the C*N ligands.
The second oxidation process is assigned to oxidation of the
[thpy]~ ligands. The values for Ef}, compare with +0.82 V
reported for [Ir(thpy),(bpy)][PFes] (quoted as +1.20 V vs. SCE in
CH,Cl,)."® In contrast to the oxidation processes which occur
at similar potentials, the effect of the substituents is more pro-
nounced on the first reduction process assigned to reduction
of the bpy ligand. ES3 shifts to more/less negative potentials
upon the attachment of ‘Bu/SMe groups and, as a conse-
quence, [Ir(thpy),(4)][PFs] presents an electrochemical gap
similar to [Ir(thpy),(1)][PFs] and slightly smaller than

[Ir(thpy)2(2)][PFe] and [Ir(thpy),(3)][PFe] (Table 1).

Solution photophysical behaviour of the complexes

The electronic absorption spectra in acetonitrile solution of
the four [Ir(thpy),(N"N)][PFs] complexes are shown in Fig. 7.
The spectra are dominated by intense, high-energy bands
arising from n* < = and, in [Ir(thpy),(4)][PF¢], n* < n tran-
sitions that extend into the visible region. The low intensity

60000 :

&/ dm?3 mol cm!

30000 1

200 250 300 350 400 450 500
Wavelength / nm

Fig. 7 Electronic absorption spectra of MeCN solutions of
[Ir(thpy)2(NAN)I[PFe] (NAN = 1-4), (1.00 x 107> or 2.50 x 10~ mol dm™).
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Fig. 8 Normalized emission spectra of MeCN solutions of [Ir-
(thpy)2(NAN)IIPFg] (NAN = 1-4), (250 x 107> mol dm™) (lex, see
Table 2).

Table 2 Photophysical properties measured for [Ir(thpy)>(NAN)I[PFe]
with NAN = 1-4

Solution” Diluted film”
Complex Jdexe/IM  AGS¥Mm z/ns ®/%  Agamm D/%
[Ir(thpy),(1)]" 410 646 19 <1.0 553/592 29
[Ir(thpy),(2)]" 415 543,585 81 <1.0 542/585 42
[Ir(thpy),(3)]" 410 555,595 64 <1.0 553/592 35
[Ir(thpy),(4)]" 415 640 33 <1.0 542/585 51

“ Degassed MeCN solution (2.50 x 10™° mol dm™). ? 5% by weight in a
polymethylmethacrylate (PMMA) matrix.

absorption observed for each complex between 410 and
415 nm is assigned to an MLCT transition. Excitation into the
latter band gives rise to the emission spectra shown in Fig. 8.
The emission maxima are collected in Table 2 and can be com-
pared with that measured at 612 nm for [Ir(thpy),(bpy)]".*® The
introduction of the SMe substituents results in a red-shift to
640 nm in the emission of [Ir(thpy),(4)][PFe]. In contrast, intro-
ducing the electron-releasing ‘Bu substituents produces a blue-
shift to 543/585 nm for [Ir(thpy),(2)]. On going from
[Ir(thpy),(2)]" to [Ir(thpy),(3)]" we observe a less pronounced
vibronic structure’” in the emission spectrum (Fig. 8);
however, there is little difference in the emission maxima
(Table 2). This is consistent with the trend observed on going
from [Ir(ppy)(bpy)]" to [Ir(ppy)»(1)]’, for which Aen slightly
red-shifts from 590 to 595 nm on introducing the 6-phenyl
substituent on the bpy ligand.? In contrast, there is a signifi-
cant shift in A, from 612 nm to 646 nm on going from
[Ir(thpy).(bpy)]” to [Ir(thpy),(1)]" that in principle has no
obvious justification. The emission spectrum of [Ir(thpy),(1)]"
is indeed similar to that recorded for [Ir(thpy),(4)]" and shows
a quite different aspect compared to [Ir(thpy),(2)]" and
[Ir(thpy),(3)]" (Fig. 8). The different appearance of the spectra
seems to originate from the different intensity of the spectral
features recorded around 550, 590-610 and 640 nm that are
present for the four complexes. The low quantum yields
measured in solution for [Ir(thpy),(N*N)][PFe] with N*N = 1-4
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(Table 2) are consistent with data for [Ir(thpy),(bpy)|[PFs] and
[Ir(thpyR),(bpy)][PFs] (R = 5-Me or 5-CHO)."®

Theoretical calculations

To gain insight into the electronic and optical properties of
the [Ir(thpy),(N"N)][PFs] (N*N = 1-4) complexes, a combined
DFT/TD-DFT theoretical investigation was undertaken at the
B3LYP/(6-31G**+LANL2DZ) level on the [Ir(thpy),(N*N)]"
cations in the presence of the solvent (acetonitrile) (see the
Experimental section for full computational details). The
[Ir(thpy),(bpy)]" cation was also calculated at the same compu-
tational level for comparison purposes.

The geometry of the complexes in their ground electronic
state (So) was fully optimized without imposing any symmetry
constraint. Calculations correctly reproduce the near-octa-
hedral coordination of the Ir metal observed in the X-ray struc-
tures and predict geometric parameters in good accord with
the experimental data. The [thpy]™ ligands are essentially
planar and the average value computed for the bite angle with
the iridium centre (79.5°) agree well with the X-ray values
determined for [Ir(thpy),(1)]" and [Ir(thpy),(4)]" (78.8-80.2°).
The bpy domain is predicted to be close to planar in
[Ir(thpy),(2)]" and [Ir(thpy),(4)]', but presents a twist angle
around the central inter-annular bond of 18.4 and 20.9° for
[Ir(thpy),(1)]" and [Ir(thpy),(3)]’, respectively. The distortion
arises from the presence of the pendant phenyl ring attached
in 6-position. These twist angles are slightly larger than the
single crystal X-ray value measured in [Ir(thpy),(1)]" (14.1°).
Calculations also reproduce the intra-cation face-to-face
n-stacking of the pendant phenyl substituent with the adjacent
thienyl ring of the [thpy]|™ ligand. The inter-centroid distance
calculated between the two rings for [Ir(thpy),(1)]" (3.77 A) and
[ir(thpy)»(3)]" (3.76 A) slightly overestimate the X-ray value
obtained for [Ir(thpy),(1)]" (3.55 A) likely due to the packing
forces acting in the crystal. The pendant phenyl ring in
[Ir(thpy),(1)]" and [Ir(thpy),(3)]" is twisted by 61.9 and 60.4°,
respectively, with respect to the pyridine ring to which it is
bonded. The S-Cy;. bonds in [Ir(thpy),(4)]" are predicted to lie
in the plane of the bpy unit (torsion angles C11-S1-C3-C2 and
C12-52-C8-C9 = —1.5 and 2.8°, respectively) in good accord
with X-ray data.

Fig. 9 displays the atomic orbital compositions calculated
for the highest-occupied (HOMO and HOMO-1) and lowest-
unoccupied (LUMO to LUMO+2) molecular orbitals of
the non-substituted [Ir(thpy),(bpy)]" cation. An identical distri-
bution of the frontier molecular orbitals is obtained for
[Ir(thpy),(N~N)]" (NN = 1-4) complexes. Analogous to that pre-
dicted for ppy-based cyclometallated Ir-iTMCs,>>*>*451¢ the
HOMO is composed of a mixture of Ir(ur) dx orbitals (t,,) and
thienyl n orbitals with some contribution from the pyridine
rings of the cyclometallating ligands, whereas the LUMO corre-
sponds to the n* LUMO of the ancillary bpy ligand. As a conse-
quence, substitution of the N”N ligand leaves the HOMO
mostly unaffected and produces a larger effect in the LUMO
(Fig. 9). The energy of the LUMO increases from —2.16 eV in
[Ir(thpy),(bpy)]" to —1.97 eV in [Ir(thpy),(3)]" due to the
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Fig. 9 Schematic diagram showing the electron density contours (0.03
e bohr~®) and energies calculated for the highest occupied and lowest
unoccupied molecular orbitals of [Ir(thpy).(bpy)l*; hydrogen atoms have
been omitted. HOMO and LUMO energies for [Ir(thpy)2(NAN)I* com-
plexes are given in the table.

combined effect of the ‘butyl and phenyl substituents attached
to the bpy domain. These trends correlate well with those
observed for the first oxidation and reduction potentials.

The HOMO-1 and the LUMO+1/LUMO+2 of complexes
[Ir(thpy),(N~N)]" (NN = bpy and 1-4) are localized over the
[thpy]™ ligands and are calculated to lie ~0.5 eV below and
above the HOMO and LUMO, respectively (see Fig. 9 for
[Ir(thpy),(bpy)]" as a representative example). This suggests
that the lowest-energy triplet state should, in principle, origi-
nate from the HOMO — LUMO excitation, which gives rise to
an electron transfer from the Ir-thpy environment to the
diimino ligand. To investigate this hypothesis and the nature
of the emitting excited state, the low-lying triplet states (T,)
were calculated at the optimized geometry of the ground state
(Sp) using the time-dependent DFT (TD-DFT) approach.
Table 3 lists the vertical excitation energies and the electronic
descriptions computed for the three first triplet excited states.
TD-DFT calculations predict the Ty, T, and Tj; states at similar
energies, between 2.34 and 2.67 eV above the ground state for
all the complexes, the T, state lying at 3.00-3.10 eV. Unexpect-
edly, the T, and T, states are mainly defined by transitions
from the HOMO-1 and HOMO to the LUMO+1 and LUMO+2,
and have to be described as ligand-centred (*LC) triplets, since
all these orbitals involve the C*N ligands, with some metal-to-
ligand charge transfer (*MLCT) character due to the partici-
pation of the Ir core in the HOMO (Fig. 9). The T; state lies
slightly higher in energy (0.10-0.27 eV) and mainly results
from the HOMO — LUMO excitation (~90%). It corresponds to
a mixture of metal-to-ligand and ligand-to-ligand charge trans-
fer CMLCT/’LLCT) character.

The three lowest triplet states were further examined by
optimizing their geometries using the spin-unrestricted
UB3LYP approach. Table 4 collects the adiabatic energy differ-
ences (electronic energy difference between the ground and
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Table 3 Lowest triplet excited states calculated at the TD-DFT B3LYP/
(6-31G**+LANL2DZ) level for complexes [Ir(thpy)(NAN)I* (NAN = bpy
and 1-4) in acetonitrile solution. Vertical excitation energies (E), domi-
nant monoexcitations with contributions (within parentheses) greater
than 15%, nature of the electronic transition and description of the
excited state are summarized

NAN State E(eV) Monoexcitations® Nature” Description”
bpy T, 237 H- L+ (62) de(Ir) + tc-n “LC/PMLCT
- ToN
H-1 - L+2 (23)  Tean = Tern
T, 241 H- L+2(55) d(Ir) + tg-y °LC/°MLCT
- ToN
H-1- L+1 (33) 7w = T LG
T, 251 H-L(%) de(Tr) + ey *MLCT/’LLCT
— TNAN
1 T, 234 H- Lt (50)
H-1 — L+2 (19)
T, 240 H - L+2(42)
H-1 — L+1 (35)
T, 257 H-L(87)
2 T, 237 H- L+l (64)
H-1 — L+2 (24)
T, 241 H - L+2(56)
H-1 — L+1 (33)
T;  2.63 H-L(9)
3 T, 234 H- L+ (49)
H-1 — L+2 (20)
T, 239 H-—L+2(43)
H-1 — L+1 (34)
T, 2.67 H-L(86)
4 T, 237 H-L+1(65)
H-1 — L+2 (23)
T, 241 H- L+2(55)
H-1 — L+1 (33)
T; 2.58 H - L(9)

“H and L denote HOMO and LUMO, respectively. ” The nature and
description of the monoexcitations are the same for all the complexes
and have been only quoted for [Ir(thpy),(bpy)]'-

Table 4 Adiabatic energy differences (AE, in eV) and vertical emission
energies (Eem, in nm) calculated at the TD-DFT B3LYP/(6-
31G**+LANL2DZ) level for [Ir(thpy)»(NAN)]* (NAN = bpy, 1—-4)

Complex AE (Ty — So)/eV  AE (T3-Sp)/eV  Eep (Ty)/nm
[Ir(thpy),(bpy)]”  2.24 2.27 641
[Ir(thpy),(1)]" 2.21 2.29 652
[Ir(thpy),(2)]" 2.24 2.42 641
[Ir(thpy),(3)]" 2.21 2.35 650
[Ir(thpy)(4)]" 2.24 2.33 642

the excited state at their respective equilibrium geometries)
calculated with respect to the ground state, and Fig. 10 dis-
plays the relative energy and electronic nature of the states for
[Ir(thpy),(2)]" as a representative example. After full-geometry
relaxation, the T; and T, states degenerate (2.2379 and 2.2382 eV
above S,, respectively) and remain lower in energy than the T;
state (AE(T3; — So) = 2.42 eV). The unpaired-electron spin-
density distribution computed for the optimized geometry of
T, in [Ir(thpy),(2)]" (Ir: 0.15e, thpyl: 1.83e, thpy2: 0.01e, 2:
0.01e) confirms the dominant *LC character of this state with a
small contribution from the metal (Fig. 10). The T, state shows
the same electronic nature but the spin density is localized on

This journal is © The Royal Society of Chemistry 2014
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Eem(T1)

Fig. 10 Schematic representation of the ground state (So, blue curve)
and the first triplet states (T; and Ts, red curves, T, is mostly degenerate
with Ty) computed for [Ir(thpy)»(2)]* with their respective spin-density
distributions (0.003 e bohr™).

the other thpy ligand. The spin density calculated for the T;
state (Ir: 0.41e, thpyl: 0.29e, thpy2: 0.29e, 2: 1.01e) perfectly
matches the topology of the HOMO — LUMO excitation
(compare Fig. 9 and 10) and corroborates the mixed
*MLCT/’LLCT character of this state. An identical scenario is
found for the complexes with N*N = bpy, 1, 3 and 4. The rela-
tive ordering of the lowest-energy triplets was further investi-
gated by performing geometry optimizations at the TD-DFT
level. At this level of theory, the *MLCT/*LLCT triplet (T;) of
[Ir(thpy),(2)]" is confirmed to lie 0.18 eV above the *LC T and
T, states.

Calculations therefore found that *LC triplets are lower in
energy than the HOMO — LUMO *MLCT/’LLCT triplet. This
energy ordering is due to solvent effects that stabilize in a
higher degree the *LC states due to their higher polarity. For
instance, the dipole moment of complex [Ir(thpy),(2)]" in its
ground state is 12.70 D and is mainly preserved in passing to
the *LC states (12.04 D) because these states imply no special
charge transfer. In contrast, it strongly decreases in passing to
the *MLCT/’LLCT triplet (3.08 D) because the charge transfer
largely compensates the charge separation in S,. As a conse-
quence, in a polar solvent like acetonitrile, the *LC triplets are
stabilized in a larger degree compared to the *MLCT/’LLCT
triplet and they become the lowest-energy triplets. Emission is
therefore expected to take place from the *LC triplets.

The *LC nature predicted for the lowest-energy triplets is in
agreement with the structured emission band observed in
solution at room temperature (Fig. 8) and justifies the low
quantum yields measured experimentally (Table 2). To esti-
mate the emission energy, the vertical energy difference
between the emitting *LC triplet T; and S, was determined by
performing a single-point calculation of S, at the optimized
minimum-energy geometry of the triplet. Calculations lead to
similar vertical emission energies of ~1.90 eV (641-652 nm,
Table 4) because emission mainly originates from the cyclo-
metallated ligands, which are identical for all the complexes.

This journal is © The Royal Society of Chemistry 2014
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The theoretical values are in good accord with the experimental
emission maxima recorded for [Ir(thpy),(1)]" (646 nm) and
[Ir(thpy),(4)]" (640 nm), but give no explanation for the blue
shift experimentally observed for [Ir(thpy),(2)]" and
[Ir(thpy),(3)]" that exhibit emission maxima around 550 and
590 nm (Table 2). Since these spectral components are also
observed in the spectra of [Ir(thpy),(1)]" and [Ir(thpy),(4)]"
(Fig. 8), the different shape of the emission spectra is, in prin-
ciple, assigned to the different intensity of the vibronic fea-
tures forming the emission band.

Thin-film photophysical behaviour and electroluminescence

The photophysical properties of cationic iridium complexes
are known to differ significantly as a function of the environ-
ment. Hence, thin films of the [Ir(thpy),(N~N)][PF¢] complexes
were prepared using two different approaches. In the first
approach, the complexes were dispersed in a poly(methyl
methacrylate) (PMMA) matrix at a concentration of 5% by
weight. The second approach mimics the typical thin film con-
figuration used as the light-emitting layer in LECs. It mainly
consists of the complex diluted with a small fraction of the
ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluorido-
phosphate [BMIM][PF¢] in a 4 : 1 molar ratio.

The photoluminescence spectra of the complexes in the
PMMA films are depicted in Fig. 11 and the emission maxima
are given in Table 2. They are significantly different from the
photoluminescence spectra obtained in acetonitrile solution,
at least in the case of the complexes with N*N = 1 and 4. In
thin film, the emission spectra are very similar for all four
complexes. All present two emission peaks around 545 and
590 nm and a shoulder around 640 nm that are reminiscent of
the features observed in solution (Fig. 8 and Table 2). In view
of this distinct difference, the low temperature photo-
luminescence spectra of the complexes in acetonitrile solution
were also determined. The spectra were recorded in a special
cell immersed in liquid nitrogen. At this temperature

PL Intensity [a.u]

600
Wavelength [nm]

500 700

Fig. 11 Normalized emission spectra of thin PMMA films containing
5 wt% of [Ir(thpy)2(NAN)I[PFg] (NAN = 1-4).
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PL Intensity [a.u]

600
Wavelength [nm]

500 550 700

Fig. 12 Normalized emission spectra of liquid nitrogen cooled MeCN
solutions of [Ir(thpy)>(NAN)I[PFg] (NAN = 1-4).

acetonitrile is frozen and the complexes are in a rigid solid-
state environment.

At low temperature, the photoluminescence spectra do not
show much difference from one complex to another, except for
the small red shift recorded for complexes with N*N =1 and 3
(Fig. 12). Indeed, this shift is observed in the spectra in PMMA
films (Fig. 11) and may be related to the intramolecular
phenyl-phenyl stacking in these complexes.

The low temperature spectra show much more detail and
there are emission features at wavelengths of 540-550 nm and
585-590 nm that correspond to those observed at room temp-
There
640-650 nm, very close to the maximum wavelength of the

erature. is also a small emission peak around
photoluminescence of the complexes with N*N = 1 and 4 in
solution at room temperature. These findings and the absence
of a rigidochromic shift in the emission spectra upon cooling
indicate (i) an emitting triplet state with mainly *LC character,
as predicted by theoretical calculations (see above), and (ii)
very similar emission properties for all four complexes. The
highly structured shape of the emission band reveals two well-
defined vibronic progressions, both about 1400 cm™", for the
four complexes.

The red shift observed in the room-temperature solution
spectra of complexes with NN = 1 and 4 is therefore attributed
to a different intensity distribution of the vibronic components
that define the emission band. The main difference of these
complexes is the absence of the ‘Bu groups on the ancillary
ligand. These side groups are slightly electron-donating, but
also make the complexes more soluble and less likely to pack
closely.

The photoluminescence and electroluminescence perform-
ance of the complexes in a thin film configuration typically
used in LECs was finally examined. In this configuration, the
photoluminescence quantum yield is very low and only noisy
spectra could be obtained. They were, however, very similar to
the electroluminescence spectra depicted in Fig. 13, which
exhibit an identical shape for the four complexes with
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Fig. 13 Normalized electroluminescence spectra of LECs containing
[Ir(thpy)o(NAN)I[PFe] (NAN = 1-4).

Table 5 Performance of ITO/PEDOT:PSS/iTMC:IL 4:1/Al LEC devices
driven using a pulsed current mode (average current density 100 A m™—2,
1000 Hz, 50% duty cycle, block wave) for [Ir(thpy)(NAN)I[PFe] (NAN = 1,

2 and 3)

Linax”/ Efficiency/
Complex ton “/h ecdm™?  t,%  cdA! EQEY/%
[ir(thpy),(1)]" 4.2 19 101 0.2 0.2
[Ir(thpy)»(2)]" Seconds 33 0.04 0.2 <0.1
[Ir(thpy)»(3)]" 0.4 50 9.7 05 0.2

“Defined as the time to reach the maximum luminance. ® Maximum
luminance. ¢ Time to reach half of the maximum luminance. ¢ External
quantum efficiency.

emission maxima around 600 nm. Hence, all complexes
yielded electroluminescence when driven using a block-wave
pulsed current (Jovg = 100 A m ™2, duty cycle 1000 Hz).

Table 5 summarizes the performance data for LECs built up
using the [Ir(thpy),(N"N)][PFs] (N"N = 1-3) complexes. Com-
pared to other recently reported LECs, these performances are
not very high. In fact LECs using complex 4 had such low per-
formances that only the electroluminescence spectra could be
obtained. Hence, these complexes are very interesting emitters
with good photoluminescent quantum yields in thin film but
they do not lead to efficient LECs. This is primarily due to the
poor charge transport of electrons and holes that limits the
current density and the luminance and is most likely also
responsible for the poor lifetimes.

Conclusions

Four new iridium(m) complexes [Ir(thpy),(N*N)][PFs] with N*N =
1-4 have been prepared and fully characterized. At room
temperature, structured photoluminescence spectra are
observed for [Ir(thpy),(2)][PFs] and [Ir(thpy),(3)][PFs], both in
solution and in diluted thin film with values of Ay in the

This journal is © The Royal Society of Chemistry 2014
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range 542-592 nm. In contrast, the solution spectra of
[Ir(thpy),(1)][PFs] and [Ir(thpy),(4)][PFs] are red-shifted and the
band shape significantly changes on going from solution to
thin film. The similar structured emission observed in thin film
for the four complexes can be understood in terms of the *LC
nature, involving the cyclometallated [thpy]™ ligands, predicted
for the lowest-energy triplet states using DFT/TD-DFT calcu-
lations. This is supported by the appearance of the low temp-
erature photoluminescence spectra of the complexes recorded
in frozen MeCN, for which no rigidochromic shift is recorded
compared to room temperature. The red shift observed for the
solution spectra of [Ir(thpy),(1)]" and [Ir(thpy),(4)]" is assigned
to a different intensity distribution of the vibronic components
that define the emission band. The photoluminescence and
electroluminescence characteristics of the complexes in LECs
configuration have been investigated. The electroluminescence
emission maxima are close to 600 nm for all the complexes,
but the device performances are relatively poor, probably due
to poor charge transporting properties of the complexes.
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