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ABSTRACT

A novel Ir(II) complex, [Ir(Fppy).(Mepic)] (Fppy = 2-(2,4-difluorophenyl)pyridinate;
Mepic = 3-methylpyridine-2-carboxylate) was engineered to show a blue
phosphorescence with an impressive unitary quantum yield in our search for
luminescent metal complexes for low cost displays and efficient lighting devices.
Application of the Golden Rule through Franck-Condon spectral analyses along with
TD-DFT calculations and comparisons to the [Ir(Fppy).(pic)] complex have provided
insights on the mixing extension between charge-transfer (CT) and ligand-centered (LC)
excited states in the emissive lowest-energy triplet transition for different media. The
relatively narrow and vibronically-structured emission of [Ir(Fppy).(Mepic)] at 298 K
mainly arises from a spin—orbit-induced mixed *MLCT-LCru(ppy)— o/ LLCT Fppy—bepic
excited state, with an enhanced MLCT character because of the methyl addition to pic.
In a frozen media at 77 K, the CT contribution is extinguished, leading to a pure LCg,,

emission, with similar emissive spectral profile to the free ligand, FppyH. The efficient
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blue emission shows that the complex is suitable for high-performance light-emitting
devices and for thermo- and rigidity-sensors.

TABLE OF CONTENTS ENTRY

TABLE OF CONTENTS SYNOPSIS

A detailed photophysical investigation of [Ir(Fppy).(Mepic)] by TD-DFT and Frank-
Condon emission band shape analyses revealed a succeeded molecular engineering
towards an intensified blue emission, with phosphorescence from a spin—orbit-induced
mixed *MLCT-LCltppy)—ppy/” LCTrppyitepic €xcited state and an impressive unitary

quantum yield.

INTRODUCTION

Worldwide concerns for increasing energy demand significantly spur the
scientific endeavor for novel efficient lightening technologies. One of the most
successful, low-consumption and eco-friendly technologies are the organic light-
emitting diodes (OLEDs), typically prepared by vacuum processes in a multilayered
structure.'® In the emitting layer of OLEDs, both host matrix and guest emissive species
play important roles. The former promotes formation of excited state of the guest
species by energy transfer. Since the innovative work by Forrest and Thompson in
1998.” phosphorescent transition metal complexes have been broadly utilized as guests
in order to achieve high external conversion efficiencies, since their emitting triplet

states harvest both singlet (25 %) and triplet excitation (75 %).>%"® In special, Ir(IIT)
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complexes are the most prominent due to their strong structural and electronic
interactions between ligand(s) and the metal center with one of the highest spin—orbit
coupling (SOC) constant (i.e. & = 4430 cm_l).s’g’10 These facts lead to remarkable and
unique features, such as excellent thermal and photochemical stability and the tunability
of absorption and emission spectra as well as redox potentials.''

Several works have emerged concerning the efficiency and color versatility of
Ir(Il])-emitters."**'® The luminescence of cyclometalated Ir(Ill) complexes is best

1,15,16

ascribed as pertaining to an admixture of MLCT and LC states. Two of the main

synthetic strategies to increase quantum yields of Ir(IIl) emitters'® are to limit the

d'""*!1 and induce a larger mixing between

emission within only one appropriate ligan
MLCT and LC states.””*"*? The addition of a methyl group to the Fppy moiety of
[Ir(Fppy)2(NN)] complexes, for example, led to increases in radiative rates by enhancing
the MLCT character in the emissive state, yet no major impacts in their emission
energies were observed.”

In our previous work,> emission properties of a series of heteroleptic Ir(IIT)
complexes, [Ir(Xppy)»(NN)]" (Xppy = cyclometalated ligands; NN = diimine ligands),
with luminescence from orange to blue-green, were quantitatively evaluated to provide
the extent of coupling between *MLC Typpy)—nv and *LCyy states, which drastically
enhanced the emission quantum yield. One of these complexes, [Ir(ppy)2(dmb)]” (ppy =
2-phenylpyridinate; dmb = 4,4'-dimethyl-2,2'-bipyridine), was also successfully used as
the active layer in a light emitting electrochemical cell (LEC).**

In this work, a blue light-emissive Ir(Ill) complex, [Ir(Fppy).(Mepic)],
FIrMepic (Fppy = 2-(2,4-difluorophenyl)pyridinate and Mepic = 3-methylpyridine-2-
carboxylate), was engineered by introduction of a methyl group to the picolinate moiety

of the [Ir(Fppy)(pic)], Flrpic, archetypal-blue-emitter”> to enhance the MLCT
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character in the triplet emissive state. The intense phosphorescence of the designed
complex and the distinct photophysical properties are discussed in details, with results
supported by experimental and theoretical techniques, such as state-of-the-art Franck-
Condon analyses for the emission spectra and time-dependent density function theory

(TD-DFT) calculations.

EXPERIMENTAL SECTION

All chemicals and solvents for synthesis were purchased from Sigma-Aldrich or
Synth, and used as supplied. HPLC grade acetonitrile, propionitrile or butyronitrile were
used for the spectroscopic and photophysical measurements. Compounds mer-
[Ir(Fppy).(dmb)][PFs] and fac-[Ir(ppy)s;], employed as emission standards for the
emission quantum yield measurement, were synthesized as previously described,?*%
while [Ru(bpy);]Cl, was purchased from Sigma-Aldrich. The standard complex Flrpic,
without the methyl group, was synthesized following the same methodology for
FIrMepic described below.
Synthesis of bis[2-(2,4-difluorophenyl)pyridinate-C*,N] (3-Methylpyridine-2-
carboxylate-O,N)iridium(IIl) (FIrMepic)

IrCl;-H,O (400 mg, 1.34 mmol) and 2-(2,4-difluorophenyl)pyridine (FppyH,
450 pL, 3.01 mmol) were dissolved in a 3/1 (v/v) mixture of ethylene glycol monoethyl
ether/water (20 mL) and heated at reflux with stirring for 10 h. After cooling to room
temperature, 3-methylpyridine-2-carboxylic acid (MepicH, 200 mg, 1.46 mmol) and
Na,CO;3; (204 mg) were added to the mixture, which was refluxed again for 15 h,
leading to an orange solution. The product precipitated upon cooling was collected by
filtration, and washed three times with ultra-pure water then diethyl ether. The yellow
solid was recrystallized by dissolving the solid in ethyleneglycol monoethylether and

precipitated adding water slowly. The product, Chart 1, was filtrated, washed with

4
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diethyl ether and dried under vacuum to obtain 252 mg of pure product (0.36 mmol,

53% yield).

Chart 1. Chemical structure of FIrMepic.

Elemental analysis data were obtained on a Perkin-Elmer CHN 2400: Calcd for
IrCyoH1sN30,F4-2H,0: C, 46.67 %; H, 2.98 %; N, 5.64 %. Found: C, 46.61 %; H, 2.95
%; N, 5.68. The '"H NMR spectrum (Figure S1 and Table S1 in supporting information)
was recorded in a 500 MHz Bruker AIll, using CD;CN as solvent. The residual solvent
signal was employed as an internal standard. &/ppm: 8.61 (1H, d, /= 5.8 Hz), 8.30 (1H,
d, J = 8.5 Hz), 8.22 (1H, d, J = 8.3 Hz), 7.91 (1H, t, J = 7.6 Hz), 7.86 (1H, t, J = 7.7
Hz), 7.78 (1H, d; J = 7.6 Hz), 7.63 (1H, d, J = 5.3 Hz), 7.60 (1H, d, J = 5.8 Hz), 7.27
(2H, m), 7.12 (1H, t, J = 5.8 Hz), 6.52 (2H, m), 5.76 (1H, dd, /= 8.9, 2.4 Hz), 5.55 (1H,
dd, J=8.9,2.4 Hz), 2.72 (3H, s).

Photophysical measurements

UV-Vis absorption spectrum was recorded on an Agilent 8453 diode array
spectrophotometer. Steady-state emission spectra were recorded in a PCl photon-
counting spectrofluorimeter (ISS) with a photomultiplier based, photon-counting
detector with detector sensitivity correction. Emission decays were recorded on a
ChronosBH time-resolved fluorometer (ISS) using a diode laser (Aex = 378 nm,
frequency = 20 kHz, ISS) as an excitation light source. The absorbances at the
excitation wavelength of sample solutions were set between 0.1 and 0.2 in four-

polished-face quartz cuvettes with 1.000 cm optical path length. Solutions were
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deoxygenated with argon for at least 10 minutes prior to measurement. For 77 K
experiments, samples were prepared in a mixture of propionitrile and butyronitrile (4/5,
v/v) (prop:but) in quartz tubes inserted into a quartz Dewar flask containing liquid Np.
The emission quantum yields (@) for FIrMepic and Flrpic in acetonitrile at 298
K were calculated by the absolute method applying the methodology developed by
Friend et al*’ using a BaSO4-coated integration sphere, Edinburgh 1-M-2 (in the
University of North Carolina), as well as by the relative method using Equation 1. For
the latter one, acetonitrile solutions of three different reference compounds were
employed as emission standards: a) mer-[It(Fppy),(dmb)|[PFs] (¢=0.96 %, Aex = 375
nm, with a 389 nm long pass filter); b) [Ru(bpy);]CLs (¢=0.094 **, 1= 400 nm, with a
420 nm long pass filter); ¢) fac-[Ir(ppy)s] (6= 0.99 *°, Jx= 370 nm, with a 389 nm long
pass filter). The results using the integrating sphere and the three references gave

excellent agreement.

Dir = bres it (M
¢ = Emission quantum yield for the sample;
¢rey = Emission quantum yield for the reference in the same solvent;
A, = Absorbance of the sample at the excitation wavelength;
Arey = Absorbance of the reference at the excitation wavelength;
P;,- = Integral of the sample phosphorescence spectrum;
P.; = Integral of the reference phosphorescence spectrum.
Cyclic Voltammetry measurements were performed with a Gamry Interface
1000 potentiostat. The three-electrode setup consisted of a platinum working electrode

(0.5 cm?), a platinum coiled-wire counter-electrode and a silver wire pseudo-reference.

Tetra-n-butylammonium hexafluorophosphate (50 mmol L") was employed as a

Page 6 of 30
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supporting electrolyte in acetonitrile and ferrocene (0.3 mmol L'l) as an internal
standard (El?C Jrc+ = 10.64 V vs. NHE).

Theoretical calculations

Molecular orbital calculations for the complex were conducted with a Gaussian
09W software.*® Optimization of the ground-state geometry was performed by using
DFT with the B3LYP functional. The LanL2DZ*'** and 6-31G(d,p)34’35 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 40 singlet
and 5 triplet transitions. All the calculations were carried out in acetonitrile as solvent
by using a Polarizable Continuum Model (PCM).***” Electron density populations were
plotted using GaussView 5.0.°® The simulated absorption spectrum was generated using
the same software.
Franck-Condon analyses for emission spectra

Franck-Condon band shape analyses for emission spectra were carried out on the
basis of Equations 2 and 3, which include two and three vibrational acceptor mode(s),
respectively, as averages of the multiple modes coupled to the transition between the
emitting excited state and the ground state.**™* Prior to the spectral fitting analysis, the
number of photons at a given wavelength were corrected to the wavenumber scale by
using the relationship,44 V) =I()) x 2%

. - - EO - UHh(,L)H - ULh(J)L 4 SHUH SLUL
1) = Z 2 ( E ) ! !
0 Vy- Uy,

vg=0v,=0

Vi/2

I(~) _ i i i EO — th(l)H — th(DM — ULth 4 SHUH SMUM SLUL
V)= ( EO ) vH! UM! vL!

vg=0vMm=0v,=0

~ 2
x exp [_41n2 (V—E0+UHfl(DH+ULh(I)L) ] (2)

X exp [—4ln2 ( 3)

V—Ey+vyhwy+vyhwy +ULfl(A)L)2:|

Vi/2
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In these equations, /(¥) is the emission intensity at the energy ¥ (in cm ™). Ej is
the energy gap between the zeroth vibrational levels in the ground and excited states.
Aoy, Aoy and Aoy are the quantum spacings for averaged high-, medium- and low-
frequency vibrational modes, respectively.” Sy, Sy and Sp. 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 high-, medium- and low-frequency vibrational modes, respectively.
V112 1s the full width at half-maximum (fwhm) for an individual vibronic line.***” In the
fitting procedure, Ey, Ao, 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 (for 2-
mode fit) or 0—5 (for 3-mode fit) in the ground state.

RESULTS AND DISCUSSION
Absorption

The electronic absorption spectrum of FIrMepic in acetonitrile at 298 K is
shown in Figure 1, along with the simulated spectrum, which are similar to those of
parent complexes, [Ir(Fppy).(dmb)]" or FIrpic.22’25’49 The major band around 253 nm
can be ascribed to a ligand-centered (LC) mr* transition in the Fppy ligand(s). Broad
and relatively weak absorptions observed in the longer wavelength region are an overlap
of LC, metal-to-ligand charge transfer (MLCT) and ligand-to-ligand charge transfer
(LLCT) mixed-spin transitions as a direct consequence of the strong SOC effect exerted
by the Ir(III) core:"*'*'>?? for instance, the less intense lowest-lying band around 460
nm is ascribed to a spin-forbidden triplet transition. Although it is difficult to assign the
nature of this featureless absorption, TD-DFT calculations and photophysical properties

(i.e., 7, ky and k;) lead to a mixed MLCT/LC excited state, which is Fppy-related since
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Mepic-related ones lye at higher energies.’’ This mixed MLCT/LC excited state
corresponds to an intramolecular charge transfer transition from a dmiyzy) to @ T*g,,,-

orbital enabled by the strong quasi-covalent bond between Ir(Ill) and C atoms in the

Fppy ligands.

50 0.60
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—Io 304 ~0.36 ;:
= g o
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Figure 1. Electronic absorption spectrum of FIrMepic (black —) and the simulated

spectrum by TD-DFT calculations (grey *¢), both in acetonitrile at 298 K.

TD-DFT calculated energies and oscillator strengths for singlet transitions of
FIrMepic are correlated with the experimental absorption spectrum, Figure 1, by
assuming full widths at half-maximum of the transitions to be 0.230 eV and shifting the
spectrum to higher-energy by 5%. Slight deviations observed in the low-energy region
are due to the contributions of spin-orbit-allowed triplet transitions which are not taken
in account in the simulation.

Table 1 summarizes related molecular orbitals (MOs) for singlet (S;—S;9) and

triplet (T,) transitions, with energies corrected by the 5% factor. The three lowest-
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energy singlet transitions (S, S; and S;) result from several MOs mainly related to the
highest-energy occupied MO (HOMO), characterized as dmty#p,). From electron density
populations and contours in Table 2 and Figure 2, the lowest-energy unoccupied MO
(LUMO) and LUMO+2 are best characterized as m*-orbitals of the Fppy ligand and
LUMO-+1 is of the Mepic ligand. Therefore, S; to Ss transitions are mainly ascribed to
MLCT}— £ppy and MLCT i pzepic having partial mixing with LCp,, and LLCT gpy— psepics
respectively. The nature of HOMO for FIrMepic is very similar to those of the related

22,25,49

complexes, [Ir(Fppy).(dmb)]” and Flrpic. The S4 to S; transitions are mainly
originated from HOMO-1 (dmz,,)) and mixed-MOs.

The calculated S; energy (Es; = 3.156 eV) for FIrMepic is in very-good
agreement to the experimental electrochemical data in acetonitrile (AErgpox = 3.2 V),

from oxidation and reduction potentials around 1.5 and -1.7 V vs. NHE, respectively,

similarly to Flrpic (1.6 and -1.7 V, AERgpox = 3.21 V).25

10
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Table 1. Energies and contributions of individual MOs for transitions in the FIrMepic

complex.
Excited State (Wi?/ggz; h) Transition

S 3.156 eV HOMO-0 — LUMO+0 (61 %)
! (393 nm) HOMO-0 — LUMO+1 (39 %)
s, 3.224 eV HOMO-0 — LUMO+1 (80 %)
(385 nm) HOMO-0 — LUMO+2 (20 %)
S 3.271eV HOMO-0 — LUMO+2 (82 %)
3 (379 nm) HOMO-0 — LUMO+0 (18 %)
3632 0V HOMO-1 — LUMO+0 (40 fo%)
S4 (341 nm) HOMO-1 — LUMO+1 (36 %)
HOMO-1 — LUMO+2 (24 %)
g 3.681 eV HOMO-1 — LUMO+0 (81 %)
° (337 nm) HOMO—-2 — LUMO+1 (19 %)
S, 3.768 eV HOMO-1 — LUMO+2 (56 %)
(329 nm) HOMO-0 — LUMO+3 (44 %)
s, 3.790 eV HOMO-0 — LUMO+3 (81 %)
(327 nm) HOMO-1 — LUMO+1 (19 %)
HOMO-2 — LUMO+0 (40 %)
S, 3.872eV HOMO—4 — LUMO+0 (24 %)
(320 nm) HOMO-3 — LUMO+0 (23 %)
HOMO-2 — LUMO+1 (13 %)

S (33'?1311‘;;; HOMO- — LUMO+4 (100%)%)
HOMO-2 — LUMO+2 (20 %)
HOMO-0 — LUMO+4 (19 %)
3.960 oV HOMO-2 — LUMO+0 (18 %)
Sio (313 am) HOMO—4 — LUMO+2 (13 %)
HOMO-3 — LUMO+2 (11 %)
HOMO-3 — LUMO+0 (10 %)
HOMO-4 — LUMO+0 (09 %)
5 830 6V HOMO-0 — LUMO+0 (53 %)
T, ( 38 ) HOMO-0 — LUMO+1 (34 %)
HOMO-3 — LUMO+2 (13 %)

*Energy values were shifted to higher-energy by 5%.

11
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complex.
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Contribution / %

Molecular Orbital
Ir(I1I) Fppy Mepic
LUMO+2 2.43 3.89 93.68
g LUMO+1 5.10 91.93 2.97
2 LUMO 5.97 90.39 3.64
LUMO+3 2.78 64.11 33.11
LUMO+2 5.19 88.27 6.54
LUMO+1 5.29 3527 59.44
iy LUMO 2.71 65.09 32.20
& HOMO 5022 4359 619
HOMO-1 56.66 27.18 16.16
HOMO-2 29.73 65.83 4.44
HOMO-3 23.09 68.61 8.30

12
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singlet MOs triplet MOs

Figure 2. MO contours (0.03 eA ) related to S; and T; transitions in FIrMepic.

13
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Emission at 298 K

Excitation of FIrMepic in acetonitrile at 298 K leads to singlet (and triplet) excited
states, followed by internal conversion and intersystem crossing to give the lowest-lying triplet
state (T;). MOs of T, differ from those of the relevant singlet state, Figure 2 and Table 2. The
excitation spectrum, Figure 3, is almost identical to the absorption spectrum in the 270-465 nm
region, Figure 1, and indicative of an efficient formation of the T, state. Deviations in the 230-

270 nm region are due to the inner filter effect.

o Normalized Intensity

00 250 300 350 400 450 500 550 600 650
Wavelength / nm

Figure 3. Excitation (black eeee; A.,, = 474 nm) and emission spectra (blue —; Acx = 365 nm) for

[[r(Fppy).(Mepic)] in acetonitrile at 298 K.

Deactivation from T; occurs with intense blue phosphorescence and the emission
spectrum 1is relatively narrow with weak vibronic modes, Figure 3. The emission maximum at
474 nm in acetonitrile, Table 3, is almost independent of the polarity of the surrounding medium,
as shown in Figure S2 in supporting information. The methyl group in the pic moiety has a little
influence on An, (compared to Flrpic) and only plays a major role in the emissive constant, as

discussed in following paragraphs.

14
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The uncoordinated FppyH ligand exhibits a weak 1mr*Fppy-ﬂuorescence at 298 K (Amax =
307 nm), whereas the S Fppy-phosphoresnce is only observed at frozen media at 77 K, (Amax =
455 nm), Figure S7 in supporting information. The structured and media-independent emission
for the FIrMepic could indicate a nn*-based character of T, state related to Fppy ligands. In this
assumption, the heavy Ir(Ill) core acts solely on eliminating the forbidden character of
intersystem crossings, which leads to the phosphorescence from the lowest-lying 37t7t*Fppy
channel. However, the impressively high emission quantum yield (¢ ~ 1) and the relatively long-
lived emission (z = 0.76 ps) for the complex at 298 K, Table 3, differs significantly from those
for pure mm* phosphorescence in same conditions and are analogous to pure "MLCT
emissions.'>*”?* Therefore, from the distinct emission properties, it is more appropriate to
assume a mixed MLCT-LC character (Fppy-based) for the T, state of FIrMepic, harvested by

singlet and triplet relaxations, similarly to Flrpic (Figure S8 in supporting information).

Table 3. Emission properties of FIrMepic, Flrpic and the free FppyH ligand in different media

at 298 and 77 K.

Compound Media Armax /N T k, k

(nm) (us) (10°sh)  (10's™
FIrMepic Acetonitrile 298K 474 0.98+0.02  0.77 13 2.6
0.96 £ 0.06
0.98 + 0.05°
0.96 + 0.05°
prop:but 208K 472 " 0.61 -- -
77K 456 " 1.97 -- -
FIrpic Acetonitrile 298K 470 0.80 + 0.03° 0.74 11 2.3
0.83 £0.07
prop:but 77K 456 ** 1.95 -- --
FppyH Acetonitrile 298K 307 <0.005 " -- --
prop:but 77K 455 ** 1.90 -- -

*Quantum yields were measured by the relative method against standard compounds - mer-[Ir(Fppy),(dmb)][PF¢] 2
(a), [Ru(bpy);ICl, ** (b), fac-[Ir(ppy)s] » (c), or the FIrMepic sample itself (d) - or by the absolute method using an
integrating sphere (e).

**Not measured.

15
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Emission quantum yields for FIrMepic, Table 3, were measured by the relative method
against three different emission standards to verify the impressive obtained values: a) mer-
[Ir(Fppy)a(dmb)][PFe] %% b) [Ru(bpy);]CL %*; ¢) fac-[Ir(ppy)s] ». Data obtained using the three
standards are in excellent agreement among them and also to the absolute value, measured using
an integrating sphere. Indeed, FIrMepic shows an unitary quantum yield, higher than Flrpic,
and the electronic origins for the emission-enhancement are explained in following paragraphs.
Here, it is worth reinforcing that the ¢ values for Flrpic obtained in this work (0.83 and 0.80) are
considerably higher compared to previews measurements (0.63 > or 0.61'" in the same solvent).
This value is very accurate considering it was obtained using two more-appropriate reference
compounds (with similar Aem, Aexe and ¢°°), whose quantum yields were also previously
measured by an integrating sphere. The use of the reevaluated value can avoid misleading
comparisons in future works.

It is clear that the T, state of FIrMepic mainly deactivates through a radiative process (k;),

Table 3, rather than the nonradiative one (k;,,), both calculated by Equations 4a and 4b.

ky

6= (4a)
1

T= ke+knr (4b)

k: 1s related to the square of the transition dipole moment upon radiative deactivation

12230 pesultant from the SOC-permutation between close- and low-lying

from the mixed-T; state,
excited states of different nature."”'****° The remarkable & value (13 x 10° s') for FIrMepic is

an experimental proof of the mixed-nature for T; with a major role of a stronger-dipole MLCT

counterpart, similarly to that of [Ir(Fppy)x(dmb)]” (k; = 15 x 10° s7).?

16
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A mixed character for T, at 298 K is also supported by TD-DFT calculations. As
summarized in Table 1, the lowest-lying triplet excited state is ascribed to an interaction between
three different transitions, HOMO — LUMO (53%), HOMO — LUMO+1 (34%) and HOMO-3
— LUMO+2 (13%). The first two are similar in nature (both triplet-LUMO and triplet-LUMO+1
are m*g,,, related, Table 2 and Figure 2), possessing totally 87% contribution in the mixed
character, thus the emitting excited state of FIrMepic is best characterized as MLCT-
LCli(rppy)>ppy- The third one is assigned to a *LLCT gy pepic transition, m,,m* ey related, and
has a minor contribution (13%) to the emitting T, state.

As summarized in Table 2, the observed k;-constant for FIrMepic is higher than FlIrpic
(by 2 x 10° s') as a consequence of the methyl addition, although the electronic origin is not

obvious and relies on SOC-induced permutations’'*>°

theoretically corroborated by TD-DFT, as
described hereafter. For Flrpic, the absence of electron-donating methyl group in the pic moiety
leads to a more stabilized m*,;. (triplet-LUMO+2) hence a smaller energy difference between
*LLCT fppyspic and the low-lying *MLCT-LClygppy)rpy States. This smaller AE results in a more
effective mixing between the MLCT-LC and LLCT counterparts, decreasing the (stronger-
dipole-) MLCT character (80%, Tables S3 and S5 in supporting information) in T;. Not only the
lower MLCT influence but also the LLCT enhancement is hazardous to &, by weakening of Ir-
ligand bonds."

TD-DFT calculations were also conducted for two other possible isomers (4- and 5-
Mepic), to analyze theoretically the impact of the methyl position in the resultant T; admixture
based on the proposed SOC-induced electronic mechanism. Their electron density populations

and contours are summarized in Tables S6-S9 and Figures S10-S12 in supporting information.

The calculated excited state properties of the 6-Mepic isomer (with a reported ¢ value lower than
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FIrpic”’18

) are not compared, since the methyl group distorts the complex structure by a steric
hindrance.

A comparison of orbital energies among the three isomers, Tables S6-S9 in Supporting
Information, indicates a lower value for the 3-Mepic complex (—1.802 eV), which comes from an
orbital node exactly at the 3-position that leads to a less effective electron donating effect.
Substitution in the 4-position is the most effective (-1,768 eV), since the electron donation occurs
in the inverse direction of the Ir(Fppy)-to-Mepic charge transfer, as similarly observed for the
Ru-to-dmb charge transfer in the [Ru(dmb);]*" complex.”’™

In terms of the final admixture in the T, transition, the 3LLCTFppyHMep,~C (HOMO-3 —
LUMO+2) influence increases from 3-Mepic to 4-Mepic complexes (from 13% to 15%),
decreasing the contribution of the MLCT counterparts (85% for 4-Mepic), Table S10 in
supporting information. The MLCT character is further decreased in the 5-Mepic complex (69%)
by an influence of a fourth transition, LCg,, related (15%), in the excited state mixing, Table
S11 in supporting information. Therefore, based on this proposed electronic effect, it is also
possible to speculate that the 4-Mepic isomer will lead to a higher emissive constant compared to
the non-substituted FIrPic, since it also possesses a higher MLCT/LLCT ratio, yet only the 3-
Mepic one has been synthesized.

As for non-radiative processes, ky is slightly higher for FIrMepic (2.6 x 10* s™') in
comparison to FIrpic (2.3 x 10* s, here obtained using the new reevaluated ¢ value) as a
consequence of its slightly lower-energy emission, in accordance to the energy gap-law that
predicts higher k,, constants for decreased emission energies (In k, is linear to -Eem).zz’39

Nevertheless, the much larger increase in 4, as discussed above, plays a major role in the

resultant enhanced quantum yield.
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Humans can perceive colors by a trichromatic stimuli on the virtual cortex, quantified by
the Comission Internationale d’Eclairage (CIE) in three matching functions or spectral sensitivity
curves, x(A), y(A) and z(1).°*®" The x and y CIE coordinates for FIrMepic, Flrpic and
[Ir(Fppy)a(dmb)]” were calculated by Equations 5a and 5b from their X, ¥ and Z tristimulus,
Equations 6a to 6¢, using photoluminescence spectral data in acetonitrile at 298 K. The

numerical values of the CIE standard x(1), (1) and z(1), are available as free-access tables.®

X = X+Y+Z (53)
Y
Y= X+Y+Z (Sb)
780 _
X = [/ 1()E(A)dA (62)
780 _
v = [ [(DFA)dA (6b)
780 _
Z = [ 1()Z(A)dA (6¢)
0.90
*Flrl\lepic
075 [ ¥ Flrpic
< [Ie(Fppy)(dmb)]
0.60
VY 045
0.30
0.15 4
0.00 x r T r r
0.00 0.20 0.40 0.60 0.80

Figure 4. Color space chromaticity diagram with CIE coordinates for the emission of FIrMepic,

FIrpic and [Ir(Fppy).(dmb)]” in acetonitrile at 298 K.
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The emissive deactivation of FIrMepic in acetonitrile at 298 K is sky-blue (x =0.14; y =
0.29), with CIE coordinates practically identical to the standard blue emissive FIrpic (x = 0.14; y
= 0.26) in same conditions, Figure 4. The remarkable ¢ strenghs this complex to be employed as
a standard triplet-emitter and could also be suitable for the pursuit of white-light emitting
devices. These results also show our progress from our previously reported bluish-green
[Ir(Fppy)2(dmb)]" (x = 0.26; y = 0.52) towards emission in a very attractive and highly desired
color even at room temperature.
Emission at 77 K

As for the emission of FIrMepic and Flrpic in prop:but frozen glasses at 77 K, their
spectra are narrower and shifts to higher-energy in comparison to the 298 K one, Figure 5. Their
band shapes resemble the phosphorescence from uncoordinated FppyH at the same temperature
and solvent as well as their emission lifetimes are identical, leading to a pure *LC,, emission
character for both complexes at 77 K. The medium freezing is also followed by an intensity
increase for the FlIrpic complex arising from the temperature dependence of the energy gap

22,39
law.”

Normalized intensity

400 450 500 550 600 650
Wavelengh / nm

Figure 5. Emission spectra at 77 K (dex = 365 nm) for FIrMepic (black —), Flrpic (grey —)

and FppyH (cyan —) in prop:but frozen glasses.
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Franck-Condon analyses for emission spectra

In order to quantitatively evaluate the excited-state character and vibrational progressions
of the emitting T, state in different media and temperatures, Franck-Condon analyses for
emission spectra were conducted by application of the 2- or 3-average mode approximation,
Equations 2 or 3. Fitted spectra for FIrMepic are shown in Figure 6, together with the

experimentally obtained ones, and the fitting parameters are summarized in Table 4.

FIrMepic
CH,CN-298 K

FIrMepic
prop:but - 77 K

" r | 4 il 4 | 4 | 4 Il
T T T T T T T

Free FppyH Ligand
prop:but - 77 K

16 18 2'03 2
Wavenumber / 10° cm’”’

Figure 6. Experimental (solid grey areas) and fitted emission spectra for FIrMepic and FppyH

by using Equations 2 (***) or 3 (—) and parameters summarized in Table 4.
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Table 4. Spectral fitting parameters for FIrMepic, FIrpic and FppyH at 298 (in acetonitrile) and 77 K (in prop:but).

T/K Compound Number of Ey Vin hoy fiou hor Su Sm St R
vibrational modes /em
298 FIrMepic 2 21300 1110 2240 -- 990 0.15 -- 1.09  0.9996
21300 1110 2250 1390 980 0.15 0.01 1.09  0.9996
Flrpic 2 21400 1080 2380 - 1070  0.15 - 1.00  0.9989
3 21420 1040 2460 1320 980 0.12 0.28 0.79  0.9990
77 FIrMepic 3 21880 450 1470 1010 470 0.59 0.38 0.45  0.9969
Firpic 3 21920 430 1450 1010 490 0.60 037 039 0.9960
FppyH 3 21820 490 1470 1000 480 0.58 0.38 0.48  0.9974
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The emission spectra of both complexes in nitriles at 298 K were adequately reproduced
(correlation factor R > 0.9995) by accounting high- (Zwy) and low-frequency (%) averaged
vibrational modes, Equation 2. The FIrMepic spectrum is almost independent (Sy ~ 0.01) to the
medium-frequency mode (%wy) obtained by the fitting using Equation 3.

The obtained E, for FIrMepic at 298 K (21300 cm™, or 2.64 V) is in good agreement to
the TD-DFT-calculated T; energy and it fairly correlates to AErepox (3.19 V) in a factor of 0.83,
very similar to [Ir(Xppy),(NN)]" complexes (0.82),* differing from unity because the emission
energy also accounts intersystem crossings and contributions from outer and inner-sphere
reorganization energies. These are characteristic features of most emitters with a main MLCT
nature, %>

The ¥/, (or fwhm) of an individual vibronic line is proportional to the square root of the
solvent reorganization energy, with higher values for CT emissions.” fwhm obtained for 298 K
FIrMepic emissions (~ 1100 cm ™) arise from the mixed CT-LC nature, since values are lower
than pure CT states (~2580 cm ' - on the basis of two-mode fit %), yet not as small as pure LC
ones (e.g. the free FppyH ligand, ~ 490 cm™). For Flrpic, the lower MLCT character in the
mixed-T state results in a slight decrease in fwhm (~ 1040 cm_l).

The medium- and low-frequency modes obtained from the spectral fittings at 298 K (Zicom
~ 1400 cm ™' and Ao ~ 980 cm™) can be ascribed to skeletal modes in the Fppy ligand since
similar frequency modes are obtained from the spectral simulation for FppyH (at 77 K). These
results are also clear evidences of the Fppy-localized T, transition in both complexes, as obtained
from TD-DFT. The nature of /ey is unclear, possibly a pic-skeletal mode associated to the lower
3LLCTFppy_,Mep,~C extent in T, since Awy is the most responsive to the addition of the vibration-

restrictive methyl-group, with a decrease in frequency from 2460 to 2250 cm .
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The spectra of both complexes and the free ligand in the frozen media at 77 K are
satisfactorily reproduced by the 3-average mode approximation, Equation 3, with quite similar
parameters, Table 4. The results clearly demonstrate that the emitting T state of both complexes
at 77 K are purely mn*z,,, in character (i.e., *LCjyy,,) With no extent of MLCT or LLCT mixings,
leading to spectral resemblances and comparable emission lifetimes, Table 3. Therefore, by
freezing the medium from 298 to 77 K, the mixing of charge-transfer and LC excited states is
extinguished by destabilization of CT states owing to pronounced thermo- and rigidochromic

effects, in contrast to relatively unaffected nn* excited states.

CONCLUSIONS

The FIrMepic complex was successfully engineered to present desired photophysical
features, specially blue luminescence from a distinct-nature excited state. Emission spectrum
studies, along with theoretical calculations, have proven a *"MLCT-LCuzppy) o/ LLC T iy bepic
mixed character for the emissive T; state of FIrMepic and Flrpic complexes. Mixed-nature
emissive T, states are enabled by a strong spin—orbit coupling of the Ir(IIl) core along with the
quasi-covalent bond between Ir(IlT) and C atoms.

The detailed photophysical study presented here stands as a proof-of-concept example of
the interplay between different excited states and SOC-permutations in Ir(IIl) compounds.
Distinct emissive-states lead to very-efficient blue phosphorescence (CIE ~ x = 0.14; y = 0.29)
for both complexes at 298 K, yet the methylated FIrMepic complex shows an increased
emissive constant, with unitary quantum yield. The electronic origin of this methyl-induced
improvement is because of a larger influence of the MLCT counterpart in T, based on SOC-
induced permutations corroborated by TD-DFT calculations. The influence of the CT-

counterpart is extinguished by freezing the medium at 77 K due to a pronounced rigidochromic
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effect, which leads to a smaller bandwidth in a vibronically-structured spectrum, very similar to
that of the free FppyH ligand.

The improved photophysical features of FIrMepic, in special the unitary quantum yield,
makes it a strong candidate for very-efficient light-emitting technologies, such as phosphorescent
temperature- and rigidity-sensors, and especially in blue-light emitting devices.

Furthermore, by a judicious device-design, white-light-emitting systems can be
developed by employing FIrMepic and orange/red Ir(Ill) complexes within the x > 0.45 CIE

69-72

region (for example, recently published ones” ) in their active layers.

ASSOCIATED CONTENTS
Supporting Information. "H NMR spectrum of FIrMepic, complete TD-DFT data, emission
spectra in different media, emission decays and time resolved emission spectrum. This material

is available free of charge via the Internet at http://pubs.acs.org.
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