Open Access Article. Published on 20 October 2015. Downloaded on 8/27/2025 8:50:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Dalton

Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Dalton Trans., 2015, 44,
20392

Received 25th September 2015,
Accepted 15th October 2015

DOI: 10.1039/c5dt03753k

Cyclometalated Ir() complexes of deprotonated
N-methylbipyridinium ligands: effects of
quaternised N centre position on luminescencef

Benjamin J. Coe,*® Madeleine Helliwell,? James Raftery, Sergio Sanchez,?
Martyn K. Peers® and Nigel S. Scrutton®

Six new tricationic Ir'"

nium or 1-methyl-4-(2'-pyridyl)pyridinium are described. These complexes of the form [Ir"'(CAN),(NAN)

complexes of cyclometalating ligands derived from 1-methyl-2-(2'-pyridyl)pyridi-
]3+
(CAN = cyclometalating ligand; NAN = «a-diimine) have been isolated and characterised as their PFg~ and
Cl” salts. Four of the PFg™ salts have been studied by X-ray crystallography, and structures have been
obtained also for two complex salts containing MeCN and Cl™ or two Cl™ ligands instead of NAN. The
influence of the position of the quaternised N atom in CAN and the substituents on NAN on the elec-
tronic/optical properties are compared with those of the analogous complexes where CAN derives from
1-methyl-3-(2'-pyridyl)pyridinium (B. J. Coe, et al.,, Dalton Trans., 2015, 44, 15420). Voltammetric studies
reveal one irreversible oxidation and multiple reduction processes which are mostly reversible. The new
complexes show intramolecular charge-transfer absorptions between 350 and 450 nm, and exhibit bright
green luminescence, with Anax values in the range 508-530 nm in both aqueous and acetonitrile solu-
tions. In order to gain insights into the factors that govern the emission properties, density functional
theory (DFT) and time-dependent DFT calculations have been carried out. The results confirm that the
emission arises largely from triplet excited states of the CAN ligand (*LC), with some triplet metal-to-
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Introduction

Cyclometalated Ir™

many years, with a primary focus being their fascinating
optical emission properties."” Such species show high stabi-
lity, large quantum yields and long-lived excited states, due to
strong spin-orbit coupling. Therefore, they are of interest for
uses in a wide range of fields including organic light-emitting
diodes (OLEDs),*'° light-emitting electrochemical cells,"*™*
chemosensors and biological imaging.'*?° Most of the
reported complexes fall into two classes; neutral homoleptic
Ir'"™(C~N); and heteroleptic Ir'"(C*N),(L-X) (C"N = cyclometa-
lating ligand; L-X = monoanionic ancillary ligand),***'* and
monocationic heteroleptic species [Ir"(C N),(L-L)]" (L-L =
neutral bidentate ligand).”'*™"*33*7° The emission properties

complexes have attracted attention for
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ligand charge-transfer (*MLCT) contributions.

of the latter are tuned readily, and various strategies have been
adopted. These include changing the degree of n-conjugation
in the ligands,** incorporating electron-rich S-heterocycles,*'™**
or most commonly, functionalising C*N or L-L to adjust the
energies of the metal and ligand orbitals."***”** The elec-
tronic properties of substituents and their positioning with
respect to the coordinating carbon of C”N influence greatly
the energy of the emission.

In the context of luminescence, Ir'~ complexes with C*"N
ligands derived from pyridinium species were apparently
unknown until we reported those of deprotonated 1-methyl-3-
(2"-pyridyl)pyridinium (3,2"-C*N).”> The only previous account
of structurally related species concerns catalytic studies with
hydride complexes that are unsuitable for luminescence.*®
A number of reports of cyclometalated complexes of N-methyl-
bipyridinium species with Pd/Pt*” or Ru*® have appeared. The
bright blue or blue-green emission and aqueous solubility of
our Ir'™ 3,2-C”N species® suggests potential uses in highly
efficient OLEDs and/or bio-sensing/imaging. Since the use of
Ir'"" complexes in the latter context'®>%*° is often restricted by
poor water solubility,'® increasing their charge from the usual
+1 to +3 is beneficial. This structural novelty opens doors
for designing further complexes of C*N ligands based on
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quaternised bipyridinium units with attractive electronic and
optical properties. In the previously published complexes
[Ir'"™(C N),(N*"N)]** (N*N = oa-diimine), both the nature and
energy of the emission are highly influenced by substituents
on the ancillary N*N ligand.**> Density functional theory (DFT)
calculations show that the blue emission observed when
N~N = 2,2"-bipyridyl (bpy) or 4,4-(‘Bu),bpy is mainly triplet
ligand-centred (*LC) with some triplet metal-to-ligand charge-
transfer (*MLCT) character from C*N. On the other hand, the
blue-green emission observed when NN = 4,4'-(CF;),bpy has
*L'C with some *ML'CT nature, due to efficient inter-ligand
energy transfer to N*N (L’).

In addition to changing the substituents on N”N, it is of
interest to study the effects on the emission properties of
varying the location of the quaternised N centre in the C*"N
ligand. Here, we present a series of new Ir'"" complexes related
to those described recently, but with the C*N ligands derived
instead from 1-methyl-2-(2"-pyridyl)pyridinium of 1-methyl-
4-(2"-pyridyl)pyridinium. Using as the ancillary ligand bpy,
4,4'-('Bu),bpy or 4,4'-(CF;),bpy allows detailed comparisons
and reveals the importance of the position of the quaternised
centre in achieving blue emission.

Experimental section
Materials and procedures

The compound 1-methyl-3-(2"-pyridyl)pyridinium hexafluoro-
phosphate and the complex salts 4P-6P and 4Cl-6Cl were syn-
thesised as described previously.”> All other reagents were
obtained commercially and used as supplied. Products were
dried overnight in a vacuum desiccator (silica gel) prior to
characterisation. In each case, the bold number refers to the
complex cation, while the counter-anions are denoted by P for
PF,” or C for CI™.

General physical measurements

"H NMR spectra were recorded on a Bruker UltraShield AV-400
spectrometer, with all shifts referenced to residual solvent
signals and quoted with respect to TMS. Elemental analyses
were performed by the Microanalytical Laboratory, University
of Manchester, and UV-vis spectra were obtained by using a
Shimadzu UV-2401 PC spectrophotometer. Mass spectra were
recorded by using +electrospray on a Micromass Platform II
spectrometer. Cyclic voltammetric measurements were per-
formed by using an Ivium CompactStat. A single-compartment
cell was used with a silver/silver chloride reference electrode
(3 M NaCl, saturated AgCl) separated by a salt bridge from a
2 mm disc platinum working electrode and platinum wire
auxiliary electrode. Acetonitrile was used as supplied from
Sigma-Aldrich (HPLC grade), and [N"Buy|PF, (Fluka, electro-
chemical grade) was used as the supporting electrolyte. Solu-
tions containing ca. 1.5 x 10”* M analyte (0.1 M [N"Bu,]PF)
were deaerated by purging with N,. All E,,, values were calcu-
lated from (Ep, + Epc)/2 at a scan rate of 100 mV s~'. Steady-
state emission and excitation spectra were recorded on an
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Edinburgh Instruments FP920 Phosphorescence Lifetime
Spectrometer equipped with a 5 W microsecond pulsed xenon
flashlamp. Lifetime data were recorded following excitation
with an EPL 375 picosecond pulsed diode laser (Edinburgh
Instruments), using time-correlated single photon counting
(PCS900 plug-in PC card for fast photon counting). Lifetimes
were obtained by tail fitting on the data obtained, or by a
reconvolution fit using a solution of Ludox® in the scatterer,
and the quality of fit judged by minimisation of reduced
chi-squared and residuals squared. Quantum yields were
measured upon excitation at 420 nm by using a SM4 Integrat-
ing Sphere mounted on an Edinburgh Instruments FP920
Phosphorescence Lifetime Spectrometer.

Synthesis

1-Methyl-2-(2"-pyridyl)pyridinium  iodide. Methyl iodide
(2.4 mL, 38.6 mmol) was added to a solution of 2,2"-bipyridyl
(2.00 g, 12.8 mmol) in acetonitrile (25 mL) and heated at 45 °C
for 48 h under argon. After cooling to room temperature, the
yellow precipitate of N,N-dimethyl-2,2"-bipyridinium iodide
was filtered off. The filtrate was poured into diethyl ether
(200 mL) and after 5 min the precipitate was filtered off,
washed with diethyl ether and dried to give an off-white
powder: 1.81 g (47%). 8y (400 MHz, CD;0D) 9.10 (1 H, d, J =
6.1 Hz), 8.86 (1 H, d, ] = 4.7 Hz), 8.71 (1 H, t, ] = 7.6 Hz), 8.25
(1 H, d,J = 8.0 Hz), 8.19-8.14 (2 H), 7.95 (1 H, d, J = 7.9 Hz),
7.70 (1 H, ddd, J = 7.7, 4.8, 0.8 Hz), 4.37 (3 H, s). ES-MS: m/z =
171 M - I]".

1-Methyl-4-(2'-pyridyl)pyridinium iodide. This compound
was prepared in a manner identical to 1-methyl-3-(2"-pyridyl)-
pyridinium iodide by using 2,4"-bipyridyl (500 mg, 3.20 mmol)
in place of 2,2"-bipyridyl to give an off-white powder: 915 mg
(96%). Sy (400 MHz, CD;0D) 8.98 (2 H, d, J = 6.8 Hz), 8.86
(1 H, ddd, J = 4.8, 1.8, 0.9 Hz), 8.77 (2 H, d, J = 6.9 Hz), 8.34
(1 H, dt, J = 8.0, 1.0 Hz), 8.08 (1 H, td, J = 7.8, 1.8 Hz), 7.63
(1 H, ddd, j = 7.7, 4.8, 1.0 Hz), 4.45 (3 H, s). ES-MS: m/z = 171
M -1]".

1-Methyl-2-(2"-pyridyl)pyridinium hexafluorophosphate. 1-Methyl-
2-(2"-pyridyl)pyridinium iodide was dissolved in a minimum of
water and filtered to give a pale yellow solution to which solid
NH,PF, was added. The precipitate was filtered off and washed
extensively with cold water to afford a white powder in near
quantitative yield. & (400 MHz, CD;CN) 8.82 (1 H, d, J =
4.2 Hz), 8.73 (1 H, d, J = 6.3 Hz), 8.58 (1 H, t, J = 7.9 Hz),
8.11-8.04 (3 H), 7.77 (1 H, d, J = 7.9 Hz), 7.65 (1 H, ddd, J = 7.8,
4.8, 1.1 Hz), 4.23 (3 H, s). ES-MS: m/z = 171 [M — PF,|". Anal.
Caled (%) for C1;H;,F¢N,P: C, 41.8; H, 3.5; N, 8.9. Found:
C, 42.0; H, 3.1; N 8.8.

1-Methyl-4-(2'-pyridyl)pyridinium hexafluorophosphate.
This compound was prepared in a manner identical to
1-methyl-2-(2"-pyridyl)pyridinium hexafluorophosphate by using
1-methyl-4-(2'-pyridyl)pyridinium iodide to give a white
powder. & (400 MHz, CD;CN) 8.83 (1 H, d, J = 4.7 Hz), 8.67
(2H,d,J=6.8Hz),8.62(2H,d,J=6.7Hz), 819 (1 H,d,J=
8.0 Hz), 8.04 (1 H, td, J = 7.8, 1.7 Hz), 7.60 (1 H, ddd, J = 7.6,
4.7, 0.9 Hz), 4.31 (3 H, s). ES-MS: m/z = 171 [M — PF4]". Anal.
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Caled (%) for Cy1Hy1F¢N,P: C, 41.8; H, 3.5; N, 8.9. Found: C,
42.0; H, 3.2; N 8.9.

[{ir™(2,2"-C*N),CI},][PF¢]s [2,2'-C*N = cyclometalated anion
derived from 1-methyl-2-(2"-pyridyl)pyridinium]. 1r'"Cl;-2.9H,0
(200 mg, 0.570 mmol) and 1-methyl-2-(2-pyridyl)pyridinium
hexafluorophosphate (377 mg, 1.19 mmol) were added to
argon-sparged 2-methoxyethanol (22 mL) and water (8 mL),
and the mixture heated at 120 °C for 48 h under argon. After
cooling to room temperature, the mixture was filtered. An
excess of NH,PF, was added to the filtrate, and the solvents
evaporated. The residue was suspended in ice-cold water and
the solid filtered off, rinsed with a small volume of cold water,
then acetone/diethyl ether (1:3, 4 x 5 mL), and dried to give a
bright red powder: 331 mg (68%). &y (400 MHz, CD3;CN) 10.20
(2 H, ddd, j = 5.7, 1.7, 0. 7 Hz), 8.51 (2 H, d, J = 8.4 Hz), 8.16
(2 H, ddd, J = 8.5, 7.6, 1.7 Hz), 8.10 (2 H, dd, J = 5.9, 0.8 Hz),
7.74 (2 H, ddd, J = 7.6, 5.7, 1.3 Hz), 7.26 (2 H, dd, J = 7.9,
1.2 Hz), 7.11 (2 H, dd, J = 7.9, 5.9 Hz), 4.58 (6 H, s).

[{1r™(4,2"-C*N),CI},][PF¢]s [4,2'-C*"N = cyclometalated anion
derived from 1-methyl-4-(2'-pyridyl)pyridinium]. This com-
pound was prepared in a manner identical to [{Ir""(2,2'-
C"N),Cl},][PF¢]; by using 1-methyl-4-(2"-pyridyl)pyridinium
hexafluorophosphate to give a red powder: 318 mg (65%).
8y (400 MHz, CD5CN) 9.97 (2 H, ddd, J = 5.7, 1.6, 0.7 Hz), 8.33
(2 H, ddd, J = 8.1, 1.4, 0.7 Hz), 8.13 (2 H, td, J = 7.8, 1.6 Hz),
8.04 (2 H, d, J = 6.3 Hz), 7.98 (2 H, dd, J = 6.5, 1.7 Hz), 7.73
(2 H, ddd, J = 7.5, 5.8, 1.5 Hz) 7.18 (2 H, d, J = 1.6 Hz), 3.90
(6 H, s).

[1r™(2,2'-CN),(bpy)][PFe]s, 1P. Argon-sparged 2-methoxy-
ethanol/water (8:2, 15 mL) was added to [{Ir"(1-Me-2,2'-
bpy).Cl},][PFs]s (100 mg, 0.058 mmol), 2,2"-bipyridyl (30 mg,
0.192 mmol) and AgPF (37 mg, 0.146 mmol) under argon,
and the mixture heated at 100 °C for 36 h. After cooling to
room temperature, the solution was filtered through Celite to
remove AgCl and the solvents evaporated. The residue was dis-
olved in a minimum volume of acetone and an excess of
[N"Bu,]Cl added. The precipitate was filtered off, washed with
acetone and purified by column chromatography on Sephadex
SP C-25, eluting with 0.025-0.075 M NaCl in acetone/water
(1:1). The main yellow band was evaporated to dryness, cold
methanol was added and NaCl removed by filtration. The fil-
trate was evaporated to dryness, and the residue dissolved in
cold water. NH,PFs was added and the precipitate filtered
off, washed with ice-cold water and dried to give a bright
yellow powder: 77 mg (58%). 8y (400 MHz, CD;CN) 8.60
(4 H, d,J = 8.3 Hz), 8.42 (2 H, dd, J = 6.0, 0.9 Hz), 8.26 (2 H,
td, J = 8.0, 1.5 Hz), 8.19 (2 H, ddd, J = 8.6, 7.7, 1.6 Hz), 7.94
(2 H, ddd, J = 5.5, 1.5, 0.7 Hz), 7.90 (2 H, ddd, J = 5.7, 1.6,
0.6 Hz), 7.57 (2 H, ddd, J = 7.7, 5.5, 1.3 Hz) 7.46 (2 H, ddd, J =
7.7, 5.7, 1.2 Hz), 7.38 (2 H, dd, J = 7.9, 6.0 Hz), 7.21 (2 H, dd,
J=7.9, 1.3 Hz), 4.65 (6 H, s). ES-MS: m/z = 417 [M — 2PF¢]*",
344 [M — 3PF]**, 230 [M — 3PFs]’". Anal. Caled (%) for
C3,H,gF;5IrNGP;-H,0: C, 33.7; H, 2.6; N, 7.4. Found: C, 33.8;
H, 2.3; N, 7.3.

[1r™(2,2"-C"N),{4,4'-(CF5),bpy}][PFs]s, 2P. This compound
was prepared and purified in a manner identical to 1P
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by wusing 4,4-di-(trifluoromethyl)-2,2"-bipyridyl (56 mg,
0.192 mmol) in place of 2,2-bipyridyl. A yellow powder was
obtained: 71 mg (49%). 6y (400 MHz, CD3;CN) 9.04 (2 H, s),
8.62 (2 H, d, J = 8.5 Hz), 8.45 (2 H, dd, J = 6.1, 0.9 Hz),
8.23-8.19 (4 H), 7.91-7.87 (4 H), 7.47 (2 H, ddd, J = 7.7, 5.8,
1.2 Hz), 7.41 (2 H, dd, J = 7.9, 6.0 Hz), 7.18 (2 H, dd, J = 7.9,
1.2 Hz), 4.66 (6 H, s). ES-MS: m/z = 1115 [M — PF,]", 485
[M — 2PFg*", 275 [M — 3PF¢]*". Anal. Caled (%) for
C34Hy6F,4IrNGP;: C, 32.4; H, 2.1; N, 6.7. Found: C, 32.3; H, 1.6;
N, 6.7.

[1r™(2,2-C~N),{4,4'-(“Bu),bpy}][PFc];, 3P. This compound
was prepared in a manner identical to 1P by using 4,4"-di-(tert-
butyl)-2,2"-bipyridyl (52 mg, 0.194 mmol) in place of 2,2"-bi-
pyridyl. A yellow powder was obtained: 85 mg (59%).
(400 MHz, CD;3CN) 8.61 (2 H, d, J = 8.6 Hz), 8.54 (2 H, d, J =
1.7 Hz), 8.42 (2 H, dd, J = 6.0, 0.9 Hz), 8.19 (2 H, ddd, J = 8.6,
7.7, 1.5 Hz), 7.88 (2 H, dd, J = 5.7, 1.0 Hz), 7.79 (2 H, d, J =
5.9 Hz), 7.51-7.46 (4 H), 7.37 (2 H, dd, J = 7.9, 6.0 Hz), 7.21
(2 H, dd, J = 7.9, 1.1 Hz), 4.65 (6 H, s), 1.42 (18 H, s). ES-MS:
mjz = 1092 [M — PF¢]", 472 [M — 2PF¢]**, 267 [M — 3PFq|*".
Anal. Caled (%) for CuoH,aF1sItNePs: C, 38.9; H, 3.6; N, 6.8.
Found: C, 38.4; H, 3.1; N, 6.5.

Compounds 7P-9P were prepared and purified in a manner
identical to 1P-3P by reacting the appropriate ligands with
[{1r'""(4,2"-C*N),Cl},][PF¢], instead of [{Ir'""(2,2"-C*N),CI},][PF¢]a.

[1r™(4,2-C~N),(bpy)][PFe]s, 7P. Bright yellow powder: 73 mg
(55%). 8y (400 MHz, CD3;CN) 8.59 (2 H, d, J = 8.2 Hz), 8.44
(2 H, d,J = 8.0 Hz), 8.32 (2 H, d, J = 6.6 Hz), 8.27-8.23 (4 H),
8.16 (2 H, t, J = 8.2 Hz), 8.01 (2 H, d, J = 5.6 Hz), 7.73 (2 H, d,
J=5.6Hz), 756 (2H,t J=67Hz),7.44 (2 H, t, ] = 6.7 Hz),
7.26 (2 H, s), 4.01 (6 H, s). ES-MS: m/z = 979 [M — PF,]", 417
[M — 2PF¢]**, 230 [M — 3PF]’". Anal. Caled (%) for C;,H,gF;gIrNg-
P;-H,0: C, 33.7; H, 2.6; N, 7.4. Found: C, 33.7; H, 2.4; N, 7.3.

[1r"™(4,2"-C"N),{4,4'-(CF3),bpy}][PF¢]s, 8P. Yellow powder:
63 mg (43%). 8y (400 MHz, CD;CN) 9.03 (2 H, d, J = 0.7 Hz),
8.45 (2 H, dd, J = 8.2, 0.7 Hz), 8.35 (2 H, dd, J = 6.4, 1.0 Hz),
8.28 (2 H, d,J=5.7 Hz), 8.27 (2 H, d, J = 6.4 Hz), 8.18 (2 H, td,
J=7.9,1.4 Hz),7.88 (2 H, dd, J = 5.8, 1.2 Hz), 7.75 (2 H, ddd,
J=5.8, 1.4, 0.7 Hz), 7.45 (2 H, ddd, J = 7.6, 5.9, 1.6 Hz), 7.23
(2 H, s), 4.02 (6 H, s). ES-MS: m/z = 412 [M — 3PF¢J*', 275
[M — 3PF*". Anal. Caled (%) for CauHyFapuItNgPs: C, 32.4;
H, 2.1; N, 6.7. Found: C, 32.3; H, 1.7; N, 6.6.

[1r"™(4,2"-C"N),{4,4'-(‘Bu),bpy}][PFe]s, 9P. Yellow powder:
45 mg (31%). &y (400 MHz, CD,;CN) 8.53 (2 H, d, J = 1.7 Hz),
8.44 (2 H, d, J = 8.1 Hz), 8.31 (2 H, dd, J = 6.5, 1.4 Hz), 8.25
(2H,d,J=6.4 Hz), 8.16 (2 H, td, J = 7.9, 1.4 Hz), 7.88 (2 H, d,
J=59Hz),7.72 (2 H,d, ] = 5.9 Hz), 7.72 (2 H, d, J = 5.8 Hz),
7.50-7.45 (4 H), 7.25 (2 H, s), 4.01 (6 H, s), 1.42 (18 H, s).
ES-MS: m/z = 1091 [M — PF,]", 472 [M — 2PF4]**, 267 [M — 3PF¢]"".
Anal. Caled (%) for C,oHssFqsIrNgP;-H,O: C, 38.3; H, 3.7;
N, 6.7. Found: C, 38.1; H, 3.6; N, 6.8.

[1r™(2,2'-C*N),(bpy)]Cls, 1C. To a solution of 1P in acetone
was added an excess of [N"Bu,]ClL. The precipitate was filtered
off, washed with acetone then diethyl ether and dried to give a
near quantitative yield of a pale yellow solid. & (400 MHz,
(CD;),S0) 8.99 (2 H, d, J = 8.4 Hz), 8.90 (2 H, d, J = 5.1 Hz),

This journal is © The Royal Society of Chemistry 2015
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8.86 (2 H, d, J = 8.6 Hz), 8.37 (2 H, td, J = 7.9, 1.4 Hz), 8.29
(2 H, td, J = 8.2, 1.4 Hz), 7.99 (4 H), 7.66 (2 H, ddd, J = 7.5, 5.6,
1.2 Hz), 7.60-7.56 (4 H), 7.17 (2 H, dd, J = 7.8, 0.9 Hz), 4.80
(6 H, s). ES-MS: m/z = 344 [M — 3CI]*", 230 [M — 3CIJ*". Anal.
Caled (%) for Cs;,H,sCLIrNg-4H,O: C, 44.3; H, 4.2; N, 9.7.
Found: C, 44.1; H, 4.0; N, 9.5.

[1r™(2,2"-C"N),{4,4'-(CF5),bpy}|Cl;, 2C. This compound was
prepared in a manner identical to 1C by using 2P instead of
1P. 6y (400 MHz, (CD;),SO) 9.70 (2 H, s), 8.96 (2 H, d, J =
5.6 Hz), 8.87 (2 H, d, ] = 8.8 Hz), 8.31-8.28 (4 H), 8.08 (2 H, d,
J=5.4 Hz), 8.03 (2 H, d, J = 4.9 Hz), 7.61 (2 H, t, ] = 6.9 Hz),
7.56 (2 H, t, ] = 6.3 Hz), 7.05 (2 H, d, J = 7.9 Hz), 4.82 (6 H, s).
ES-MS: m/z = 895 [M — CI], 430 [M — 2CI]*", 413 [M — 3CI]*",
275 [M — 3CIJ*". Anal. Caled (%) for C;4H,6Cl3F¢IrNg-2H,0:
C, 42.2; H, 3.1; N, 8.7. Found: C, 42.2; H, 3.0; N, 8.4.

[1r™(2,2'-C"N),{4,4'-("Bu),bpy}]|Cl;, 3C. This compound was
prepared in a manner identical to 1C by using 3P instead of
1P. 6y (400 MHz, (CD;),SO) 9.00 (2 H, s), 8.92 (2 H, d, J =
5.9 Hz), 8.87 (2 H, d, J = 8.7 Hz), 8.30 (2 H, t, ] = 8.2 Hz), 7.96
(2 H, d,J = 5.2 Hz), 7.87 (2 H, d, J = 5.9 Hz), 7.63-7.56 (6 H),
7.07 (2 H, d, J = 7.9 Hz), 4.81 (6 H, s), 1.42 (18 H, s). ES-MS:
mfz = 400 [M — 3CI]*", 267 [M — 3CIJ*". Anal. Calcd (%) for
CaoH44CLITNG-2.5H,0: C, 50.4; H, 5.2; N, 8.8. Found: C, 50.2;
H, 5.6; N, 8.8.

[1r™(4,2-C~N),(bpy)]Cl3, 7C. This compound was prepared
in a manner identical to 1C by using 7P instead of 1P.
8y (400 MHz, (CD3),S0) 8.98 (2 H, d, J = 8.2 Hz), 8.84 (2 H, d,
J=82Hz),8.79 (2 H,d,J=6.5Hz), 8.74 (2 H, d, ] = 6.4 Hz),
8.37 (2 H, td, J = 8.0, 1.3 Hz), 8.29 (2 H, td, J = 7.9, 1.3 Hz), 8.08
(2 H,d,J=5.5Hz), 7.80 (2 H, d,J = 5.5 Hz), 7.67 (2 H, td, J =
6.6, 0.8 Hz), 7.56-7.53 (4 H), 4.11 (6 H, s). ES-MS: m/z = 362
[M — 2CIJ*, 344 [M — 3CI*", 230 [M — 3CI]**. Anal. Caled (%)
for CspH,eCLIrN,-2H,0: C, 46.2; H, 3.9; N, 10.1. Found:
C, 45.9; H, 3.8; N, 10.0.

[1r™(4,2-C~N),{4,4'-(CF;),bpy}|Cl;, 8C. This compound was
prepared in a manner identical to 1C by using 8P instead of
1P. &y (400 MHz, (CD3),SO) 9.67 (2 H, s), 8.82 (4 H, t, J =
8.0 Hz), 8.74 (2 H, d, J = 6.5 Hz), 8.38 (2 H, d, J = 5.8 Hz), 8.30
(2 H, t,J = 7.3 Hz), 8.03 (2 H, d, J = 5.8 Hz), 7.90 (2 H, d, J =
5.4 Hz), 7.52 (2 H, t, ] = 6.7 Hz), 7.46 (2 H, s), 4.11 (6 H, s).
ES-MS: m/z = 895 [M — CIJ', 430 [M — 2CI]**, 413 [M — 3CI]*,
275 [M — 3CIJ*". Anal. Caled (%) for C;4H,6Cl3F¢IrNg-2H,0:
C, 42.2; H, 3.1; N, 8.7. Found: C, 42.4; H, 3.2; N, 8.6.

[1r™(4,2'-C"N),{4,4'-(*Bu),bpy}]|Cl;, 9C. This compound was
prepared in a manner identical to 1C by using 9P instead of
1P. & (400 MHz, (CD;),S0) 8.95 (2 H, d, J = 1.6 Hz), 8.82 (2 H,
d,J=7.9Hz),8.77 (2 H, d,J = 6.3 Hz), 8.70 (2 H, d, ] = 6.4 Hz),
8.30 (2 H, td, J = 7.9, 1.3 Hz), 7.94 (2 H, d, J = 6.0 Hz), 7.77
(2 H, d, ] = 5.8 Hz), 7.60-7.56 (4 H), 7.49 (2 H, s), 4.10 (6 H, s),
1.42 (18 H, s). ES-MS: m/z = 400 [M — 3CI]**, 267 [M — 3CI]*".
Anal. Caled (%) for C,oH44ClLIrNg-3.5H,0: C, 49.5; H, 5.3;
N, 8.7. Found: C, 49.5; H, 5.4; N, 8.7.

X-Ray crystallography

Single crystals of 1P-1.5Me,CO-0.25Et,0, 3P-4MeCN and
7P-MeCN-Et,0 were grown by slow diffusion of diethyl
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ether vapour into solutions in acetone or acetonitrile. For
2P-2C,4Hg0,, slow evaporation of an acetonitrile/1,4-dioxane
solution was used. An attempt to grow crystals of the dimeric
precursor [{Ir'"(2,2"-C*N),Cl},][PF¢], by slow evaporation of a
nitromethane/MeCN solution gave instead the monometallic
compound [Ir'"(2,2"-C*N),Cl(MeCN)][PFs],-MeNO, (10P-MeNO,),
while [1r"(4,2-C*N),CL,]PFs-2MeNO,-C,Hz0, (11P-2MeNO,-C,H;0,)
was obtained when attempting to crystallise [{Ir"(4,2'-
C"N),Cl},][PFs]s by slow evaporation of a nitromethane/
1,4-dioxane solution. Data were collected on Oxford Diffraction
XCalibur 2 or Bruker APEX CCD X-ray diffractometers by
using MoKa radiation (4 = 0.71073 A), and processed by
using the Oxford Diffraction CrysAlis Pro or Bruker SMART
software packages. The structures were solved by direct
methods by using SIR-2004 °° or SHELXS-97,°" and refined by
full-matrix least-squares on all data by using SHELXL-97.
All other calculations were carried out by using the SHELXTL
package.>?

All non-hydrogen atoms were refined anisotropically
(except for those of a disordered solvent molecule in
1P-1.5Me,C0O-0.25Et,0) and hydrogen atoms were included in
idealised positions by using the riding model, with thermal
parameters 1.2 times those of aromatic parent carbon atoms,
and 1.5 times those of methyl parent carbons. The asym-
metric unit of 1P-1.5Me,CO-0.25Et,0 contains the complex
cation, three disordered PF,~ anions, an ordered acetone
molecule, a disordered acetone at 0.5 occupancy and a dis-
ordered diethyl ether molecule at 0.25 occupancy. All non-H
atoms were refined anisotropically, except for the disordered
diethyl ether; some restraints were applied for the disordered
atoms. H atoms were included in calculated positions, except
those of the disordered diethyl ether, which were omitted.
The asymmetric unit of 2P-2C,HgO, contains the complex
cation, three PFs  anions and two 1,4-dioxane molecules.
The C-O distances in one 1,4-dioxane molecule had to be
restrained to 1.4 A and the displacement parameters for the
six ring atoms were refined by using the RIGU and DELU
commands. The asymmetric unit of 3P-4MeCN contains the
complex cation, three PFs  anions, one of which is dis-
ordered, and four acetonitrile molecules, three of which are
disordered. Restraints were applied to the F atoms of the
disordered PF4 . Crystallographic data and refinement
details are presented in Table 1.

Theoretical studies

DFT and time-dependent DFT (TD-DFT) calculations were
undertaken on the complex cations 1-3 and 7 by using Gaus-
sian 09.>® Geometry optimisations of the singlet ground (S,)
and first triplet excited (T,) states and subsequent TD-DFT calcu-
lations were carried out by using the M06 functional®® with
the Def2-QZVP*>°° basis set and pseudopotential on Ir and
Def2-SVP>” on all other atoms. MeCN was used as CPCM
solvent model.’®*° Using these parameters, the first 100
excited singlet states were calculated and simulated UV-vis
absorption spectra were convoluted with Gaussian curves of
fwhm 3000 cm™" by using GaussSum.®’
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Fig. 2 Aromatic regions of the *H NMR spectra of the PF¢~ salts of
complexes 1 (blue), 4 (red), and 7 (green) recorded at 400 MHz in
CD3CN. The asterisks denote the signals attributed via COSY studies to
the protons of the NAN ligand.

distances to the N”N ligand are not affected significantly by
varying the R substituents. The bite angle of N*N is essentially
constant at ca. 77°, while that of the C*N ligand ranges from
ca. 82-89°. Inspection of the bond distances within the cyclo-
metalating rings does not reveal any clear evidence for quinoi-
dal character in 4P or 6P that might be expected due to their

This journal is © The Royal Society of Chemistry 2015

H (7P), CF, (8P), Bu (9P)
H (7C), CF4 (8C), Bu (9C)

Fig. 3 Representations of the molecular structures of the solvates of
1P-3P, 7P, 10P and 11P with the anions, solvent molecules and H atoms
removed for clarity (50% probability ellipsoids). Element colours: C =
grey; N = blue; F = green; Cl = cyan; Ir = yellow.

carbene-like nature indicated by other physical measurements.
The structures broadly resemble those reported for related
monocationic Ir'" complexes, although the C*N bite angles are
a little larger than those observed typically (ca. 80-81°).>*3%3%:65

The fortuitously obtained structure of 11P is relatively
unusual. Various chloride-bridged dimeric Ir'"" complexes with
C”N derived from 2-phenylpyridine (ppy) or its derivatives
have been characterised crystallographically.®® However, appar-
ently the only reported structure of a related monometallic
dichloride complex is that of cyclometalated 2-(2,4-difluoro-
phenyl)pyridine, crystallised as a monoanion with the cation
[Ir™(CN),(bpym)]* (bpym = 2,2-bipyrimidine) containing the
same ligand.®” The average Ir-Cl distance in this known com-
pound of 2.493(4) A is slightly longer than the corresponding
distance in 11P (2.464(1) A, Table 2). Several neutral complexes
I"(C*N),CI(MeCN) have been reported previously,***®®

Dalton Trans., 2015, 44, 20392-20405 | 20397
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Table 2 Selected geometric parameters for solvates of the complex salts 1P-4P, 6P, 7P, 10P and 11P

Salt 1P 2P 3P ap®t 6p° 7P 10P 11P
Distances (A)

Ir-C 2.002(4) 2.016(4) 1.993(3) 1.99(2) 1.88(2) 1.93(2) 2.011(5) 1.994(4)° 1.998(6)
Ir-C 2.003(4) 2.007(4) 2.002(3) 2.01(2) 1.96(2) 2.006(9) 2.014(5) 1.995(5)¢ 1.984(6)
Ir-Neon 2.043(3) 2.046(3) 2.041(3) 2.04(2) 2.05(2) 2.06(1) 2.049(4) 2.026(4) 2.055(5)
Ir-Neay 2.044(3) 2.048(3) 2.042(3) 2.07(2) 2.05(2) 2.044(9) 2.052(4) 2.045(4) 2.060(5)
Ir-Ny~n 2.128(3) 2.135(3) 2.113(3) 2.14(2) 2.14(2) 2.127(7) 2.124(4)

Ir-Ny~n 2.133(3) 2.136(4) 2.129(3) 2.00(2) 2.10(2) 2.128(8) 2.140(4)

Ir-Nptecn 2.112(4)

Ir-Cl 2.458(1) 2.457(1)
Ir-Cl 2.470(1)
Angles (°)

C-r-C 87.3(2) 86.6(2) 88.5(1) 85.8(9) 82.2(8) 84.4(7) 86.7(2) 90.0(2) 91.5(2)
C-Ir-Ny~n 172.1(1) 173.5(1) 175.7(1) 174.4(8) 177.4(8) 175.4(7) 176.3(2)

C-Tr-Ny~n 97.3(2) 97.2(1) 100.0(1) 100.1(9) 101.8(8) 99.6(7) 96.4(2)

C-Ir-Ny~x 175.3(1) 176.3(2) 170.6(1) 172.8(8) 175.4(8) 175.8(4) 176.3(2)

C-Tr-Ny~n 99.0(1) 99.7(2) 95.3(1) 97.9(8) 99.8(8) 99.5(4) 100.0(2)

C-Ir-Nyzecn 178.1(2)

C-Ir-Cl 90.8(1) 87.3(2)
C-Ir-Cl 174.0(2)
C-Ir-Nytecn 89.6(2)

C-Ir-Cl 178.2(1) 174.9(2)
C-Ir-Cl 91.6(2)
C-Ir-Ney 79.9(2) 79.7(2) 80.0(1) 80.5(8) 81.3(6) 80.6(4) 79.5(2) 79.8(2) 80.1(2)
C-Ir-Neay 97.1(2) 93.1(2) 96.5(1) 95.5(8) 95.1(7) 94.5(4) 95.7(2) 97.4(2) 95.5(2)
C-Ir-Ney 97.6(1) 95.1(2) 96.2(1) 97.3(8) 92.1(7) 91.8(6) 96.1(2) 95.7(2) 95.8(2)
C-Ir-Neay 79.3(1) 79.7(2) 79.6(1) 79.8(8) 80.2(6) 84.9(7) 80.1(2) 80.1(2) 80.3(2)
Nean-Ir-Ngan 175.8(1) 171.4(1) 174.7(1) 175.3(7) 171.9(6) 174.3(3) 174.1(1) 175.0(1) 174.1(2)
Nean-Ir-Nyoy 94.5(1) 98.2(1) 97.5(1) 94.8(6) 97.1(6) 97.7(3) 96.4(1)

Nean-Ir-Nyay 84.4(1) 87.5(1) 89.4(1) 87.8(8) 86.8(7) 86.4(3) 86.8(1)

Nean-Ir-Nyow 88.8(1) 87.6(1) 86.2(1) 89.4(7) 90.7(6) 87.3(3) 87.9(1)

Nean-Ir-Nyay 99.0(1) 100.0(1) 95.2(1) 95.4(7) 97.0(7) 97.3(4) 98.1(1)

Nyan-Ir-Nyan 76.5(1) 76.6(1) 76.5(1) 76.6(6) 76.2(6) 76.5(3) 77.0(1)

Nean-Ir-Nyeon 98.1(2)

Nen-Ir-Cl 84.3(1) 88.9(1)
Ne-n-Ir-Cl 94.5(2)
Nean-Ir-Nyeen 86.0(2)

Ne-n-Ir-Cl 98.6(1) 94.9(2)
Nen-Ir-Cl 90.1(2)
Npteen-Ir-Cl 89.7(1)

Cl-Ir-Cl 90.04(5)

“Data taken from ref. 45. ? For the two independent complex cations in the asymmetric unit.  trans with respect to the Cl~ ligand. 4 trans with

respect to the MeCN ligand.

showing Ir-Ny.cn distances similar to or slightly longer than
that in 10P. The Ir-C distances in 10P are indistinguishable,
revealing no variation in structural ¢rans effect between MeCN
and CI7, despite the quite different bonding properties of these
two ligands. Comparing the geometric parameters for the
2,2"-C*"N complex in 10P with those of the related complexes in
1P-3P shows that replacing the N*N ligand with MeCN and CI~
causes only minor changes which are mostly insignificant. The
same applies for replacing N*N with CI™ in the 4,2-C"N com-
plexes in 7P and 11P.

Electrochemistry

The results of cyclic and differential pulse voltammetric
measurements on the PFy~ salts 1P-9P recorded in acetonitrile
are shown in Table 3. Cyclic voltammograms of 1P-3P are
shown in Fig. 4. All potentials are quoted in V with respect to
the Ag—AgCl reference electrode.

20398 | Dalton Trans., 2015, 44, 20392-20405

Each compound shows an irreversible oxidation process in
the region ca. 2.2-2.5 V, which might be formally assigned to
an Ir'™Y™ couple. The relatively high potentials when compared
with related complexes of ppy®''™*?373%2 are attributable to
the presence of the electron-deficient pyridinium units. DFT
calculations (see below) show that the C*N ligands contribute
to the HOMO significantly. With a given bipyridinium isomer,
the Ep, value increases in the order N*N = 4,4'-(‘Bu),bpy < bpy
< 4,4'-(CF3),bpy, showing a modest influence (130-190 mV) of
the R substituents. As N*N is kept constant, the E,, value
increases in the order C”N = 2,2- & 4,2'- < 3,2'- revealing that
the complexes in which the quaternised N atom is located
para to the Ir centre are the most difficult to oxidise
(by 180-240 mV).

The reductive regions include multiple processes (Fig. 4).
For the 2,2'-C*"N complexes in 1P-3P, four reversible waves
are observed, corresponding with sequential one-electron

This journal is © The Royal Society of Chemistry 2015
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Table 3 Electrochemical data for complex salts 1P—9P in acetonitrile?

E or Eyp, V vs. Ag-AgCl (AEp, mV)
Salt (isomer)” IV 3+/2+ 2+/1+ 1+/0 0/1—
1P (2) 2.18° -0.78 (60) —0.94 (70) -1.38 (70) -1.65 (80)
2P (2) 2.29° -0.72 (60) —0.86 (70) -1.03 (60) -1.56 (90)
3P (2) 2.16° -0.78 (60) —0.94 (70) -1.45 (70) -1.65 (70)
4p (3)¢ 2.36° -1.13° —1.26 (60) -1.52° —
5P (3)¢ 2.53° -0.72 (70) —-1.26° —1.44¢ —1.65 (br)
6P (3)° 2.34° -1.18° -1.36° -1.56° —
7P (4) 2.19° —0.83 (70) —0.99 (60) -1.41 (70) —
8P (4) 2.30° -0.73 (70) —0.90 (60) -1.07 (70) —
9P (4) 2.16° —0.82 (80) —0.98 (80) —1.48 (80) -1.76 (80)

“?Solutions ca. 1.5 x 10~* M in analyte and 0.1 M in [N" Bu4]PF6 at a 2 mm disc platinum working electrode with a scan rate of 100 mV s

-1

Ferrocene internal standard E,, = 0.44 V, AE, = 70-90 mV. P Denotes the position with respect to the quaternised N atom of the N-coordinated
2"-pyridyl ring. ‘ E, for an 1rrevers1ble oxldatlon process determined via differential pulse voltammetry: potential increment = 2 mV; amplitude =

50 mV; pulse width = 0.01 s.

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E (V vs Ag—AgCl)

Fig. 4 Cyclic voltammograms depicting the reduction processes of
complex salts 1P (blue), 2P (green) and 3P (red) recorded at 100 mV s™*
in acetonitrile 0.1 M in [N"Buy4]PFg at 295 K.

reductions to give a monoanionic final product. The Ej),
values are similar for the complexes of bpy (1) and 4,4-
(‘Bu),bpy (3), while those for the complex of 4,4'-(CF3),bpy (2)
are lower by 60-420 mV, because the electron-withdrawing
influence of the —~CF; groups facilitates reduction. Similar be-
haviour is shown by the 4,2-C*"N complexes in 7P-9P, except
that 7 and 8 display only three waves instead of four. For both
2,2'- and 4,2'-C"N series, the 1+/0 E;;, value shows the largest
dependence on R, suggesting that this third reduction is loca-
lised on the N”N ligand. Therefore, the first and second
reductions may be assigned to the C*N ligands. In contrast,
the reductive behaviour of the 3,2’-C*"N complexes in 4P-6P is
much less well-defined, with most of the processes being ir-
reversible. Also, sharp anodic return peaks are observed for 1
and 3, indicative of adsorption onto the electrode surface.
The nature of these data preclude the discernment of any
further trends.

Electronic absorption spectroscopy

The absorption spectral data for the PF,~ salts of the new com-
plexes 1-3 and 7-9 recorded in acetonitrile are shown in

This journal is © The Royal Society of Chemistry 2015

4 Data taken from ref. 45. ¢ Ep, for an irreversible reduction process.

Table 4, together with those for 4-6.*> Corresponding data for
the CI™ salts in water are collected in Table S2,t and spectra of
1P-4P and 7P are shown in Fig. 5.

All of complexes 1-9 show intense bands below 320 nm
which are assigned to = — n* and high energy MLCT tran-
sitions involving both the C”"N and N”N ligands. Weaker
bands are observed also, with tails extending up to ca. 480 nm
in some cases. The lowest energy (LE) band is clearly blue-
shifted in the 3,2-C"N complexes 4-6 (Ana for shoulders
~ 350-360 nm) when compared with the new complexes 1-3
and 7-9 (Amax for shoulders ~ 425-445 nm) (Fig. 5a). DFT
shows that this band in 4-6 has '"MLCT character with some
'ML'CT and also 'LL'CT contributions for 4 and 5 (L = C"N;
L' = N~N).” The slight shifts (ca. 0.1 eV) when R changes
(Fig. 5b) are consistent with the largely "MLCT assignment.
The observed blue-shifts when varying the structure of the
C”N ligands are attributable to destabilisation of their a* orbi-
tals because the para-position of the quaternised N increases
its neutral carbene character. Therefore, the energy gap of the
MLCT transition increases in 4-6 with respect to their isomeric
counterparts 1-3 and 7-9. The absorption spectra are almost
unaffected by changing the counter-anions and solvent (Tables
4 and S27).

Luminescence properties

The emission spectral data for the PFs~ and CI™ salts of the
new complexes 1-3 and 7-9 recorded in deoxygenated and oxy-
genated acetonitrile or water are shown in Table 5, together
with those for 4-6."> Spectra of 1P, 4P and 7P are shown in
Fig. 6, while those of the other compounds are in the ESI
(Fig. S1 and S2+t). Changing the counter-anion and solvent has
only slight effects on the excitation profiles that remain con-
stant in all cases while monitoring at all the emission maxima.

All of the spectra are structured, especially for complexes
4-6," indicating significant ligand contributions to the
luminescence. The profiles and emission energies of 1-3 and
7-9 are similar and red-shifted when compared to 4-6 (Fig. 6,
S1 and S27). The importance of the position of the quaternised

Dalton Trans., 2015, 44, 20392-20405 | 20399
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Table 4 UV-vis absorption data for complex salts 1P-9P in
acetonitrile”
Salt Amax, M Emax
(isomer)? (6,10° M ecm™) (eV) Assignment
1P (2) 212sh (53.1) 5.85 n— ¥
257 (34.4) 4.82 T — Tt
297 (33.3) 4.18 -t
354 (9.4) 3.50 d—n*
437sh (2.8) 2.84 d— n*
2P (2) 212 (48.2) 5.85 T - ¥
263 (32.3) 4.71 Tt
298 (29.7) 4.16 R
350sh (10.2) 3.54 d— n*
426sh (3.4) 2.91 d—n*
3P (2) 213 (60.4) 5.82 n—
258 (35.2) 4.81 T — ¢
299 (34.0) 4.15 -t
312sh (28.9) 3.97 d—n*
355 (9.1) 3.49 d— n*
445sh (2.3) 2.79 d—n*
4p (3)° 237 (54.3) 5.23 T T*
255sh (48.5) 4.86 T - ¥
302 (25.9) 411 - *
313 (24.5) 3.96 d—n*
352sh (5.3) 3.52 d—n*
5P (3)° 237 (52.7) 5.23 -t
259 (52.1) 4.79 -t
308 (25.2) 4.03 R
317 (24.3) 3.91 d—n*
350sh (5.8) 3.54 d—n*
6P (3)° 237 (58.0) 5.23 T T*
260 (49.9) 4.77 T —
300 (25.4) 4.13 T —
312 (25.9) 3.97 d—n*
355sh (5.5) 3.49 d—n*
7P (4) 254 (44.8) 4.88 T Tt
280sh (32.2) 4.43 - *
307 (28.1) 4.04 T - ¥
357 (6.8) 3.47 d—n*
392sh (3.8) 3.16 d—n*
435sh (1.9) 2.85 d— n*
8P (4) 252 (46.2) 4.92 T - ¥
295 (32.7) 4.20 -t
307 (31.7) 4.04 T — *
350sh (7.8) 3.54 d—n*
389 (5.0) 3.19 d—n*
425sh (2.6) 2.92 d— n*
9P (4) 234 (44.6) 5.30 Tt
256 (50.1) 4.84 -t
299 (31.7) 4.15 T - ¥
309 (30.0) 4.01 T —
358 (7.2) 3.46 d—n*
394sh (3.8) 3.15 d—n*
440sh (1.9) 2.82 d—n*

“Solutions ca. 1 x 107°-2 x 10~ M; ¢ values are the averages from
measurements made at three or more different concentrations (with &
showing no significant variation). ® Denotes the position with respect
to the quaternised N atom of the N-coordinated 2"-pyridyl ring. © Data
taken from ref. 45.

N is evident; when it is located meta to the cyclometalating C
atom, green emission is observed (Amax = 508-530 nm), but
when it is positioned para to the C, blue or blue-green emis-
sion arises (Amax = 468-494 nm). This difference is attributable
to the almost carbene-like character and consequent relative
orbital energies in 4-6. Various other types of Ir complexes

20400 | Dalton Trans., 2015, 44, 20392-20405
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Fig. 5 UV-vis absorption spectra of complex salts 1P (blue), 4P (red)
and 7P (green) (a); 1P (blue), 2P (green) and 3P (red) (b); recorded in
acetonitrile at 295 K.

emit in the green region, e.g. [Ir'™(ppy-PBus); [PFc], [ppy-PBu; =
cyclometalated 2-(5-tri-n-butylphosphoniumphenyl)pyridine]*®
and monocationic complexes of 4,4'-(‘Bu),bpy with —SF5 substi-
tuents on the C*N ligands.”®

The influence of the R substituents in the 2,2-C*N (1-3)
and 4,2"-C"N (7-9) complexes is small. The emission energies
follow the expected trend R = ‘Bu < H < CF;, but with a differ-
ence of only ca. 0.05 eV between the extremes (Table 5). This
effect can be attributed to the stabilisation of the metal orbi-
tals caused by placing electron-withdrawing groups on the
ancillary ligand. These results suggest that in all of these new
complexes the emission has a mainly *LC character involving
the C*N ligand with some *MLCT contribution. By contrast,
for the 3,2"-C*N complexes, such a situation pertains for 4 and
6, but 5 behaves differently and gives N*N-based emission.*®
Therefore, in that series the emission energy is decreased (and
the bands red-shifted) for the —CF; derivative with respect to
the other complexes.

When keeping N*N constant, the quantum yields (®) of 1-3
and 7-9 are generally similar to, or a little larger than those of

This journal is © The Royal Society of Chemistry 2015
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Table 5 Luminescence data for complex salts 1P-9P and 1C-9C?

# (us) ¢ (%)
Salt (isomer)” Aoy, © (nm) deox  ox deox  ox
1P (2) 526, 550 1.3 0.9 33 16
1C (2) 527,555 3.9 2.3 59 29
2P (2) 519, 540 1.4 08 34 15
2C (2) 518, 545 4.1 1.8 44 20
3P (2) 530, 556 20 09 38 23
3C(2) 530, 558 3.9 21 43 25
4p (3)° 444, 47405, 504, 548 3.5 1.2 24 4.7
4C (3)° 442, 470, 504, 547 121 3.9 27 9.6
5P (3)° 466, 494, 525, 574 3.8 15 43 16
5C (3)° 462, 494, 529, 575 43 2.5 42 24
6P (3)° 440, 470, 502, 546 3.8 1.2 43 10
6C (3)° 440, 468 35, 500, 547 9.5 29 45 14
7P (4) 520, 548 2.0 12 30 15
7C (4) 518, 549, 609 3.9 2.2 60 32
8P (4) 510, 540 2.9 1.4 44 22
8C (4) 508, 540, 592 4.7 2.7 56 33
9P (4) 522, 555 23 1.0 44 18
9C (4) 522,553, 613 3.4 1.9 52 27

“?Solutions 5 x 10™° M in acetonitrile for PF¢~ salts, water for Cl~ salts.
P Denotes the position with respect to the quaternised N atom of the
N-coordinated 2-pyridyl ring. ¢With excitation over the range
350-440 nm for 1-3 and 7-9, and 315-400 nm for 4-6. deox =
deoxygenated; ox = oxygenated. ¢ Estimated experimental errors +10%.
¢ Data taken from ref. 45.

0.5+

Intensity (a.u.)

0.0 T L T 4. ¢ I T U 7 1T
300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 6 Emission (full lines; excitation at 350 nm) and excitation (dashed
lines) spectra of the bpy-containing complex salts 1P (blue), 4P (green)
and 7P (red) recorded in acetonitrile at 295 K.

4-6 (Table 5), showing that moving the quaternised N to a
meta-position with respect to the cyclometalating C does not
facilitate non-radiative decay. In contrast to the almost in-
variant emission energies, v always increases and @ increases in
most instances (sometimes markedly) on moving from a PF4~
salt in acetonitrile to its Cl” analogue in water. In all cases,
both 7 and @ increase substantially on deoxygenation, consist-
ent with emission originating from triplet excited states.

This journal is © The Royal Society of Chemistry 2015
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Theoretical calculations

DFT and TD-DFT calculations have been carried out on the
complexes 1-3 and 7 by using the M06 functional with the
Def2-QZVP basis set on Ir and Def2-SVP on all other atoms, as
used for 4-6 previously.*®

The optimised structures in the ground state agree well
with the data obtained from X-ray crystallography (see the ESI,
Table S37). Selected MOs are depicted in Fig. S3-S6, and the
orbital compositions are shown in Table S4.7 The frontier orbi-
tals HOMO-2 to LUMO+2 are essentially invariant within the
cations 1-3 and 7. The HOMO-1 and HOMO-2 are mainly
centered on the Ir atom (67-72%) with some contribution
from the C”N ligand (16-22%), while the HOMO has almost
the same contribution from both fragments (Ir 47-55%; C"N
43-51%). The LUMO and LUMO+1 are based on C"N almost
completely (96-98%), while the LUMO+2 is located on N*N
(95-97%).

The S, — S; transition energies calculated in acetonitrile
and the corresponding major orbital contributions are pre-
sented in Table S5 (ESIT). The simulated absorption spectra
for complexes 1-3 agree well with those measured (Fig. 7). The
calculated wavelengths of the LE transitions 421 (1), 412 (2),
424 (3) and 416 nm (7) are slightly blue shifted with respect to
the experimental Ay, values (437 (1), 426 (2), 445 (3) and
435 nm (7); Table 4). In all complexes, this transition has
almost pure HOMO — LUMO character (92-95%). Therefore,
the LE bands can be assigned to a mixture of 'LC and
'MLCT (L = C”*N). The observed modest dependence of the LE
transition on the R substituents is reproduced by the calcu-
lations on 1-3, i.e. AE increases in the order R = “Bu < H < CF;.
Comparisons with the data obtained for 4-6*> show that the
level of theory applied also predicts the red-shifts of the LE
band observed on moving from the 3,2'-C*N complexes to
their 2,2-C*N counterparts 1-3 (and for 4 — 7); the calculated
A values are 347 (4), 342 (5) and 348 nm (6).

For 1-3 and 7, the first computed transition involving
mainly the N”N ligand (i.e. a dominant component to
LUMO+2; in all cases HOMO—-2 — LUMO+2 'MLCT) lies to
markedly higher energy when compared with the LE tran-
sition. The electronic influence of the R substituents is mani-
fested in the predicted energies. The transition is at 3.90 eV
(318 nm) for 1, 3.99 eV (311 nm) for 3 and 3.87 eV (320 nm) for
7, but 3.69 eV (336 nm) for 2 due to the stabilisation of the
LUMO+2 by the -CF; groups.

The nature of the luminescence was addressed by optimis-
ing the first triplet excited states T, of 1-3 and 7. The com-
puted geometric parameters of these states are similar to those
found for the corresponding ground states S, (Table S3, ESIT).
The lowest energy emissions calculated in acetonitrile as
AE(T; — Sp) at 531 (1), 527 (2), 538 (3) and 521 nm (7) are close
to the experimental values (526 (1), 519 (2), 530 (3) and
520 nm (7); Table 5). Also, the calculations reproduce the
experimental trend in the emission wavelengths (4ep, 2 <1 < 3).
The spin densities for the T, state for all complexes (Fig. 8) are
located mainly on one C*N ligand, together with the Ir atom to

Dalton Trans., 2015, 44, 20392-20405 | 20401
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a lesser extent. Therefore, the emissions can be assigned as
*LC involving the cyclometalating ligand with some *MLCT
contribution. These results are similar to those obtained for
complexes 4 and 6," showing that the only complex of the
nine studied with a different nature of the emission is 5. In
that case, the —-CF; substituents stabilise the °L'C state,
causing efficient inter-ligand energy transfer from the C*N to
the emitting N*N fragment. In complex 2, the stabilisation
due to the -CF; groups is insufficient to bring the energy of
the *L'C below the *LC state.

Conclusions

We have synthesised and characterised a series of new Ir'™

complexes by using three different isomers of 1-methyl-
(2"-pyridyl)pyridinium to generate cyclometalating ligands C*N.
Because the latter are charge-neutral, adding an o-diimine
ancillary ligand N*N affords species with a 3+ charge and un-
usually high solubility in water when isolated as Cl™ salts. Such
enhanced aqueous solubility increases the prospects for appli-
cations in bioimaging. The complexes are characterised fully
as both their PFs~ and Cl™ salts, and in four cases, their struc-
tures are confirmed by single-crystal X-ray crystallography.
Electrochemistry reveals for each complex an irreversible oxi-
dation of the {Ir'"(C"N),}*" unit and multiple ligand-based
one-electron reductions. The reductive behaviour is much
better defined for the new 2,2’-C”"N and 4,2-C*"N complexes
when compared with their 3,2'-C~N counterparts, with up to
four reversible waves being observed. Within each series, the
redox potentials are affected significantly by varying the R sub-
stituents on the N*N ligand. All of the complex salts appear
yellow coloured and their UV-vis absorption spectra show low
energy bands in the region ca. 350-450 nm. DFT and TD-DFT
calculations using the M06 functional confirm that these are
attributable to '"MLCT transitions with some 'LC, '"ML'CT and
also 'LL'CT contributions. Changing the N”N ligand while
keeping C~N constant affects the absorption spectra only
slightly. The observed red-shifts of the low energy bands for the
2,2'-C”"N and 4,2"-C*"N complexes with respect their 3,2-C"N

Fig. 8 MO06/Def2-QZVP-SVP-calculated spin density plots for the T, state of the complexes 1, 2, 3 and 7. In each case, the NAN ligand is pointing

upwards.
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analogues are reproduced theoretically. In contrast to the 3,2"-
C”N complexes that show intense blue or blue-green emission,
the new isomeric species are all green emitters. The emission is
shown by DFT to originate from *LC excited states involving the
cyclometalating ligand with some *MLCT contribution. There-
fore, changing the N*N ligand has only a minor influence on
the luminescence. Neither the absorption nor emission spectra
show more than slight solvent dependence. In terms of future
prospects, there is great scope for modifying the optical pro-
perties of these highly charged complexes, for example by chan-
ging the substituent on the quaternised N atom and/or
attaching other groups to either the C*N or N*N ligands.
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