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ABSTRACT: Bis-cyclometalated Ir(III) complexes with the
general formula Ir(ppz)2(X^NPyrene), where ppz = 1-phenyl-
pyrazole and X^NPyrene is a bidentate chelate with X = N or O,
are reported. Modifications on the ancillary ligand containing
pyrene drastically affect the emission lifetimes observed (0.329 to
104 μs). Extended emission lifetimes in these complexes compared
to model complexes result from reversible electronic energy
transfer or the observation of dual emission containing along-lived
pyrene ligand-centered triplet (3LC) component. A combination of steady-state and time-resolved spectroscopic techniques are
used to observe reversible electronic energy transfer in solution between the iridium core and pyrene moiety in the complex
[Ir(ppz)2(NMe^NCH2Pyr)][PF6] (2), where NMe^NCH2Pyr = N-(pyren-1-ylmethyl)-1-(pyridin-2-yl)ethaneimine. Studies on
[Ir(ppz)2(NMe^NCH2Pyr)][PF6] in a poly(methyl methacrylate) (PMMA) film reveal that reversible energy transfer is no longer
effective, and instead, dual emission with a long-lived 3LC component from pyrene is observed. Dual emission is observed in
additional cyclometalated iridium complexes bearing pyrene-containing ancillary ligands N^NPyrene and O^NPyrene when the
complexes are dispersed in a PMMA film.

■ INTRODUCTION

Coordination complexes with long-lived excited states are of
interest for applications in lifetime-based imaging to increase
signal-to-noise ratios,1 and in photoredox catalysis2 and
upconversion to enable efficient diffusion-based quenching of
a sensitizer.3 These applications are all currently limited by the
lack of materials with appropriate emission or excited state
lifetimes. For example, coordination complexes embedded in
polymer nanoparticles have been used in time-resolved
luminescence bioimaging techniques;4 however, the dynamic
range is currently limited by the lifetime of the phosphors, and
species with longer lifetimes in the microsecond or millisecond
time regime that emit in a solid-state polymer environment are
being sought. In general, organic chromophores show very long
phosphorescence lifetimes but are very poorly emissive due to
the spin-forbidden nature of the triplet-singlet transition.5 In
contrast, coordination complexes with strong spin−orbit
coupling often exhibit reasonably intense phosphorescence
(triplet metal-to-ligand charge transfer, 3MLCT, or triplet
ligand-to-ligand charge transfer, 3LLCT), but the emission
lifetimes are typically short (<1 μs). To overcome these
inherent limitations, two approaches can be considered for the
design of long lifetime phosphorescent dyes. One approach
involves using a ligand-based triplet energy reservoir to extend
the lifetime of an emissive 3MLCT state. This tactic has been
demonstrated in ruthenium polypyridyl complexes in solution6

but has rarely been reported for iridium complexes,7 and it has

not been established whether this approach is viable in a
polymer matrix. A second approach involves taking advantage
of spin−orbit coupling to increase the quantum yield of
formally spin-forbidden phosphorescence from an organic
emitter. Using this approach, long-lived pyrene phosphor-
escence has been observed in the solid state by the addition of a
mercury trifunctional Lewis acid to pyrene, creating a sandwich
complex,8 as well as in coordination complexes in solution
where the organic emitter is directly coordinated to the metal.9

In rare cases, dual emission is observed from both 3MLCT and
3LC states. In these cases, emission decay is biexponential with
a short (3MLCT) and long-lived (3LC) component present.10

For bioimaging applications, an important goal is to obtain
coordination complexes with long emission lifetimes. In these
applications, coordination complexes are often delivered to
target tissues encapsulated in a polymeric vessel to help
minimize toxicity as well as increase cellular uptake and provide
target specificity.4b We designed cyclometalated iridium
complexes 1−3 containing pyrene based ancillary ligands,
Ir(ppz)2(X^NPyrene) (X = N or O) to probe how changes in
ancillary ligand structure can alter the photophysical properties.
Cyclometalated iridium complexes can demonstrate a range of
emissive states including MLCT, ILCT, and LLCT states,11

allowing the emission energy to be easily tuned. Pyrene is a
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well-studied polyaromatic hydrocarbon; however, the lowest
energy singlet state (S1) is the focus of most applications, while
phosphorescence from the lowest-energy triplet state (T1) has
rarely been harnessed.12 Three main scenarios are possible in
coordination complexes bearing pyrene-containing ligands: (a)
the 3MLCT state lies lower in energy than the 3pyrene state
and 3MLCT emission is observed, (b) the 3MLCT and 3pyrene
states are close in energy allowing thermal equilibration
between the states such that long-lived 3MLCT emission is
observed6 or (c) the 3pyrene state lies lower than the 3MLCT
state and with sufficient spin−orbit coupling long-lived 3pyrene
emission can be observed (Scheme 1). In rare cases, dual

emission from both 3MLCT and 3pyrene states may be
observed.10 Complexes in categories (b) or (c) are expected to
have extended emission lifetimes compared to those in category
(a), as a result of contributions to the excited state lifetime from
the long-lived 3pyrene chromophore. Herein, we report iridium
complexes with extended emission lifetimes in poly(methyl
methacrylate) (PMMA) films, resulting from spin−orbit
coupling effects and molecular rigidity, which allow for the
observation of very long-lived pyrene-based (3LC) phosphor-
escence (scenario c). In solution, one of the complexes studied
shows an extended emission lifetime as a result of the “triplet
reservoir effect” (scenario b).

■ EXPERIMENTAL SECTION
All experiments were performed under an inert nitrogen atmosphere,
using standard Schlenk-line techniques. Deuterated solvents were
purchased from Cambridge Isotope Laboratories Inc. Chloro(1-
phenylpyrazole)iridium(III) dimer [IrCl(ppz)2]2,

13 1-nitropyrene,14

1-aminopyrene15 2-((pyren-1-ylimino)methyl)phenol (O^NPyr),16

[Ir(ppz)2(NMe^NPyr)][PF6] (1)17 where NMe^NPyr = N-(pyren-1-
yl)-1-(pyridin-2-yl)ethaneimine and [Ir(ppz)2(N^NiPr)][PF6] (5)18

where N^NiPr = N-isopropyl-1-(pyridin-2-yl)ethaneimine were
prepared according to literature procedures. All other solvents and
reagents were obtained from commercial sources and used as received.
1H NMR and 13C NMR spectra were obtained using a Bruker AV-400
spectrometer and referenced to the residual protonated solvent peak.
High-resolution (HR) electrospray ionization (ESI) mass spectra
(MS) were obtained on a Bruker Esquire LC ion trap mass
spectrometer. Microwave reactions were performed on a Biotage
Initiator 2.5 microwave synthesizer. Film thickness was measured using
a Mitutoyo SurfTest SJ-500 profilometer. Absorption spectra were
obtained on a Varian Cary 5000 UV−vis-near-IR spectrophotometer.
Fluorescence spectra were collected on a Photon Technology
International QuantaMaster fluorimeter. Transient absorption spectra
were collected using a Princeton Instruments Spectra Pro 2300i
Imaging Triple Grating Monochromator/Spectrograph with a
Hamamatsu Dynamic Range Streak Camera (excitation source:

EKSPLA Nd:YAG laser, λex = 355 nm, (full width at half-maximum
= 35 ps). Absolute quantum yields were determined using an
integrating sphere coupled to the PTI fluorimeter. PMMA films were
drop cast from dichloromethane.

X-ray crystallographic analyses were performed by Dr. B. Patrick on
a Bruker APEX DUO diffractometer with graphite monochromated
Mo Kα radiation. The data were collected to a maximum 2θ value of
55.9° and 53.0° in a series of ϕ and ω scans in 0.5° oscillations using
10.0 s and 30.0 s exposures for 2 and 3, respectively. Data were
collected and integrated using the Bruker SAINT19 software packages.
Data were corrected for Lorentz and polarization effects. 2 crystallizes
as a two-component “split-crystal” with components one and two
related by a 2.4° rotation about the real axis. Data were integrated for
both twin components, including both overlapped and nonoverlapped
reflections. In total 63 183 reflections were integrated (26 346 from
component one only, 26 083 from component two only, 10 754
overlapped). The linear absorption coefficient, μ, for Mo Kα radiation
is 36.32 cm−1. Data were corrected for absorption effects using the
multiscan technique (TWINABS20), with minimum and maximum
transmission coefficients of 0.673 and 0.930, respectively. For complex
3, of the 33 283 reflections that were collected, 12 990 were unique
(Rint = 0.054); equivalent reflections were merged. The linear
absorption coefficient, μ, for Mo Kα radiation is 42.81 cm−1. Data
were corrected for absorption effects using the multiscan technique
(SADABS21), with minimum and maximum transmission coefficients
of 0.693 and 0.918, respectively.

Density functional theory (DFT) calculations were performed using
the hybrid xc functional B3LYP.22 As this functional has been shown
to have some drawbacks because of the wrong asymptotic behavior;
the 1 parameter xc functionals mPW1PW9123 and PB1PBE24 and the
asymptotic corrected hybrid functional CAM-B3LYP25 as well as the
meta-hybrid M06, M02X26 were also applied. For all second period
atoms the Dunning27 all electron basis set augmented by a set of d
polarization functions (D95(d)) were used. Hydrogen atoms not
involved in any hydrogen bond were described by the same Dunning
basis set that does not include p polarization functions. For Ir the new
double ζ Stuttgart28 basis set including f polarization functions and
relativistic effects by a fully relativistic small core pseudopotential24

(SDD09) were used and not the default SDD as included in
Gaussian09. The ultrafine option with 99590 grid points was used for
the integral calculations for all atoms except Ir where a total of 1 566
228 grid points were used. The first triplet state geometries were
computed at the unrestricted level. Singlet and triplet excitations were
computed with the time-dependent (TD) DFT linear response
approach in the Random Phase Approximation.29 Analysis of the
multideterminental wave functions involved in the transitions was
performed using the natural transition orbital approach.30 All
calculations were performed using Gaussian09,31 version C01 and
D01.

Synthesis of [Ir(ppz)2(NMe^NCH2Pyr)][PF6] (2). [IrCl(ppz)2]2
(0.070 g, 0.068 mmol), 2-acetylpyridine (0.017 mL, 0.15 mmol), 1-
pyrenemethylamine hydrochloride (0.0402 g, 0.150 mmol) and
potassium hexafluorophosphate (0.025 g, 0.14 mmol) were placed in
a microwave vial with 3.5 mL of ethanol. The suspension was degassed
with nitrogen for 4 min. The vial was placed in the microwave reactor
and heated under microwave irradiation for 30 min at 100 °C (18 bar,
155 W). The solvent was then removed in vacuo, and the solid residue
dissolved in 10 mL of CH2Cl2. The resulting deep red solution was
passed through a Celite pad, and the filtrate was reduced in volume.
Layering with hexanes yielded the desired product as a red powder.
The product was purified by column chromatography using first
MeCN to elute any unreacted 1-pyrenemethylamine and then MeCN/
H2O/KNO3(aq) (96:3:1) to elute the complex as a nitrate salt. Salt
metathesis with KPF6 was performed to obtain complex 2 (0.030 g,
yield 46%). 1H NMR (CD3CN, 400 MHz, proton numbering is the
same as in the X-ray structure): δ 8.41 (1H, d, J = 8.3, H4), 8.36 (1H,
d, J = 3.1, H26), 8.38−7.94 (9H, m, H3,29,1,11,23,24,20,21,22), 7.84 (1H, d, J
= 2.2, H25), 7.76 (1H, d, J = 9.4, H10), 7.63 (1H, t, J = 7.7, H2), 7.55
(1H, d, J = 8.1, H16), 7.47 (1H, d, J = 2.9, H34), 7.40−7.38 (1H, m,
H38), 7.01 (1H, d, J = 2.4, H36), 6.99−6.95 (1H, m, H39), 6.77−6.73

Scheme 1. Three Scenarios for Relative 3MLCT and 3Pyrene
(π−π*) Energy Levelsa

aDashed arrows represent non-radiative decay and solid arrows
represent radiative decay pathways.
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(2H, m, H40,27), 6.61 (1H, d, J = 7.9, H15), 6.58 (1H, t, J = 2.2, H35),
6.36−6.32 (1H, m, H31), 6.13−6.11 (3H, m, H8a,8b,30), 6.00 (1H, dd, J
= 7.6, 1.2, H41), 5.69 (1H, d, J = 4.0, H32), 2.90 (3H, s, H7abc).

13C
NMR (CD3CN, 100 MHz): 139 .83−124 .16 (over l ap
C3,29,1,11,23,24,20,21,22), 139.0 (C25), 138.6 (C36), 132.9 (C41), 132.6
(C30), 129.4 (C2), 128.6 (C4), 127.8 (C26), 126.9 (C34), 126.6 (C27),
126.5 (C31), 123.8 (C39), 123.4 (C16), 122.6 (C10), 121.4 (C15), 111.3
(C38), 110.1 (C32), 108.5 (C35), 108.1 (C40), 57.1 (C8a/b), 16.1 (C7).
HR ESI-MS: Calcd for C42H32N6Ir: 811.2294; Found: 811.2289 [M]+.
Synthesis of Ir(ppz)2(O^NPyr) (3). [IrCl(ppz)2]2 (0.070 g, 0.068

mmol), O^NPyr (0.048, 0.15 mmol) and sodium carbonate (0.016 g,
0.15 mmol) were placed in a microwave vial with 3.5 mL of ethanol.
The suspension was degassed with nitrogen for 4 min. The vial was
placed in the microwave reactor and heated under microwave
irradiation for 30 min at 100 °C (18 bar, 155 W). The solvent was
then removed in vacuo, and the solid residue was dissolved in 10 mL of
CH2Cl2. The resulting dark yellow solution was passed through a
Celite pad, and the filtrate was reduced to approximately 2 mL in
volume. Layering with hexanes yielded the desired product as a dark
yellow precipitate. The product was purified by column chromatog-
raphy using first CH2Cl2 to elute any unreacted O^NPyr and then
EtOAc/CH2Cl2 (2:1) to elute complex 3 (0.027 g, yield 50%). 1H
NMR (CD2Cl2, 400 MHz, proton numbering is the same as in the X-
ray structure): δ 8.30 (1H, s, H7), 8.17 (1H, d, J = 2.6, H26), 8.13−8.11
(2H, m, H21,24), 8.06 (1H, d, J = 7.3, H22), 7.98−7.92 (3H, m,
H15,23,35), 7.86 (1H, d, J = 8.7, H14), 7.76 (1H, d, J = 8.1, H19), 7.59
(1H, d, J = 9.3, H10), 7.52 (1H, d, J = 8.1, H20), 7.36−7.33 (2H, m,
H2,33), 7.25 (1H, d, J = 8.1, H37), 7.16 (1H, d, J = 7.8, H4), 7.03 (1H, d,
J = 9.3, H9), 6.88 (1H, t, J = 7.7, 7.5, H38), 6.77−6.74 (2H, m, H1,25),
6.68−6.65 (2H, m, H34,39), 6.43 (1H, t, J = 7.3, 7.3, H3), 6.19−6.14
(2H, m, H28,40), 6.03−5.99 (2H, m, H29,30), 5.90 (1H, d, J = 8.3 H31).
13C NMR (CD2Cl2, 100 MHz): 139.5 (C24), 137.9 (C35), 136.4 (C4),
135.7 (C30), 135.1 (C2), 134.4 (C40), 127.5 (C14), 127.3 (C15), 127.1
(C10), 127.0 (C26), 126.9 (C23), 125.9 (C33), 125.8 (C34), 125.0 (C21),
124.9 (C28), 124.7 (C22), 124.5 (C25), 123.9 (C19), 122.2 (C20), 122.1
(C38), 121.3 (C9), 120.4 (C29), 113.9 (C3), 111.3 (C37), 109.4 (C31),
107.6 (C1), 107.3 (C39). HR ESI-MS: Calcd for C41H29N5OIr:
798.1978; Found: 798.1966 [M + H]+.
Synthesis of [Ir(ppz)2(NMe^NPh)][PF6] (4) where NMe^NPh =

N-phenyl-1-(pyridin-2-yl)ethaneimine. [IrCl(ppz)2]2 (0.070 g,
0.068 mmol), 2-acetylpyridine (0.017 mL, 0.15 mmol), aniline
(0.014 mL, 0.150 mmol), and potassium hexafluorophosphate
(0.025 g, 0.14 mmol) were placed in a microwave vial with 3.5 mL
of ethanol. The suspension was degassed with nitrogen for 4 min. The
vial was placed in the microwave reactor and heated under microwave
irradiation for 30 min at 100 °C (18 bar, 155 W). The solvent was

then removed in vacuo, and the solid residue was dissolved in 10 mL of
CH2Cl2. The resulting orange solution was passed through a Celite
pad, and the filtrate was reduced in volume. Layering with hexanes
yielded the desired product as an orange powder. The product was
purified by column chromatography using MeCN to elute any
unreacted aniline and then MeCN/H2O/KNO3(aq) (96:3:1) to elute
the complex as a nitrate salt. Salt metathesis with KPF6 was performed
to obtain complex 4 (0.053 g, yield 48%). 1H NMR (CD3CN, 400
MHz, proton numbering is shown in Supporting Information, Figure
S1): δ 8.41 (1H, d, J = 2.7, H25), 8.34 (1H, d, J = 8.0, H4), 8.27 (1H, d,
J = 2.7, H16), 8.21−8.12 (3H, m, H1,3,23), 7.77 (1H, d, J = 2.2, H14),
7.59 (1H, t, J = 6.7, H2), 7.44 (1H, d, J = 7.8, H18), 7.36 (1H, d, J = 8.0,
H27), 7.09−7.03 (2H, m, H11,19), 7.01−6.90 (2H, m, H12,28), 6.90−6.79
(2H, m, H20,24), 6.76−6.65 (3H, m, H13,15,29), 6.46 (1H, t, J = 5.3, H10),
6.25 (1H, dd, J = 7.4, 1.2, H21), 6.02 (1H, dd, J = 7.6, 1.2, H30), 5.84
(1H, dd, J = 7.4, 1.0, H9), 2.57 (3H, s, H7abc).

13C NMR (CD3CN, 100
MHz): 151.6 (C1 or 3 or 23), 147.5 (C18), 140.4 (C1 or 3 or 23), 139.5
(C14), 138.3 (C1 or 3 or 23), 132.9 (C21), 132.4 (C30), 131.6 (C9), 129.6
(C2), 129.1 (C4), 128.7 (C11 or 19), 127.5 (overlap C16 and 25), 126.6
(C20 or 24), 126.2 (C11 or 19), 125.8 (C20 or 24), 125.4 (C13 or 15 or 29),
124.6 (C10), 122.9 (C12 or 28), 122.1 (C13 or 15 or 29), 111.2 (C27), 107.9
(C13 or 15 or 29), 18.4 (C7). HR ESI-MS: Calcd for C31H26N6Ir:
673.1825; Found: 673.1827 [M]+.

■ RESULTS AND DISCUSSION

Complexes 1−3 were synthesized according to previously
reported methods17,32 by reacting [IrCl(ppz)2]2 and the
corresponding ligand or ligand precursors under microwave
irradiation for 30 min at 100 °C. For comparison with 1−3,
model complex 4 was synthesized in an analogous fashion to
that of 5, as previously reported.18 The syntheses were carried
out under microwave irradiation13,33 giving high yields in short
times. The complexes were then purified by column
chromatography eluting with an aqueous KNO3 solution in
MeCN and then converted by metathesis back to PF6 salts.
Complexes 117 and 518 have been characterized previously, and
atropisomer “a”17 of complex 1 was used in the studies reported
here. Complexes 2−4 were characterized by high resolution
mass spectrometry and 1H NMR (COSY, NOESY, TOCSY,
and HSQC) allowing full assignment of all resonances. X-ray
crystal structures of 2 and 3 were also obtained (Supporting
Information, Figures S2 and S3).

Chart 1. Complexes 1−5
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The absorption spectra of 1−3 show phenylpyrazole π−π*
transitions below 300 nm34 as well as pyrene π−π* transitions
from 270 to 375 nm.35 The low-energy absorptions above 400
nm are assigned to spin forbidden 3MLCT transitions
(Supporting Information, Figure S4a).36 Similar phenylpyrazole
π−π* transitions below 300 nm as well as spin-forbidden
3MLCT transitions are observed in model complexes 4 and 5
(Supporting Information, Figure S4b). It is important to note
that the pyrene π−π* transitions are well-resolved from the
3MLCT transitions in 1−3 and retain strong vibronic coupling,
characteristic of pyrene, suggesting weak electronic coupling
between the two components. The absorption spectra of 2 wt
% of 1−3 dispersed in a PMMA film (Supporting Information,
Figure S5) are qualitatively similar to the spectra obtained in
solution consistent with isolated molecules present in the films.
Complex 1 is not emissive in solution37 but shows very weak

emission (λmax = 631 nm, Φem = 0.004) when dispersed in a
PMMA film (Figure 1). This emission profile is independent of
excitation wavelength when λex = 325−475 nm. Below the glass
transition temperature of PMMA (Tg = 114 °C), molecules

dispersed in this polymer are assumed to be isolated from each
other in the solid state,38 with properties similar to those
observed in dilute solution.39 The emission decay from 1 in
PMMA fits well to a biexponential function consisting of two
components with lifetimes of 329 ns and 2.4 μs, respectively
(Supporting Information, Figure S7). The transient absorption
spectrum of 1 in a PMMA film shows features attributed to
3pyrene at 420 and 500 nm,6a,40 as well as broad absorption
features attributed to a 3MLCT state at 500 and 625 nm.41 The
decay of the transient species is also biexponential with
lifetimes of 378 ns and 2.9 μs, similar to the emission lifetimes
observed (Supporting Information, Figure S8). In addition, the
time-resolved emission spectrum of 1 in PMMA shows two
different bands that decay at different rates (Supporting
Information, Figure S9). This “dual emission” can be assigned
to decay of 3MLCT and 3pyrene states, respectively. Dual
emission from both a 3MLCT state and 3LC state on pyrene
has previously been observed at room temperature in solution
in Ru(II)-appended pyrenylethynylene dyads,10 as well as in
Ru(II) diimine dyads,42 and can occur when there is weak

Figure 1. (a) Steady-state emission spectrum (λex = 400 nm) and (b) transient absorption spectra (λex = 355 nm) of 2 wt % of 1 in a PMMA film
(thickness ≈ 300 μm) at time delays shown.

Figure 2. Natural transition orbitals representing the lowest-lying triplet states T1 and T2 for complexes 1−3 computed from TD-DFT at the
SDD09/D95(d)/M06/DCM level of theory.
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electronic coupling between the states. This type of dual
emission has not been reported for Ir(III)-pyrene complexes,
although there are a few examples of nonpyrene containing
Ir(III) complexes that display this phenomenon.43 Dual
emission has also been previously observed in rigid matrices
at 77 K in Ru(II) complexes bearing pyrenyl ligands.40,44 To
observe dual emission, two excited states must be present that
(i) can be populated by the same absorption event, (ii) are
separated by an energy barrier that prevents the interconversion
of populations, and (iii) exhibit sufficiently different lumines-
cence properties (energy and excited-state lifetimes) to
distinguish one state from the other in practical experiments.45

There are a few possible explanations for the dual emission
observed in 1: (i) similar to glassy matrices, polymer films can
give rise to an inhomogeneous environment where some
environments may favor 3MLCT emission, while others favor
3LC emission46 or (ii) the 3MLCT and 3LC states lie close in
energy and due to weak electronic coupling between these
states, facilitated by the molecular rigidity of the complex inside
the polymer film, interconversion of 3MLCT and 3LC
populations does not occur, and therefore full relaxation to
the lowest lying state does not occur.
DFT calculations were carried out on complex 1 to obtain

the natural transition orbitals which give insight into the origin
of the lowest-lying triplet states. Natural transition orbitals30

can be used to visualize the origin and destination orbitals
involved in monoelectronic excitations. Natural transition
orbital analysis generates a new set of orbitals that allows
description of the electronic transition in terms of two of these
new orbitals, one describing the hole resulting from the
expulsion of one electron and the other describing the orbital
housing the expelled electron. In complex 1, the lowest-lying
triplet state (T1, Figure 2) is localized on the pyrene moiety,
consistent with T1 being exclusively 3pyrene in nature. T2 is a
mixed charge-transfer state from a mixed metal + a ligand
orbital to a ligand orbital (Figure 2). It is not uncommon for
the emissive state (typically T1) in bis-cyclometalated Ir(III)
complexes to be attributed to a combination of decay from
3MLCT and 3LLCT states47 or alternatively to a 3MLLCT
state.48 It is rarer, however, to observe a T1 that is purely ligand-
localized (3LC).47 These calculations support what is observed
experimentally as well as the assignment of the two emission

bands observed as a π−π* state on pyrene (T1) and a state with
significant MLCT character (T2).
Lengthening the linker between the pyrene and metal is

expected to affect the 3MLCT and 3pyrene state energies as
well as the degree of electronic coupling between the two
states. We chose to replace the pyrene directly bonded to the
coordinated nitrogen with one linked via a nonconjugated
methylene spacer (complex 2), as previous studies have shown
that 3MLCT emission is quenched in Ir(III) complexes with
pyrene directly bound to the ancillary ligand.7,49

In contrast to 1, complex 2 shows broad emission in solution
(Figure 3a) at 615 nm with a monoexponential lifetime of 2.7
μs consistent with decay of a 3MLCT state (Supporting
Information, Figure S10). This is much longer than the
emission lifetime observed for complex 5 with an N-isopropyl
substituent in place of the N-methylenepyrenyl substituent,
which has a lifetime of 145 ns in solution.18 The transient
absorption spectrum of 2 in solution shows features attributed
to the 3pyrene state6a,40 at 420 and 500 nm (Supporting
Information, Figure S11a). This excited-state absorption decays
with a monoexponential lifetime of 3.0 μs (Supporting
Information, Figure S12), which is similar to the observed
lifetime of the 3MLCT emission. This behavior is typical of
reversible energy transfer between 3MLCT and 3pyrene states,
giving rise to an extended 3MLCT emission lifetime.6 Note that
complex 2 also shows 1pyrene emission in solution at 400 nm,
which decays with a short lifetime (<10 ns) (Supporting
Information, Figure S13). It is likely that this emission lifetime
represents the time it takes for Förster energy transfer to occur
from the 1pyrene state to the 1MLCT state, effectively
quenching the 1pyrene emission.
In a PMMA film, complex 2 shows emission at 610 nm with

weak shoulders (Figure 3b). Emission lifetimes of 2.0 and 28.1
μs are obtained from a biexponential fit of the emission decay
data (Supporting Information, Figure S14). The emission
profile is independent of the excitation wavelength when λex is
between 315 and 475 nm. Similar to 1, dual emission is
observed in the time-resolved emission spectrum (Supporting
Information, Figure S15) and can be attributed to radiative
decay of 3MLCT (2.0 μs) and 3pyrene (28.1 μs) states. The
biexponential decay and the presence of two bands in the time-
resolved emission spectrum of 2 in PMMA suggests that the
reversible energy transfer between the two states observed in

Figure 3. (a) Steady-state emission spectra of 2 in dichloromethane in air (black line) and under argon (red line) (λex = 350 nm) and (b) steady-
state emission spectrum (λex = 400 nm) of 2 wt % of 2 in a PMMA film (thickness ≈ 300 μm).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501032t | Inorg. Chem. 2014, 53, 11882−1188911886



solution is no longer effective within the PMMA film. Two
possible explanations for this are (i) molecular rigidity within
the solid polymer matrix prevents back-folding of the pyrene
ligand, and therefore only one conformation is present. This
leads to a fixed orientation of the two interacting triplet states,
which can affect the electronic coupling as well as the transition
dipole moments of the two states having an effect on energy
transfer rates;42 (ii) in complexes 2 and 5 the energy of the
charge-transfer state increases in the PMMA film relative to in
solution (Table 1). If the energy of the 3LC state on pyrene
remains relatively unperturbed, this would effectively increase
the energy gap between the 3MLCT and 3LC states in PMMA,
possibly making thermal population of the 3MLCT state no
longer feasible at room temperature. This is similar to the
solvent dependent behavior of reversible energy transfer that
has been observed in bichromophoric Ru(II) complexes, where
the 3MLCT state is only thermally accessible in methanol, but
shifts higher in energy in water and acetonitrile and is not
populated in these solvents.50

The transient absorption spectrum of 2 in PMMA shows
features attributed to the 3pyrene state6a,40 at 420 and 500 nm
(Supporting Information, Figure S11b). In contrast to complex
1, there is no evidence for 3MLCT excited-state absorptions in
2, and the transient of 2 decays with a monoexponential
lifetime of 35.2 μs (Supporting Information, Figure S16). This
lifetime is similar to the long-lived emission component further
confirming that this emission originates from a 3LC state on
pyrene. DFT calculations were used to obtain the natural
transition orbitals for complex 2, and these show that the
lowest lying triplet state (T1, Figure 2) is localized on the
pyrene moiety, consistent with T1 being exclusively 3pyrene in

nature. T2 is a mixed charge-transfer state from a mixed metal +
ligand orbital to a ligand localized orbital (Figure 2). These
calculations support what is observed experimentally and fit the
criteria necessary for the triplet reservoir effect or dual emission
to be observed; that is, T1 is a π−π* state on pyrene, while T2

has significant MLCT character.
Complex 3 is structurally related to 1 with only two bonds

separating the metal and pyrene groups, but with a salicylimine-
based ancillary ligand. Ir(III) complexes bearing salicylimine
ligands are known to be more strongly emissive in the solid
state than Ir(III) pyridineimine derivatives.51 Complex 3 is not
emissive in solution at room temperature. This lack of emission
is attributed to nonradiative decay caused by distortions of the
six-membered O^N chelate ring relative to the equatorial plane
of the molecule. We have previously reported a series of iridium
complexes containing salicylimine (O^N) ligands, which are
not emissive in solution as a result of the presence of this
nonradiative decay pathway.32 DFT calculations show that 3
undergoes similar distortions (Supporting Information, Figure
S17), consistent with the lack of emission from 3 at room
temperature in solution. The O^N-aryl complexes we reported
previously display broad unstructured phosphorescence emis-
sion in the solid state and in PMMA arising from a 3MLLCT
type state.32 In contrast, 3 shows structured phosphorescence
in the solid state centered at 615 nm, the profile of which
remains identical with excitation in the range of λex = 315−475
nm. When dispersed in PMMA, 3 shows moderately intense
structured phosphorescence (Φem = 0.150) at 615 nm (Figure
4a) with lifetimes of 18.0 and 104 μs obtained by fitting to a
biexponential function (Supporting Information, Figure S18),
consistent with dual 3MLCT and 3LC emission. The transient

Table 1. Photophysical Properties of Iridium Complexes 1−5 in Dichloromethane and PMMAa

λem
(DCM, nm)

τem
(DCM, μs)

Φem
(DCM)

λem
(PMMA, nm)

τem1
(PMMA, μs)

τem2
(PMMA, μs)

τes
(DCM, μs)

τes1
(PMMA, μs)

τes2
(PMMA, μs)

Φem
(PMMA)

1 631 0.329 2.4 0.378 2.9 0.004
2 615 2.7 0.014b 610 2.0 28.1 3.0 35.2 0.028
3 615 18.0 104 101 0.150
4 583 0.046 0.198 0.032
5 590 0.145 0.060 572 0.460 0.877 0.047

aSubscript “em” is emission and “τes” is the lifetime of the excited state. Solution data obtained under argon, and PMMA data obtained in air.
bQuantum yield of emission at 615 nm (does not include 1pyrene emission).

Figure 4. (a) Steady state emission spectrum (λex = 400 nm) and (b) transient absorption spectrum (λex = 355 nm) of 2 wt % of 3 in a PMMA film
(thickness ≈ 200 μm) at a time delay of 18−90 μs.
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absorption spectrum of 3 in a PMMA film shows an excited-
state absorption typical of 3pyrene6a,40 at 420 and 500 nm
(Figure 4b), which decays monoexponentially with a lifetime of
101 μs (Supporting Information, Figure S19) as well as a
negative signal at 615 nm, which corresponds to stimulated
emission from the complex. This excited-state lifetime
corresponds to the long-lived component of the emission
supporting the conclusion that the long-lived emission is from a
3LC state. DFT calculations, used to obtain the natural
transition orbitals for complex 3, show that the lowest-lying
triplet (T1) is localized on pyrene, whereas T2 is calculated to
be a mixed charge-transfer state from a mixed metal + ligand
orbital to a ligand orbital involving primarily the salicylimine
moiety of the ancillary ligand. In contrast to complexes 1 and 2,
the phenylpyrazole ligands do not contribute to the calculated
T1 or T2 states in complex 3. The calculations support the
assignment of dual emission with a pyrene (T1) and MLCT
(T2) component.
Complexes 4 and 5 also show biexponential emission decay

curves in PMMA (Supporting Information, Figures S20 and
S21, respectively) with both lifetimes being less than 1 μs. In
contrast to complexes 1−3, the time-resolved emission spectra
of complexes 4 and 5 in PMMA (Supporting Information,
Figure S22) show only one broad emission band over time. The
origin of the biexponential emission decay observed from
complexes 4 and 5 in PMMA is not clear. Without the
observation of two distinct bands in the time-resolved emission
spectrum this biexponential decay cannot be clearly assigned to
two different emitting states. Studies on luminescent metal
complexes embedded in polymer matrices have previously
shown multiexponential emission decay. These multiexponen-
tial decay kinetics have been attributed to different micro-
environments within the polymer matrix resulting in different
emission lifetimes.52 While the emission decay curves of
complexes 1−5 in PMMA fit most closely to a biexponential
function, it is possible that contributions from multiple different
local environments around the emitter molecules play a role.53

The behavior of complexes 1−3 in PMMA is clearly different
than that of 4 and 5 as evidenced from the time-resolved
emission spectra and lifetimes of these complexes (Supporting
Information, Figure S22). Natural transition orbital analysis
performed on model complexes 4 and 5, show that T1 is a
mixed charge-transfer state from a metal + ligand to ligand
orbital (Supporting Information, Figure S23), analogous to T2
in complexes 1-3, and similar to what is observed most
commonly as the T1 state in bis-cyclometalated Ir(III)
complexes.45,46 This is consistent with the lowest-lying triplet
state of 4 and 5 having significant 3MLCT character.

■ CONCLUSION

In summary, complexes 1−3 are the first examples of iridium
complexes that show dual emission in solid matrices resulting
from 3MLCT and long-lived 3LC states on pyrene. Complex 2
represents a significant addition to the small family of iridium
complexes showing extended lifetimes due to excited-state
equilibration in solution. Coordination complexes with
extended emission and excited-state lifetimes are relevant to
photoredox catalysis and upconversion applications. In
addition, the kinetic inertness of low-spin d6 octahedral
complexes such as 1−3, large Stokes shifts (>100 nm), and
microsecond emission lifetimes makes these complexes
potential candidates for time-resolved bioimaging techniques.
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