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ABSTRACT: Synthesis and photophysical properties of the
highly emissive complex [Ir(Fppy),(dmb)]* are reported along
with those of additional heteroleptic cyclometalated Ir(III)
complexes, [Ir(ppy),(NN)](PF¢): FppyH = 2-(2,4-
difluorophenyl)pyridine; ppyH = 2-phenylpyridine; NN =
4,4’-dimethyl-2,2’-bipyridine (dmb), 1,10-phenanthroline
(phen), or 4,7-diphenyl-1,10-phenanthroline (Ph,phen). TD-
DEFT calculations and Franck—Condon emission spectral band
shape analyses show that the broad and structureless emission
from [Ir(Eppy),(dmb)]* in acetonitrile at 298 K mainly arises
from a triplet metal-to-ligand charge-transfer excited state,
3MLCTIr(ppy)—>NN' The emission maximum varies systemati-
cally with variations in electron-donating or -withdrawing

[Ir(Fppy)zgdrr:b)P

substituents on both the NN and the Xppy ligands, and emission efficiencies are high, with an impressive ¢ =~ 1 for
[Ir(Eppy),(dmb)]*. At 77 K in propionitrile/butyronitrile (4/S, v/v), emission from [Ir(Fppy),(dmb)]* is narrow and highly
structured consistent with a triplet ligand-centered transition (*LCyy) and an inversion in excited-state ordering between the
3MLCTIr(ppy)—>NN and *LCyy states. In a semirigid film of the poly(ethyleneglycol)dimethacrylate with nine ethylene glycol
spacers, PEG-DMASSO, emission from [Ir(Fppy),(dmb)]* is MLCT-based. The thermal sensitivity of the photophysical
properties of this excited state points to a possible application as a temperature sensor in addition to its more known use in light-

emitting devices.

B INTRODUCTION

Stable, emitting coordination compounds with tunable
absorption and emission spectra and redox potentials have
drawn worldwide attention due to their potential use in
molecular devices." In particular, Iridium(III) complexes have
found application in oxygen sensors,” DNA intercalators,®
luminescent biological probes,4 CO, and water reduction,lc’k’5
temperature sensors,” with the most appealing application as
emitters in organic light-emitting diodes (OLEDs)"™*7 and
light-emitting electrochemical cells (LECs)."®

The photophysical properties of cyclometalated Ir(III)
complexes are strongly influenced by spin—orbit coupling
exerted by the Ir(Ill) core. For example, this leads to high
triplet emission quantum yields due to the highly mixed spin
character of the emitting excited states."®"” The results of
density functional theory (DFT) and time-dependent DFT
(TD-DFT) studies show that their relatively short-lived
emissions occur mainly from metal-to-ligand charge-transfer
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states (MLCT) with ligand-centered (*LC) or mixed
*MLCT/’LC emissions being also possible depending on the
complex and conditions.'*™* Heteroleptic 2-phenylpyridyl
Ir(1II) complexes, [Ir(ppy),(NN)]*, have high photochemical
and thermal stabilities, and the coordination chemistry is
extensively based on a large number of ligands. Synthetic
variations have been used to achieve comprehensive emission
tuning over the entire visible region by incorporation of
electron-donating or -withdrawing groups on both cyclo-
metalated ppy and ancillary NN through their effect in
stabilizing or destabilizing the donor and acceptor orbi-
tals."9'%*!" Excited-state properties of these complexes are
also sensitive to the microenvironments around the complex
(ie, solvent polarity, rigidity, temperature) because of their
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charge-transfer character and asymmetric structure,'” with
innumerous possibilities of emission colors.

Ligand and solvent variations have been used to develop the
systematics of excited-state emission from this class of Ir(III)
complexes. Further developments will benefit from a deeper
understanding of the nature of the excited states and their
emissive properties. In earlier work, we re}_iorted on the use of
Re(I) complexes in PVK-based OLEDs."”! More recently, we
proceeded to Ir(III) emitters, with the use of [Ir(ppy),(dmb)]*,
ppyH 2-phenylpyridine and dmb = 4,4'-dimethyl-2,2'-
bipyridine, as the active layer in a LEC for the first time.'?
This has motivated the engineering of new highly emissive
compounds with appropriate characteristics for light-emitting
devices and to obtain the synthetic control needed to tune
excited-state properties. For this purpose, use of TD-DFT to
provide insight into both electronic and molecular structure can
be helpful. Quantitative tools for excited-state evaluation are
also available by interpretation of excited-state properties
including application of Franck—Condon (FC) analysis to
emission spectra, which, through application of time-dependent
perturbation theory and the Fermi “Golden Rule”, provides
quantitative understanding of time-dependent excited-state
processes and has been applied to nonradiative decay in a
series of Re(I), Os(II), and Ru(II) polypyridyl complexes.nd’14

In this Article, we report the synthesis of a blue-green highly
emissive heteroleptic Ir(III) complex, [Ir(Fppy),(dmb)]*,
FppyH = 2-(2,4-difluorophenyl)pyridine, and its photophysical
properties along with those of an additional three complexes of
the type [Ir(ppy),(NN)]*, NN = dmb, 1,10-phenanthroline
(phen), or 4,7-diphenyl-1,10-phenanthroline (Ph,phen), in
different media and temperatures. [Ir(Fppy),(dmb)]* is novel
in exhibiting an intense blue-green emission. Its emission
properties, and those of the series of Ir(IIl) complexes, have
been analyzed by Franck—Condon emission spectral fitting and
TD-DFT calculations on the excited states. The effect of ligand
substituents and medium effects on excited-state properties are
rationalized systematically.

B EXPERIMENTAL SECTION

All chemicals and solvents used for synthesis were purchased from
Sigma-Aldrich or Synth, and were used as supplied. Spectroscopic or
HPLC grade acetonitrile, propionitrile, and butyronitrile were used as
supplied. For electrochemical measurements, acetonitrile was distilled
prior to use.

"H NMR spectra were recorded in a DRX500 (500 MHz) or in an
AC200 (200 MHz) Bruker Avance spectrometer, using CD,CL,
CDCl;, or CD;CN as solvent. The residual solvent signals were
employed as internal standards. Elemental analysis data were obtained
on a Perkin-Elmer CHN 2400.

Syntheses of Complexes. The novel complex [Ir(Fppy),(dmb)]*,
Ir1, was prepared and isolated as its PF,~ salt by the well-established
Nonoyama procedure,'> with synthesis of the u-chloro-bridged
cyclometalated Ir(III) dimer as an intermediate, and followed by
introduction of the dmb ligand."**'® Complexes [Ir(ppy),(NN)]",
NN = dmb (Ir2), phen (Ir3), and Ph,phen (Ir4), were synthesized by a
procedure similar to one reported in the literature,3410612613.16,17
Chart 1 summarizes their chemical structures.

[Ir(Fppy),(dmb)I[PFs] (Ir1). 1rCl;H,O (Aldrich) (395 mg, 1.32
mmol) and FppyH (450 pL, 3.01 mmol) were dissolved in a $/3 (v/v)
mixture of ethylene glycol monoethyl ether/water (20 mL) and heated
at reflux with stirring for 15 h. After being cooled to room
temperature, dmb (242 mg, 1.33 mmol) was added to the mixture,
which was refluxed again for 22 h. Upon cooling, the mixture was
washed with diethyl ether. The greenish yellow precipitate, obtained
after slow addition of aqueous solution of ammonium hexafluor-
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Chart 1. List of Chemical Structures for Investigated Ir(III)
Complexes and PEG-DMAS50

\ 7/ \ 7

CH3 CHs

Ir1 = [Ir(Fppy)(dmb)](PF) Ir2 =[Ir(ppy).(dmb)](PF¢)

Ir3 = [Ir(ppy)2(phen)](PFg) Ir4 = [Ir(ppy)z(Phzphen)](PFs)

CH2

0
HaC 0
o/\]’ CHs
CHo» 9 0

PEG-DMAS550 = Poly(ethyleneglycol)dimethacrylate

ophosphate, was filtered and washed with water and recrystallized in
dichloromethane/n-pentane. The solid was dried under vacuum to
obtain 467 mg (0.52 mmol), 40% yield, of pure product. Anal. Calcd
for IrCyH, N,F oP: C, 45.29%; H, 2.68%; N, 6.21%. Found: C,
45.51%; H, 2.68%; N, 6.17%. '"H NMR (500 MHz, CD,Cl,) §/ppm:
8.33 (m, 4H), 7.83 (m, 4H), 7.50 (dd, J = 5.8; 0.8 Hz, 2H), 7.29 (dd,
= 5.8, 0.8 Hz, 2H), 7.04 (ddd, ] = 7.6, 5.8, 1.4 Hz, 2H), 6.59 (ddd, ] =
12.5, 9.2, 2.4 Hz, 2H), 5.74 (dd, ] = 8.3, 2.4 Hz, 2H), 1.53 (s, 6H).
[Ir(ppy),(dmb)][PFs] (Ir2). 1rCl;;H,0 (Aldrich) (230 mg, 0.77
mmol) and ppyH (245 pL, 1.67 mmol) were heated at reflux for 8 h in
ethylene glycol monoethyl ether (10 mL) and water (6 mL) to
produce the p-chloro-bridged cyclometalated Ir(III) precursor. After
being cooled to room temperature, dmb (145 mg, 0.80 mmol) was
added to the mixture and refluxed again for 20 h. After addition of
NH,PF,, the yellow precipitate was filtered, washed, and recrystallized
in dichloromethane/n-pentane, to obtain 420 mg (0.51 mmol), 65%
yield, of pure product. Anal. Caled for IrC3,H,gN,FP: C, 49.21%; H,
3.40%; N, 6.75%. Found: C, 49.10%; H, 3.43%; N, 6.62%. '"H NMR
(200 MHz, CD,Cl,) 5/ppm: 8.29 (s, 2H), 7.95 (d, J = 7.7 Hz, 2H),
7.77 (m, 6H), 7.50 (d, ] = 5.8 Hz, 2H), 7.23 (d, ] = 5.5 Hz, 2H), 7.00
(m, 6H), 6.31 (d, ] = 7.5 Hz, 2H), 1.55 (s, 6H).
[Ir(ppy),(phen)i[PF¢] (Ir3). IrCl;-H,O (Aldrich) (190 mg, 0.63
mmol) and ppyH (205 pL, 1.40 mmol) were heated at reflux for 8 h in
ethylene glycol monoethyl ether (7.5 mL) and water (4.5 mL). Next,
phen (120 mg, 0.67 mmol) was added to the mixture, which was
heated at reflux again for 20 h. After precipitation with NH,PF4 and
recrystallization in dichloromethane/n-pentane, 250 mg (0.29 mmol),
45% yield, of pure yellow product was obtained. Anal. Calcd for
IrCy,H, N,ED: C, 49.45%; H, 2.93%; N, 6.78%. Found: C, 49.63%;
H, 3.07%; N, 6.51%. "H NMR (200 MHz, CD,Cl,) 8/ppm: 8.66 (d,
= 8.0 Hz, 2H), 8.38 (d, ] = 4.0 Hz, 2H), 8.24 (s, 2H), 7.75 (m, 10H),
7.35 (d, J = 5.2 Hz, 2H), 7.00 (m, 4H), 6.40 (d, ] = 6.6 Hz, 2H).
[Ir(ppy)5(Phyphen)][PF4] (Ird). 1rCl;-H,O (Aldrich) (160 mg, 0.54
mmol) and ppyH (175 pL, 1.20 mmol) were heated at reflux for 8 h in
ethylene glycol monoethyl ether (7.5 mL) and water (4.5 mL). After
being cooled to room temperature, Phyphen (440 mg, 1.32 mmol) was
added to the mixture and refluxed again for 20 h, and the compound
was precipitated as PFg salt and recrystallized in dichloromethane/n-
pentane to obtain 240 mg (0.25 mmol), 47% yield, of pure orange-
yellow product. Anal. Caled for IrC,H;3,N,F(P: C, 56.49%; H, 3.30%;
N, 5.73%. Found: C, 56.65%; H, 3.51%; N, 5.70%. '"H NMR (200
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MHz, CDCl;) 6/ppm: 8.32 (d, ] = 5.3 Hz, 2H), 8.18 (s, 2H), 7.94 (d,
] = 8.1 Hz, 2H), 7.74 (m, 6H), 7.58 (m, 12H), 7.06 (m, 6H), 6.43 (d, J
= 6.9 Hz, 2H).

PEG-DMA550 Film Preparation. Poly(ethyleneglycol)-
dimethacrylate (PEG-DMASS0) films, with nine ethylene-glycol
spacers, Chart 1, containing Ir(III) complexes were prepared similarly
to the procedure reported in the literature.'® Complexes were
dissolved in PEG-DMASSO0 fluids with 2,2'-azobis(2,4-dimethylvaler-
onitrile), DuPont, 1 wt %, as an initiator in 1.0 cm path length glass
cuvettes, which were sealed with rubber septa and heated overnight at
50 °C under vacuum to yield optically transparent films. The
concentration of Ir(III) complexes was kept within the range 25—35
umol L%,

Photophysical Measurements. UV—vis absorption spectra were
recorded on a Hewlett-Packard 8453 diode array spectrophotometer.
Steady-state and time-resolved emission spectra were recorded on a
ISS-PC1 photon-counting spectrofluorometer or an Edinburgh
Instruments FLS920 time-correlated single photon counting emission
spectrometer equipped with a Hamamatsu R928P photomultiplier
tube (PMT). A xenon lamp (4., = 365 nm, 4 nm bandwidth, with a
389 nm long pass filter) or an ISS laser (4., = 378 nm, frequency = 20
kHz) were used with the ISS-PC1 as excitation light source for steady-
state or time-resolved measurements, respectively. For experiments in
the FLS920, a xenon lamp (4., = 365 nm, S nm bandwidth, with a 395
nm long pass filter) or a pulsed Edinburgh Instruments EPLED-360
LED laser (4, = 369 nm, frequency = 20 kHz) was employed.
Emission intensity of steady-state spectra was corrected for system
spectral response. For 298 K measurements, the absorbance of sample
solutions in acetonitrile was set between 0.1 and 0.3 in a four polished
face cuvette with 1.000 cm optical path length. Solutions were
deoxygenated with argon for at least 10 min prior to measurement. For
77 K experiments, samples were prepared in a mixture of
propionitrile/butyronitrile 4/S (v/v) in cylindrical quartz tubes, 0.4
cm radius, and were inserted into a Dewar flask containing liquid N,.

Emission quantum yields (¢) of complexes in acetonitrile at 298 K
were measured applying the methodology earlier reported by Friend et
al.’® using an BaSO,-coated integration sphere, model 1-M-2
(Edinburgh), with samples positioned at its center, as well as
calculated from eq 1 using [Ru(bpy);][PFs] in the same solvent as
the reference (4., = 420 nm, S nm bandwidth, with a 435 nm long pass
filter). The results of both techniques gave excellent agreement.

P, A

ref
ef )

by =
' ref AIr

¢' (1)

where ¢y, is the emission quantum yield of the sample; ¢ is the
emission quantum yield of the reference (0.095 in acetonitrile’®); A, is
the absorbance of the sample at the excitation wavelength; A, is the
absorbance of the reference at the excitation wavelength; Py, is the
integral of the sample phosphorescence spectrum; and P is the
integral of the reference phosphorescence spectrum.

Theoretical Calculations. Electron density calculations for the
series of complexes were conducted with Gaussian 09W software.*!
Optimization of ground-state structures was gerformed by using DFT
with the B3LYP functional. The LanL2DZ*** and 6-31G(d,p)**%*
basis sets were used to treat iridium and all other atoms, respectively.
TD-DFT calculations were then performed to estimate energies and
oscillator strengths of the lowest energy ten singlet and five triplet
transitions for all complexes. Calculations were carried out in
acetonitrile as solvent by using a Polarizable Continuum Model
(PCZl;/I) Electron density populations were plotted using GaussView
S.0.

Franck—Condon Analyses for Emission Spectra. Franck—
Condon band shape analysis for emission spectrum provides
information about contributing vibrational modes and structural
chan%es between the emitting excited state and the ground
state.*#1%2* I the versions in eq 2 or 3, one or two vibrational
acceptor mode(s), respectively, are included. They are averages of the
multiple modes coupled to the transition between the emitting excited
state and the ground state. Contributions from low-frequency modes

4091

and the solvent are treated classically and included in the band widths
of individual vibronic transitions. Prior to the spectral fitting analysis,
the number of photons at a given wavelength were corrected to the
wavenumber scale by using the relationship, I(D) = I(1) X 22

™ 3 oy
0= 5 [Bonm (5

=0
. 2
U—E,+ I/Mfla)MJ

exp| —41n2 —
Y

@)

JEE

2
U — Ey + vyhoy + uLha)L]

=2 2

(EO — yyhoy — v hoy,
vp=0 v =0

E,

X exp| —4In 2( —
g ()

In these equations, I(D) is the emission intensity at the energy ¥
(ecm™). E, is the energy gap between the zeroth vibrational levels in
the ground and excited states. fiwy, and 7w, are the quantum spacings
for averaged medium- and low-frequency vibrational modes,
respectively.”® Sy and S, are the associated electron-vibrational
coupling constants or Huang—Rhys factors,*® related to structural
differences between excited and ground states along the displacement
normal coordinates of the coupled average medium- and low-
frequency vibrational modes, respectively. 7, is the full width at
half-maximum (fwhm) for an individual vibronic line.*”

In the fitting procedure, Ey, hw, S, and ¥/, were optimized with a
least-squares minimization routine with application of a Generalized
Reduced Gradient (GRG2) algorithm.”® The summation was carried
out from v* = 0 in the excited state to levels v = 0—10 in the ground
state.

B RESULTS AND DISCUSSION

Absorption Spectra. Absorption spectra of complexes Irl
and Ir2, Figure 1, exhibit an intense band around 255 nm with
high molar extinction coefficients (¢ &~ S X 10* L mol™" cm™)
arising from a zz* transition at the ancillary dmb ligand (ie.,
ligand centered, LCy,;,). Intense bands at 260 and 270 nm for
Ir3 and Ir4 can be assigned to LC,,., and LC,pyhen transitions,
respectively. Xppy nn* states are expected to appear at higher
energies than for the ancillary NN ligands due to their

6.0

3.5

> o
o o
1 " 1 "

w
o
L

N
o
1

£/ 10° L mol”’ cm”

—_
o
1

0.0

250 300 350 400 450 500 550
Alnm

Figure 1. Absorption spectra of complexes Irl (black —), Ir2 (blue
———), Ir3 (green - - -), and Ir4 (red —- —-) in acetonitrile with an
enhanced scale shown in the inset.
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destabilization upon cyclometalation with Ir(Il[).** In the
lower-energy region (4 > 280 nm), absorption spectra are
featureless with an overlap of transitions ascribed to mixed spin
character excited states due to strong spin—orbit coupling
effect,” with &, = 4430 cm™'.3° However, bands from 320 to
440 nm can be assigned to largely spin-allowed metal-to-ligand
charge-transfer (MLCT) transitions, with € values in the range
(2 = 10) X 10* L mol™" cm™". The lowest-lying absorption
from 440 to 480 nm (¢ ~ 0.8 X 10° L mol™ ecm™) is
tentatively ascribed to the lowest-lying spin-forbidden tran-
sition, T,, assumed to be the lowest MLCT state. The
relatively high intensity for this nominally spin-forbidden
transition is due to spin—orbit coupling, which also facilitates
intersystem crossing between nominally singlet and triplet
states. Furthermore, Ir(III) dd transitions are typically at much
higher energies.>

In addition, although not observable in absorption spectra,
there is experimental evidence (z, k, and k, and spectral
feature changes with rigidity and temperature (T)) for an
energetically close-lying, ligand-based 7zz* excited state, >LC.'""
As suggested in Scheme 1, it is presumably mixed with the

Scheme 1. Orbital Description of the Lowest Excited State,
T,, Ilustrating Mixing between *MLCT(1) and *LC, for a >
b

EA V1= 0 Vet b Wsic

3L.C

1Ground State

lowest-lying *MLCT(1) state resulting in mixed orbital
character for the lowest excited state, T,, with W, =
aWyqucr + by as the wave function description.'® The
contribution of each individual state in T is given by a and b,
respectively, for *MLCT and °LC. In the diagram, emission
from complexes occurs at Er and AE is the zero order energy
difference between the unmixed states MLCT and °LC.
Orbitally, the MLCT and LC excited states share a common 7*
acceptor with the hole in either the lowest dz orbital on the
metal or a 7 orbital on a ligand with the excited-state
configurations, dz°z*! for "MLCT(1) and z'z*' for *LC. The
orbital origin of the mixing between states in T, is through
dm°—n mixing with partial oxidation of the ligands by electron
donation to the metal induced by the electronic effect on the
dr levels of the diimine ligand.

Emission Spectra and Photophysical Properties at
298 K. Emission spectra for the Ir(Ill) complexes in
acetonitrile at 298 K, Figure 2A, are broad and structureless,
independent of the excitation wavelength consistent with
MLCT emission, with T, more influenced by the lowest
MLCT triplet, MLCT(1)."”*! Emission parameters are
summarized in Table 1. Emission maxima vary with the nature
of the substituents with emission from Irl (4 = 522 nm) blue-
shifted relative to the other three due to the presence of
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Figure 2. Emission spectra (A) and decay profiles (B) for complexes
Irl (black), Ir2 (blue), Ir3 (green), and Ir4 (red) in acetonitrile at 298
K

Table 1. Excited-State Parameters of the Investigated
Complexes in Acetonitrile at 298 K

complex A/nm ¢ ©/us k/10° st k,/10°s7!
Irl 522 0.96 + 0.10 0.66 + 0.03 1S+2 0.6 + 0.1
Ir2 580 0.23 + 0.02 0.31 £ 0.02 74 £ 0.8 25+3
Ir3 590 0.27 + 0.03 0.36 + 0.02 75 +£08 20+ 2
Ir4 602 0.29 + 0.03 0.43 + 0.02 6.7 + 0.7 17+ 2

stabilizing electron-withdrawing fluoro groups in the cyclo-
metalated ppy ligand framework. A red-shift of the emission is
observed with an increase in the electron-withdrawing ability of
the substituents on the diimine ligands. These qualitative trends
are consistent with the results of the TD-DFT calculations
summarized in the following section.

Remarkably, the emission quantum yield for Irl is ~1, which
makes it distinctive as the most strongly emissive complex in
the heteroleptic [Ir(Xppy),(INN)]* series. Its emission lifetime
(r = 0.66 us) is relatively short despite the high emission
efficiency as observed for other Ir(Ill) complexes."" Complex
Ir4 exhibits a longer emission lifetime (7 = 0.43 us) than those
for Ir3 (7 = 0.36 us) and Ir2 (z = 0.31 us) with emission
quantum yields of 0.29, 0.27, and 023, respectively. The
relatively short “triplet” lifetimes for all complexes arise from
spin—orbit coupling-induced mixing of singlet spin character
into the excited state, which, in turn, enhances mixing with the
ground state. For practical applications, these are suitable
photophysical characteristics for light-emitting devices, for
which 7 should be short enough to allow rapid repopulation of
the emitting excited state with ¢ at least 0.20 for sufficient light
output, and Ir2 was recently applied for the first time in the
active layer of a LEC."

The quantities ¢ and 7 are related to the rate constants for
radiative (k,) and nonradiative (k,) excited-state decay as
shown in eqs 4a and 4b. From its quantum yield, decay of Irl
excited state is dominated by k.. For excited states with similar

dx.doi.org/10.1021/ic500070s | Inorg. Chem. 2014, 53, 4089—4099
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Table 2. Calculated Energies and Oscillator Strengths for Lowest-Energy Singlet (S;) and Triplet (T,) Transitions

energy (wavelength)

2.863 eV (433 nm)
2.826 eV (439 nm)

2.608 eV (475 nm)
2.581 eV (480 nm)
2.577 eV (481 nm)
2.547 €V (487 nm)
2.545 eV (487 nm)

oscillator strength
0.0002
0.0002
0.0003

0.0004

complex excited state transition
Irl S HOMO—-LUMO

T HOMO—LUMO (85%)

HOMO-6—LUMO (15%)

Ir2 S HOMO—-LUMO
T HOMO—-LUMO
Ir3 S HOMO—-LUMO
T HOMO—-LUMO
Ir4 S HOMO—-LUMO
T HOMO—-LUMO

2.511 eV (494 nm)

\
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Figure 3. Chemical structures and molecular orbital contours for the main molecular orbitals of investigated Ir(III) complexes.

character, k, varies as the square of the transition dipole
moment, i, and the cube of the average emission energy, ~E;:
k. o« BPER ks also closely related to the spin—orbit
coupling of the emissive excited state, which comes from a
mathematical formalism that relates k, to the inverse of the
energy difference between two perturbing excited states (k,
—AE), for example, *MLCT and 3LC." The enhanced value of
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k, for complex Irl (15 X 10° s7*) relative to k, ~ 7.4 X 10° s™*
for the other three complexes is remarkable. Although the
electronic origin of the effect is not obvious, an experimentally
grounded explanation for the twice higher k, is a distinct
excited-state character for the Irl complex, with pronounced
mixing between *MLCT and *LC states as depicted in Scheme
1, differing from the pure *MLCT emission for the other three
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Table 3. Electron Density Populations of Molecular Orbitals Defining S; and Emissive T, States for Complexes Ir1—Ir4

Irl Ir2 Ir3 Ir4
orbital iridium Fppy dmb iridium PPy dmb iridium PPy phen iridium PPy Ph,phen
LUMO (yip1e0 341 2.98 93.61 330 247 94.23 381 2.55 93.64 3.74 234 93.92
LUMO singlet) 3.29 2.26 94.45 3.31 222 94.47 3.89 2.48 93.63 3.94 2.30 93.76
HOMO 46.09 50.71 3.20 47.71 48.67 3.62 47.10 49.25 3.65 47.15 48.99 3.86
HOMO-6 2.26 1.72 96.02
A B
-1.0 N - 2.1
2.0 - 1.4 E(nvo/nN)
S LMo ~T - > - - —
~ 304 g, ~ 0.74
> (NN) wl
g 4.0- Z
o * 3601 3381 (3368 3313 Z 004
Ll >
— -5.04 o
8 HoMo W 071
8 -6.0 | 2000 ™ xppy) e ]
— — L] ] 1.4 E;/z("“/“’“) — — —
-7.04 P —
2.14
Irl Ir2 Ir3 Ir4 Irl Ir2 Ir3 Ird

Figure 4. (A) Orbital energies calculated by BALYP/LanL2DZ (Ir) and B3LYP/6-31(d,p) (CHNF) and (B) redox potentials for the series Ir1—Ir4,
from cyclic voltammetry measurements; see Figure S3 in the Supporting Information.

complexes. Variations in k,, in the series are discussed in a later
section.

kr
b=—
kr + knr (4a)
1
T=——
kr + knr (4b)

Time-Dependent Density Functional Theory Calcu-
lations. Relevant energies and oscillator strengths for the
lowest-energy singlet (S;) and triplet (T,) transitions are
summarized in Table 2. The results of calculations on the first
ten singlet and five triplet transitions are also listed in the
Supporting Information, Tables S2—SS. As shown in
Supporting Information Figure S2, calculated energies and
oscillator strengths for the singlet transitions agreed very well
with experimental absorption spectra for all four complexes.

As shown in Table 2, the lowest-energy spin-allowed
transitions for all four complexes to give S, are HOMO —
LUMO transitions. From Figure 3 and Table 3, the HOMO is
largely dr;, mixed with the 7y,,, and the LUMO is largely a 7*
orbital on the diimine ligand, with S, mainly MLCT in
character with a minor contribution of a ligand-to-ligand
charge-transfer (LLCT) transition. For convenience, in further
discussions this excited state is referred to as 1MLCTIr(ppy)—>NN-
As shown in Figure 4A, LUMO energies decrease through the
series from Ir2 to Ir4 due to the enhanced increasing electron-
withdrawing capability of the NN ligand. A significant change in
the HOMO energy for Irl is observed due to the electron-
withdrawing F substituents on the ppy ligand.

Variations in calculated S, energies are also in good
agreement with relative redox potentials in acetonitrile, Table
4 and Figure 4B. Complexes Ir2—Ir4 exhibit a reversible one-
electron oxidation at ~1.48 V vs NHE, presumably from the
expected Ir*"/Ir** couple, which shifts anodically for complex
Irl with the oxidation appearing at 1.80 V. Reversible, ligand-
based reduction appears at —1.22, —1.14, and —1.09 V for
complexes Ir2, Ir3, and Ir4, respectively. These values show
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Table 4. Redox Potentials for Metal-Based Oxidation (Ir*/
Ir**) and Ligand-Based Reduction (NN°/NN~) versus NHE
in Acetonitrile, ~0.5 mmol L', at Room Temperature from
Cyclic Voltammetry Measurements”

complex E,,,(NN°/NN™)/V Ey (It /18%) /v
Irl -1.15 1.80
Ir2 -122 147
Ir3 —-1.14 148
Ir4 —-1.09 1.49

“Figure S3 in the Supporting Information.

that changes in the HOMO caused by substituent changes in
the ppy framework influence oxidation of Ir(IlI) complexes,
while variations in the LUMO are dictated by the diimine
acceptor ligand.

The next two lowest-lying singlet excited states (S, and S,,
respectively) are ascribed to HOMO — LUMO+1 and HOMO
— LUMO+2 transitions, Tables S2—S6 in the Supporting
Information. They are mainly related to ppy MLCT and IL for
Irl and Ir2, with the electron density in both LUMO+1 and
LUMO+2 residing significantly on the cyclo- metalating ppy
ligands. For Ir3 and Ir4, LUMO+1 is largely #*NN and S2 is an
lMLCTII(},W)_,I\IN state, while S3 is related to a ppy MLCT/IL
transition with LUMO+2 mainly 7*y,,. TDDFT results
diverge for the four complexes after the fourth lowest-lying
singlet excited state (S,), with transitions ascribed to MLCT/
LLCT, from both Ir(Ill) and ppy to the NN ligand, or
intraligand ppy excited states.

In the calculations, the triplet T, states for complexes Ir2—
Ir4 follow the same trend of S, arising from formally spin-
forbidden MLCT transitions, which gain allowedness through
spin—orbit coupling. They are lowest-lying and are the origin of
the observed emissions. However, exclusively for Irl, the T,
transition is 15% HOMO—6, localized in the 7 orbital of the
dmb ligand, and, therefore, based on the calculations, T, for Irl
is of mixed 3MLCTII(PP},)_,I\H\I/ SLCyn character, with a = 0.85
and b = 0.15.
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Emission Spectral Fitting at Room Temperature.
Results and Applications. Franck—Condon analyses for
emission spectra at room temperature in acetonitrile were
conducted by application of the single average mode
approximation and eq 2. Experimental spectra are compared
to calculated ones in Figure 5. The agreement between

Ir4

Ir2

Ir1

Normalized Emission Intensity

16 18 20 22

Wavenumber / 10° cm’
Figure S. Experimental (colored solid curves) and simulated emission

spectra (black broken curves) by use of eq 2 with the parameters listed
in Table S in acetonitrile at 298 K.

experimental and calculated spectra was excellent with high
correlation coefficients in all cases, with R* > 0.9998. Spectral
fitting parameters obtained from the fits (Ey, S, and Aiwy,) are
listed in Table S.

Table 5. Emission Spectral Fitting Parameters in Acetonitrile
at 298 K

complex Eg/em™  §jp/em™t Aoy/cm™ Sm In[FC(cy0)]
Irl 19920 2350 1380 1.34 -21.31
Ir2 17 570 2810 1390 0.93 -20.33
Ir3 17230 2740 1380 0.79 —21.66
Ir4 16 820 2730 1340 0.71 —22.61

As shown in Figure 6, E, values in Table S are proportional
to the difference in redox potentials between oxidation,

25/
Ir1'
241
231
>
2 221
W - Mr2
- Vr3

2.1 -

PR [ ()
2.0

25 26 27 28 29 30

E., ANy - E_(NNINNY) IV

12 112

Figure 6. Plot of E, from emission spectral fitting vs (E, ,(Ir**/Ir**) —
E,; /Z(NNO/NN_ )) in acetonitrile at room temperature.

E, ,(Ir*"/Ir’"), and reduction, E, ,,(NN°/NN~), a characteristic
feature of MLCT excited states.”> The observed linear slope is
less than unity, around 0.82, because emission energy includes
losses by intersystem crossing and contributions from outer-
and inner-sphere reorganization energies. Similar deviations
were also reported for series of MLCT emitters, Re(I), Ru(IL),
and Os(1I) complexes.32

According to Table 5, the magnitude of the quantum spacing
for the average acceptor mode, iy, is ~1370 cm ™', consistent
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with an average of a series of C—C/C—N stretching modes in
the NN acceptor ligands® and with results obtained earlier for
related MLCT dz° polypyridyl emitters."**** The electron-
vibrational coupling constant or Huang—Rhys factor, Sy, is a
measure of the extent of the skeletal structural change in the
acceptor ligand and increases with energy gap, E,, as found
earlier for MLCT excited states of Os(II)** and Re(I)
polypyridyl complexes.>** Therefore, FC analysis supports
aforementioned discussions that T, character is largely
*MLCT},(ppy)—nn at 298 K.

In the limit of applicability of the single mode approximation
and in the weak vibrational coupling limit, with E, > Syfiwy,
and Aiwy > kT, the rate constant for nonradiative decay is
given by eq S. In eq 5, the Franck—Condon weighted density of

states, In[FC.)], can be calculated by using the 4parameters
from emission spectral fitting and eqs 6 and 71243
Ink, =In ﬂo + ln[FC(calc)] (5)
1 hwyE E
ln[PC(caIc)] = —~1In Wy o_1 |- Sy — %o
2 | (1000 em™) hoy,
AZ;OI 2 2
(yO + 1)2( ha;,v: )
161n2 (6)
E
Yo = ln( 0 ) -1
NV oM (7)
_ Nam sz
® A (1000 cm™) (8)

The quantity f3, includes the vibrationally induced electronic
coupling matrix element, V}, which mixes the initial and final
electronic states, eq 8. Calculated In[FC(,)] values are listed in
Table S, and a plot of In k,, versus In[FC] is shown in
Figure 7.

15
A Ir2A
14] Ir4A Ir3
. 131
X
£
124
11 in*
23 22 21 20
In[FC_ ]

(calc

Figure 7. Plot of In k,, versus In[FC )] from the k,, values in Table 1
and the results of emission spectral fitting in Table 5 in acetonitrile at
room temperature.

For complexes Ir2—Ir4, In k,, increases with In[FC], as
predicted by eq S consistent with decay from emissive T states
with common 3MLCTIr(ppy)—>NN origins. For these complexes,
the commonly observed energy gap law relationship In k;, o
—E,,, is not observed, and the more complete expression in eq
S is required to reconcile the data because of the differences in
acceptor ligand through the series, with a different mix of ring
skeletal vibrations.

dx.doi.org/10.1021/ic500070s | Inorg. Chem. 2014, 53, 4089—4099



Inorganic Chemistry

Given the high emission efficiency, k,, for complex Ir1 is not
known accurately but, nonetheless, deviates markedly from the
trend shown by the other three. An additional difference in the
series appears in the ~400 cm ™' decrease in bandwidth at half
height, 7, /,, for Irl, which, in the classical harmonic oscillator
limit, is related by eq 9 to the solvent reorganization ener:
including low frequency modes treated classically, (4,)"%"*
The decrease in bandwidth is symptomatic of a decrease in the
extent of charge-transfer character in the emitting excited state,
consistent with its mixed MLCT/LC character.

Dy )y = (16kyTA,; In2)"? ©)

Emission Spectra at 77 K and Franck—Condon
Analyses. A characteristic feature of MLCT emission from
polypyridyl excited states is their sensitivity to medium.*> A

ronounced rigid medium effect, “rigidochromic effec-
t7 12435036 ayists between fluid and rigid media arising from
the inability of the surrounding medium dipoles to reorient to
change in dipole character between excited and ground states.
A temperature dependence arises in bandwidth as described in
eq 9 and band energy due to frequency changes in medium
librations.'>® By contrast, ligand-centered 7zz* excited states are
relatively unaffected.

Emission spectra of the series Irl—Ir4 at 77 K in
propionitrile/butyronitrile (4/S, v/v) are shown in Figure 8.

7=4.36 ps Ir1

Emission Intensity

15

17 19 21
Wavenumber / 10° cm™

23

Figure 8. Experimental spectra (colored solid curves) and emission
lifetimes in propionitrile/butyronitrile (4/5, v/v) at 77 K. Black
broken curves represent simulated spectra of investigated complexes
by using eq 3 or 10 with the parameters listed in Table 6. Simulated
spectra of dmb and Fppy are shown in Figure S4 in the Supporting
Information.

In the frozen medium, band energy blue-shifts of ~2700 cm™"

occur compared to room temperature in acetonitrile, consistent
with their MLCT character. These emissions are notably
intense with ¢ &~ 1 and for Ir2—Ir4 are relatively broad with
similar band shapes. By contrast, emission from Irl is narrow
and highly structured and similar in band shape to emission
from the free dmb ligand at 77 K, Figure 8, with a ligand-
centered 7z7r* origin.”” Emission lifetimes at 77 K are in the
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4.35—6.21 ps range as shown in Figure 8 and much longer than
those at room temperature.

The results of multimode Franck—Condon analyses of the
spectra are summarized in Table 6 with fits compared to
experimental spectra in Figure 8. Spectra for complexes Ir2—
Ir4 were adequately reproduced (R* > 0.9934) by including
both low-frequency (Aw;) and medium-frequency averaged
vibrational modes (%wy,), eq 3. For these complexes, the values
of hwy; and hw; derived from the fits are ~1380 and ~410
cm™}, consistent with earlier results of MLCT emission,l‘"”243
and arise from acceptor ligand skeletal modes and low
frequency Ir—N stretching modes, respectively. These proper-
ties and the decrease in ¥, ,, from ~2750 to ~1200 cm™' upon
cooling are both consistent with emitting T excited states for
Ir2—Ir4 at 77 K that are mainly MLCT},,,,y.ny in character,
although with some extent of *LCyy contribution.

Two-mode fitting could not satisfactorily reproduce the
narrow, structured 77 K spectrum of Irl. Although the
simulation is not enough yet, better agreement was obtained
with a three-mode analysis including a medium-low-frequency
vibrational mode (A, ), eq 10. In the three-mode analysis,
the summation was carried out from v* = 0 in the excited state
to levels v = 0—5 in the ground state.

@)=Y

vpM=0 vpp=0 v1,=0
S. ‘M VML VL
x| oM Smr SL
vy! Uy! y!
2
X exp|:—4 In 2( ) :|
(10)

Emission spectra of dmb and Fppy at 77 K were also fitted to
eq 10 with optimized parameters summarized in Table 6. The
D), and Aiw values for Irl and dmb are more comparable than
those of Fppy, although even more satisfactory fits for dmb
could have been obtained with a five-mode analysis.

In contrast to Ir2—Ir4, the low-temperature spectrum of Irl
is clearly indicative of emission from a lowest-lying T state that
is mainly triplet zz*(dmb) in character, *LCyy, with a relatively
small extent of MLCT contribution (Figure SS in the
Supporting Information). Despite possessing zz* character,
the Huang—Rhys factor for Irl is smaller than for the free dmb
ligand due to coordination to the metal and its influence on
ligand rigidity. Comparison with the room-temperature data
shows that an inversion in excited-state ordering occurs
between room temperature, with emission from
3MLCT1r(ppy)_,NN, and 77 K, with emission from 3LCyy
lowest-lying. Related observations have been made for high-
energy MLCT state Re(I) polypyridyl-based emitters, where
temperature-dependent inversion of MLCT and ligand-based
nT* states is observed.”’

The four complexes were also immobilized in PEG-DMASS0
films, which are semirigid and optically transparent at room
temperature. The emission spectra of the complexes in PEG-
DMASS0 fluid and film, before and after polymerization, are
shown in Figure 9.

Emission in PEG-DMASS0 fluid at 298 K is broad and
structureless for all of the complexes, including Irl, similar to
fluid acetonitrile at 298 K, while polymerization and film
formation result in only slight blue shifts (A1 &~ 16 nm; AL =
520 cm™"). In even more rigid PEG-DMASSO films at 77 K,

4
i i E, — vnyhoy — vyphwoyy — vhoy
E

U — Ey + nyhoy + vy hoyy + vihoy

U
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Table 6. Spectral Fitting Parameters for Irl—Ir4 and for Fppy and dmb in Propionitrile/Butyronitrile (4/5, v/v) at 77 K

Ey/cm™ ﬂl/z/cm_l Awy/cm™!
Fppy 23790 570 1480
dmb 23 400 570 1520
Irl 22220 480 1500
Ir2 20 160 1260 1420
Ir3 20090 1280 1380
Ir4 19610 1110 1340

Sm
1.76
1.81
1.22
1.36
118
113

Aoy /em™ Sim Aoy /cm™ Sy
850 1.79 286 1.08
980 1.21 530 0.58
980 0.61 490 0.76

410 1.18
400 1.11
410 1.35

Normalized Emission Intensity

L 1 .I Il Ilr4
N
\
_'.'-] 1 ~ ~ e,
450 540 630 720 810
21/ nm

Figure 9. Emission spectra in PEG-DMASO00 fluid at 2908 K (- - - -) and
in PEG-DMAS00 films at 298 K (— - —--) and 77 K (-).

emission is structured with profiles similar to those observed in
propionitrile/butyronitrile (4/5, v/v) glass at 77 K. As in the
nitrile glass, for Irl, the change in emission with temperature in
the film is consistent with the 3MLCTIr(Ppy)_,l\H\, to *LCyy
inversion observed in the nitrile glass at 77 K. These results are
consistent with important roles from both temperature and
rigidity in the inversion between states, which is illustrated in
Scheme 2.

Scheme 2 illustrates two elements of importance in
describing excited-state structure in the series Irl—Ir4. The
excited-state properties of complexes Ir2—Ir4 are dominated by
low-lying T, states that can best be described as MLCT in
character with broad, structureless emissions. The properties of
these complexes vary systematically with emission energies and
are systematically tunable by ligand changes. Nonradiative
decay is satisfactorily accounted for by a quantitative version of
the energy gap law parametrized by the results of emission
spectral fitting, which includes variations in the acceptor ligand.
Emission at 298 K originates from states largely
3MLCTIr(ppy)_,I\W in character with little mixing with low-lying
LCyy states (orbital coefficients in Scheme 2 are a ~ 1, b ~ 0).
At 77 K, the impact of the rigid medium effect on
3MLCTI,(PPY)_,I\U\] increases MLCT excited-state energies,
decreasing the gap to the lowest-lying *LCyy states, presumably
with enhanced mixing with the lower-lying zz* *LCyy states.

For Irl, the lowest-lying state at room temperature is also
MLCT in character but with evidence for significant mixing
between MLCT and low-lying LC states with a = 0.85, >b =
0.15 in the wave function in Scheme 2. Evidence for mixing
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Scheme 2. Illustration of Excited-State Inversion for T, in
Irl in the Temperature Decrease from 298 to 77 K

V11 =0 Vspier+ b W3 ¢

e e AE
AEI LCyy 3 N ra— LCyy
MLCT,r>nw T,>b20
a>hb
E;
1Ground State 1Ground State
298 K 77 K
—_—
Rigidity
Complexes Ir2, Ir3 and Ir4
E JAE
| J— 3MLCT,, —
i ) SLCyn Ir>NN R 3LC
MLCT ST, >b =0 B Z:o
a
a>hbh
E; Er
1Ground State 1Ground State
298 K 77 K
Rigidity
Complex Irl

comes from the high emission quantum yield, greatly decreased
magnitude for k., and decreased magnitude of /,, the latter
consistent with diminished charge-transfer character in the
excited state. For this complex, cooling to 77 K results in an
inversion in excited-state order with 3MLCTIr(PPy)_,NN > 3LCuy
as evidenced by the highly structured emission.

Bl CONCLUSIONS

Quantitative evaluation of spectra, along with TD-DFT
calculations, provided information about the extent of coupling
between 3MLCTII( y—ny and SLCyy states of a series of
heteroleptic Ir(IIl) complexes, including the novel [Ir-
(Fppy),(dmb)]* complex. Their emission at 298 K is mainly
3MLCTIr(ppy)—>NN and is energetically tunable by ligand
modification. [Ir(Fppy),(dmb)]* showed distinguished emis-
sion features due to a contribution of triplet ligand-centered
excited state of dmb (*LCyy) in the emitting T state. All four
complexes exhibit intense emission, yet the more pronounced
mixed character of complex Irl at room temperature induces an
impressive high ¢ ~ 1. The results exposed here show the
importance to anticipate the nature of the ground and excited
states and their interactions to describe the emission
phenomena. The great features provided by Franck—Condon
analyses showed that it is a powerful, yet under-utilized, tool

P!
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that underlies theory to understand and predict a diverse set of
phenomena, and provide quantitative basis into rates or relative
rates for radiative and nonradiative decays from spectroscopic
measurements.

The dramatic changes in emission characteristics with
temperature observed for these complexes may allow them to
be employed in temperature sensors similar to an earlier
observation by Fischer et al.° Their intense emissions and color
variations also make them potential candidates for light-
emitting devices that cover a considerable range and are
appealing visually as shown in Figure 10.

Figure 10. Color array from Irl to Ir4.
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