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Two new cationic Ir(lll) complexes are compared with respect to their performance in light
electrochemical cells (LECs).
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We report the comparative study of the electrochemical and photoluminescent properties of two Ir(III)

complexes described as [Ir(F,ppy),(N“N)][PF;], where the F,ppy ligand is 2-(2,4-difluorophenyl)pyridine
wand the NN ligands are pyrazino[2,3-f][1,10]phenanthroline (ppl) and pyrazino[2,3-
f][4,7]phenanthroline (ppz). The complexes were used for the fabrication of light-emitting
electrochemical cells (LECs). The structures of the complexes have been corroborated by X-ray
crystallography. Theoretical calculations were performed to understand the photophysical behavior of the
complexes. Both in solution and solid state, the photoluminescent spectra shows that emission is
significantly red-shifted in the [Ir(F,ppy).(ppz)][PFs] complex compared with the [Ir(F,ppy),(ppl)][PF]

o

complex. Besides, the [Ir(F,ppy).(pp])][PFs] complex exhibits a higher quantum yield and a longer
excited state lifetime than the [Ir(F,ppy).(ppz)][PFs] complex; therefore, in the last case non-radiative
decay is predominant due to the stabilization of LUMO orbital (energy gap law). In the fabrication of
LEC devices with the [Ir(F,ppy).(ppl)][PFs] complex, light emission was obtained with a maximum value
20 of luminance equal to 177 cdm™, while in the case of the [Ir(F,ppy),(ppz)][PFs] complex, no luminance
was observed. According to the photophysical data, the performance in LEC devices could be explained
by the different position of the nitrogens in the ppl and ppz structural isomers, electronically affecting the
complex, and therefore its properties. In addition, from the crystallographic analysis it is possible to note
that the [Ir(F,ppy).(ppz)][PFs] complex shows enhanced intermolecular and intramolecular interactions
compared with [Ir(F,ppy)(ppl)][PF¢], and consequently it can be expected a higher ordering of the
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molecules in the complex with ppz ligand. This higher order could favour quenching processes, and
consequently enhancing the non-radiative deactivation.

in the high chemical and physical stability of these type of Ir-
Introduction iTMCs. Consequently, they can be considered as excellent
candidates for development of LEC technology.”'*"?

On the other hand, the emission wavelength of cationic Ir(III)
o ) .. 2 £ so complexes is affected significantly by the nature of the organic
app.hcatlons asm ('iye s}e ns1tlz§d s'olar cel.ls ,(DSS.'CS)’ ’ non—hnefg ligand. The cyclometalating and ancillary ligands in complexes of
optlca}l (NLO') (.1eV1ces, organic light-emitting dlosies (OLEDS),’ the type [I(CN)(NAN)]™ (CAN: cyclometalating ligand and
and light-emitting electrochemical cells (LECs).”™ In particular, NAN:  substituted 2,2’-bipyridine ancillary ligand), act

. . L o > pyr y ligand),
LECs are manufactured with a single layer of an ionic transition independently in order to achieve the desired emitting col our.

mﬁFaL complex (lllTMlC)’ sa.nd'w?che.d be}:wein two electrodes(i ss In general, electron-withdrawing substituents in the C*N ligand
which promotes the electronic myection, the charge transport an decrease the electronic density of the metal, producing the

the 'hght cmission. 'Unhke OLEPS’ that rely on a multilayer stabilization of the HOMO (highest occupied molecular orbital).
architecture to fulfilling these functions, LECs consist of only one This effect has been achieved for example by incorporation of
active layer.g’lo In addition, the LEC devices work with air-stable fluorine substituents.'®!” Alternativ ely, the NN ligand can be

« cathodes, therefore, rigorous encapsulation is not ne'cessary.“'” ¢ modified with the purpose of stabilizing or destabilizing mainly
C}fclome.talated Ir.(HI) complexes are known to experience strqng the LUMO (lowest unoccupied molecular orbital), changing the
spln.—orblt ?oupllng. processes th.at allow' to p(?pulate §p1n- HOMO-LUMO gap and therefore the emission energy.5
forbldden triplet ex'c1ted states, which are mixed with .th.e hlg}'ler In this paper two isomers of cyclometalated Ir(IIl) complexes
MLQT (metal-to-h'gand5 chgrge transfer) sta}te, obtaln'mg high were compared in terms of their photophysical properties and

45 emission quantum yields.” This feature has an important influence

Cyclometalated Ir(III) complexes have been widely studied due
30 to their interesting photophysical properties and technological
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Fig. 1 Chemical structures of the cyclometalated Ir(III) complexes studied. [Ir(Fppy)(pp))][PFs] (A) and [Ir(Foppy)2(ppz)][PFs] (B). Red area: 1,10-
phenanthroline, yellow area: 4,7-phenanthroline and blue area: pyrazine.

and performance in LEC devices. The studied complexes (see the volume of the solution was reduced by under vacuum. Then
Figure 1) have the general formula [Ir(F,ppy),(N“N)][PFs], 500 mL of water was added and the mixture was filtered. To the
where Foppy: 2-(2,4-difluorophenyl)pyridine and N”N is either ss obtained solution, 2 equivalents of KPF¢ were added, obtaining a
pyrazino[2,3-f][1,10]phenanthroline  (ppl) or pyrazino[2,3- yellow precipitate. This solid was filtered and washed with water,
f][4,7]phenanthroline (ppz). In conjunction with the experiments, and then was purified by column chromatography on silica,
quantum chemical calculations were carried out to understand the eluting with acetone and then changed by ethanol. The product
influence of the ancillary ligands in the electronic properties of was recrystallized with CH,Cl,/diethyl ether diffusion. (89 mg,
the two Ir(Ill) complexes. The energy gap between the HOMO 0.09 mmol, 78%). Found: C, 46.00; H, 2.90; N, 9.00;
and the LUMO was analyzed, due to influence of the position of Cs6HyoF0IrNgP requires C, 45.53; H, 2.12; N, 8.85%. UV-Vis
phenanthrolinic nitrogens in the structure of the N”N ligand, Mnm (g/dm® mol™! ecm™) (CH;CN) 257 (112415), 358 (13388),
which determines the coordination sites of the ligand. Moreover, 419 (1887). IR (KBr,v/em™) 3086 (CH,m), 1575 (CC), 1479
the performance of these complexes in LECs was evaluated. The (CN), 842, 557 (PF). '"H NMR (400 MHz, (CD5),CO, 295 K)
»s device based on the [Ir(F,ppy).(ppl)][PFs] complex showed s d/ppm 9.81 (d, 2H, H®), 9.36 (s, 2H, Hd), 8.71 (d, 2H, H"), 8.40
electroluminescence, while for the devices using the (d, 2H, py3), 8.28-8.25 (m, 2H, Hb), 8.01 (t, 1H, py4), 7,88 (d, 2H,
[Ir(F2ppy)2(ppz)][PFs] complex no light emission was observed. py®), 7.06 (t, 2H, py®), 6.82 (t, 2H, ph*), 5.91 (d, 2H, ph®) (see the
In accordance with the experimental and theoretical studies, the ESI for details).
different performance in LEC device is attributed to a synergistic [Ir(F,ppy)2(ppz)][PF¢]. One equivalent of the starting bimetallic
30 effect between of the electron-withdrawing character of the ppz 7 precursor  [Ir(F,ppy)»(u-Cl)], was  dissolved in a
ligand and the greater number of molecular interactions observed MeOH/CH,Cly(1:3) mixture and added by dripping onto a
for the complex with this ligand from X-ray crystallography. The solution of 3 equivalents of the ppz ligand dissolved in 50 mL of
very short turn on times for the [Ir(F,ppy).(ppl)][PF¢] based LEC, MeOH/CH,Cl, (1:1). The mixture of reaction was heated to
allows to propose this complex as an effective and promising reflux for 2 hours under nitrogen atmosphere in darkness. After
35 luminescent material for artificial lighting applications. 75 cooling to room temperature, the volume of the mixture was
reduced under vacuum and then 500 mL of water was added. The
Experimental mixture was filtered and 2.5 equivalents of KPF, were added to
the solution, obtaining a yellow precipitate. This solid was
filtered and washed with water, and then was purified by column
Reagents and solvents were purchased from Sigma—Aldrich, with  so chromatography on alumina, eluting with methanol. The product
the exception of IrCl; hydrate, which was purchased from was recrystallized with CH,Cl,/diethyl ether diffusion. (44 mg,
40 Precious Metals Online, PMO Pty LTD, Australia. All reactions 0.046 mmol, 39%). Found: C, 44.93; H, 2.02; N, 8.66;
were carried out under nitrogen atmosphere. The 2-(2,4- C36HaoF 1pIrNGOP requires C, 45.53; H, 2.12; N, 8.85%. UV-Vis
difluorophenyl)pyridine ligand is commercially available from A/nm (g/dm® mol” cm™) (CH;CN) 258 (75898), 298 sh (31404),
Sigma-Aldrich. The ppl and ppz ligands were synthesized ss 360 (10112), 456 (897). IR (KBr, v/cm™) 3083 (CHjom), 1576
according to reported procedures.'®*' The cyclometalated Ir(III) (CC), 1479 (CN), 843, 557 (PFs). 'H NMR (400 MHz,
chloro-bridge dimers [Ir(F,ppy),(n-Cl)], were synthesized (CD;),CO, 295 K) ¢/ppm 9.68 (d, 1H, HF), 9.48 (d, 1H, H"), 9.41
following a synthetic route described in literature.?>% (d, 1H, H), 9.29 (d, 1H, Hf), 8.72-8.64 (m, 2H, HPand H°), 8.43-
8.36 (m, 2H, py’), 8.25 (t, 1H, HY), 8.12 (t, 1H, H?), 8.07-7.84 (m,
90 4H, py*and py®), 7.07 (d, 2H, py’), 6.83 (dt, 2H, ph*), 5.90 (dd,
[Ir(F,ppy)2(ppl)] [PF¢]. One equivalent of the starting bimetallic 2H, ph®) (see the ESIT for details).
precursor [Ir(Foppy),(p-Cl)],) and 2.2 equivalents of ppl ligand
so were dissolved in 50 mL of MeOH/CH,Cl, (3:1). The mixture
was heated to reflux for 4 hours under nitrogen atmosphere in Suitable single crystals of the [Ir(F.ppy).(ppl)][PFs] and
darkness. Next, the solution was cooled to room temperature and [Ir(Foppy)2(ppz)][PFs] complexes were selected by means of a
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Table 1 Crystallographic data for:

rate of 0.1 Vs™'. Emission measurements were carried out in a

[I(F2ppy)x(ppDI[PFs] [Ir(Fappy)a(pp2)][PEJ*2H0 Perkin Elmer spectrofluorimeter model SP 8765 at room
Formula Cs6HaoF 10IrNGP CeHasF1oltNgO,P temperature, with acetonitrile solutions of the complexes
Formula weight 949.75 985.78 previously degassed with N, for approximately 20 min. The
7K . 1_7139) 1.713_(2) excitation wavelengths were 358 and 360 nm for
L system 109 H09%0y  [Ir(E:ppy)(ppDI[PF] and  [Ir(F:ppy)s(pp2)I[PF] - complexes,
Space group P-1 p.1 % respectively. Emission quantum yields (@) were determined by
a, b, c/A 8.5942(6) 9.4779(7)  the method described by Ishida et al.*® using [Ru(bpy)s][PF], in
11.7450(8) 12.0740(10)  CH;CN as reference (® = 9.50 %). Steady-state and time-
@ 187118251(3 159528338(8 resolyed fluorescence measurement.s were performed on a K2
85.630(5) 92.269(6) multifrequency phase and modulation spectrofluorometer (ISS,
77.149(5) 97.083(7) 35 Champaign, IL, USA). The instrument was equipped with Glan-
U/’ 1700.5(2) 1767.3(2) ~ Thompson polarizers. Excitation light was obtained by the
lz)c /Mgm® 18 5? 18 5% modulable ISS 375 nm LED laser at frequencies between 10 and
21/ ' 4.066 3.920 150 MHz. The emission was measured through Schott KV-399
F(000) 920 960 and WG-420 long band-pass filters. Lifetime measurements were
Crystal size/mm’ | 0.150 x 0.140 x 0.070 0.130x0.110x 0.060 4 made with the polarizers oriented in the ‘‘magic angle’’ at 54.7°
1?1 (iigrz/r:ges 3_'13062'2}15%641‘41‘ 3 '13121'2115 fﬁ condition.”””® In the multifrequency phase and modulation
l4<k<l14 14<k<13 technique the intensity of the exciting light is modulated, and the
22<1<21 -18<1<18 phase shift and relative modulation of the emitted light are
Reflections 18851 17064 determined. Phase and modulation values were obtained as
fr?(lif;;ient s previously describe.?*** In all measurements, data were taken
reflections 6358 6597 until the standard deviation of the phase and modulation
R(int) 0.0724 0.0512 measurements were, at each modulation frequency, smaller than
Refinement method Full-matrix Full-matrix 0.2 and 0.004°, respectively. Fluorescence spectra were obtained
Data/restraints/ least-squares on F least-squares on F employing a 300 W Xe lamp and slits were set at 20 nm
parameters 6358 /0 /487 6597/0 /505 0 (excitation) and 5 nm (emission). The results were analyzed
Goodness-of-fit on 1.040 0.947 according to the Global Program (Global Unlimited software
F o package, Laboratory for Fluorescence Dynamics, University of
ﬁ;z‘t’:(zfﬁndlces R=0.0291 R= 00358 Illinois at Urbana-Champaign, Urbana, IL, USA).*>' The fitting
WRI_,: 610706 w R[2= (5.0664 function for the lifetime measurements was a discrete mode and a
R, WR(all data) R,=0.0328, R;=0.0523, ss discrete component, fixed at 0.01 ns, in order to account for
wR>=0.0716 WwR>=0.0700 scattered light.*?
L:;l%e;rtléﬁ}file Jo A 0.950. -1.338 1306, -1.244 The emission spectra and quantum yields of complexes in thin
%CDC ' 027525 " losa7ep  films prepared from 20 mgmL™' solutions of Ir(III)-complex/ionic

liquid  (1-butyl-3-methylimidazolium  hexafluorophosphate,
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o BMIM-PF¢) in a 4:1 molar ratio, were measured using a

o

o

S

polarization microscope, mounted on the tip of a glass fiber, and
investigated on an STOE IPDS II two-circle-diffractometer using
Mo Ko radiation (A = 0.71073 A). The intensities were corrected
for absorption by an empirical correction with X-Area
(Stoe&Cie, 2001).* The structure were solved by direct methods
(SHELXS)* and refined by full-matrix least-squares calculations
on F? (SHELXL-97). Anisotropic displacement parameters were
refined for all non-hydrogen atoms. Crystallographic data are
listed in Table 1.

Equipment and methods

'H NMR spectra were obtained on a Bruker Avance 400 MHz
instrument. The infrared spectra were recorded in a Bruker
Vector-22 FT IR spectrometer on KBr pellets. UV-Vis spectra
were recorded on a Shimadzu UV-Vis-NIR 3101 PC
spectrophotometer. The cyclic voltammetric measurements were
carried out using a CH Instruments potentiostat 760C, a platinum
disc working electrode with an area of 0.02 cm?’ a saturated
Ag/AgCl reference electrode and a platinum wire counter
electrode. All measurements were made using acetonitrile
solutions of 1 mM of Ir(Ill) complexes with 0.1 M of
tetrabutylammonium hexafluorophosphate (TBA-PF¢) at a scan

S

)
G

Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement
System. The system is made up of an excitation light source
consisting of a xenon lamp linked to a monochromator, an
integration sphere and a multi-channel spectrometer.

Theoretical calculations

Density functional theory (DFT) calculations were performed at
the B3LYP/TZVP level theory.**** The SD (60, MWB)
pseudopotential and def2-TZVP basis set were adopted for
iridium.**3¢ All geometries are characterized as minima by
performing numerical vibrational frequencies. Time dependent
(TD) DFT calculations were performed to obtain the lowest 50
singlet exited states due to vertical excitation from the ground
state by using the Tamm-Dancoff approximation.’” Geometry
optimization of the lowest triplet state was carried using the
unrestricted Kohn-Sham (UKS) formalism. All calculations were
performed in the ORCA 3.0 program.’®*’ The electronic
population analysis was obtained with the NBO 6.0 program.*

Device preparation and characterization

The thicknesses of the films were determined using an Ambios

s0 XP-1 profilometer. Indium tin oxide (ITO)-coated glass plates

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Structures of [Ir(F2ppy)a(ppD)]” (A) and [Ir(F2ppy)2(ppz)]” (B). H atoms omitted.

(15 Qo™") were patterned by conventional photolithography
(www.naranjosubstrates.com). The substrates were cleaned by
sonication in water-soap, water, and 2-propanol baths, in that
order. After drying, the substrates were placed in a UV-ozone
cleaner (Jelight 42-220) for 20 min. The electroluminescence
devices were made as follows. First, a 100 nm layer of
PEDOT:PSS  (poly (3,4-ethylenedioxythiophene) poly
(styrenesulfonate), CLEVIOS™ PVP Al 4083, aqueous
dispersion, 1.3—1.7% solid content, Heraeus) was spin-coated on
the ITO glass substrate to improve the reproducibility of the
devices and to prevent the formation of pinholes. Then, 80 nm
transparent films of the complexes and BMIM-PFg in a 4 to 1
molar ratio were spin-coated from 20 mgmL™' acetonitrile
solution at 1000 rpm for 20 s. The solutions were filtered using a
0.1 mm PTFE-filter and spin-coated on top of the PEDOT:PSS
layer. The devices were transferred in an inert atmosphere
glovebox (<0.1 ppm O, and H,O, M. Braun). The Al electrode
(70 nm) was thermally vapor deposited using a shadow mask
under vacuum (<10® mbar) using an Edwards Auto500
evaporator integrated in the glovebox. The area of the device was
6.5 mm’. The devices were not encapsulated and were
characterized inside the glovebox at room temperature. The
device lifetime was measured by applying a pulsed current and
monitoring the voltage and, simultaneously, the luminance by a
True Colour Sensor MAZeT (MTCSICT Sensor) with a Botest
OLT OLED Lifetime-Test System. An Avantes luminance
spectrometer was used to measure the electroluminescent spectra.

Results and discussion
Synthesis and characterization

The final products (see Figure 1) were fully characterized by FT
IR spectroscopy, elemental analysis, and mono and bi-
dimensional 'H NMR  spectroscopy. The  complex
[Ir(Foppy)2(ppz)][PFs] was obtained in a lower yield than the
analogous complex with the ppl ligand. This behavior is
explained by the structure of the ppz ligand, which favours the
simultaneous formation of both, mono and bi-metallic complexes.
Therefore, to obtain the desired pure monometallic complex it
was necessary to use a rigorous chromatography column
procedure. For both complexes, the characterization by infrared
spectroscopy showing the characteristic bands of PFg
counteranion around 843 and 557 cm™. The characterization by
'H NMR spectroscopy show significant differences between

55

Table 2 Selected bond lengths and angles for Ir(I1l) complexes.

[Ir(F2ppy)2(ppD)]’ [Ix(F2ppy)2(ppz)]’
Ir(1)-C(41) 1.997(4) 2.005(6)
Ir(1)-C(61) 2.008(4) 2.005(6)
Ir(1)-N(31) 2.047(3) 2.030(5)
Ir(1)-N(51) 2.047(3) 2.040(5)
Ir(1)-N(11) 2.136(3) 2.148(4)
Ir(1)-N(1) 2.146(3) 2.147(4)
C(41)-Ir(1)-N(31) 80.32(16) 79.80(2)
C(61)-Ir(1)-N(51) 80.06(15) 80.20(2)
N(11)-Ir(1)-N(1) 77.24(12) 77.02(16)

(Ir(F2ppy)a(ppD][PFs] and [Ir(F;ppy)y(pp2)][PFe] complexes (see
Figure S1 in the ESI{).The complex with ppl ligand present a

high symmetry and a simple splitting pattern while that in the
complex with ppz ligand, a loss of symmetry is observed by the
splitting of the signals of each proton. In the case of the
[Tr(Foppy)2(ppD)][PFs] complex, the hydrogen signal of the
pyrazine ring appears as a singlet at 9.36 ppm, while for
[Ir(Foppy)2(pp2z)][PFs] complex two signals, at 9.41and ~ 8.68
ppm, are observed. The assignment of these protons required
COSY experiments, which clearly indicated correlation with
coupled protons. The characterization by X-ray diffraction
confirms the successful synthesis of the complexes.

X-ray crystallography characterization

X-ray quality crystals of [Ir(F.ppy).(ppl)][PFs] and
[Ir(Foppy)2(pp2z)][PFs] were grown by diffusion of hexane in a
CH,Cl, solution of the complexes. The corresponding structures
are depicted in Figure 2 and selected bond lengths and angles of
the iridium coordination spheres are reported in Table 2.

Both complexes exhibit an expected slightly distorted octahedral
geometry around the iridium center with the two pyridine rings in
trans- position to each other. The chelating F,ppy ligands are in a
trans-disposition of the pyridine rings, similar to those observed
in common heteroleptic Ir(Ill) complexes.**'** Geometrical
parameters such as bond lengths and angles around the Ir atom
are also in a similar range reported for other analogous
complexes. 2444

The crystal structure of [Ir(F,ppy)(ppl)][PF] is stabilized by two
stacking patterns: T-shaped, C4-H4--Cg2' (Cg2: CI12/C17)
symmetry code i: 1-x, 2-y, 1-z, with H4--Cg2' distance 2.504 A,
and offset face-to face Cgl-Cgl' (Cgl: C1/C6) with centroid-
centroid distance 3.650(3) A complexes (see Fig. S2 in the ESIY).

4|Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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Table 3 Electrochemical and photophysical properties of the cyclometalated Ir(11I) complexes.
Complex E(I*YYV  E@ed)/V  Agy/nm’ Aem/nm ) tns® k(10 ku(10°)
(&/M'em™)
Solution” Film* Solution” Film*
[Ir(F2ppy)2(pp))][PFs] 1.63 -1.22 358 (13235) 519 543 0.49 0.20 887 3.6 7.6
[Ir(F>ppy)2(ppz)][PFs] 1.73 -0.93 360 (10112) 581 633 0.35 0.13 694 33 11.1

“From CV measurement, E(Ir**") = 1/2 (Epa + Epc); E(red) = Epc of reduction processes; acetonitrile/TBA-PF, 0.1 M, vs. Ag/AgCl. *In acetonitrile at
room temperature. “Thin solid film with (4:1, complex:BMIM-PF). “Calculated from solution data using k, = ®/t and k,, = 1/7-k >,

20

25

Fig. 3n—n stacking interactions (A) and O-H---N, O-H:--O and C-H--F
hydrogen bonds (B) of [Ir(F.ppy).(ppz)][PFs] complex. Hydrogen atoms
were deleted to simplify.

T-shaped interaction generates centro symmetric dimmers
30 reinforced by offset face-to face Cgl-Cgli interactions.
In the case of complex [Ir(F,ppy),(ppz)]’, was found that the
crystal structure is stabilized by two stacking patterns: T-shaped,
C4-H4--Cg2' (Cg2: C12/C17) symmetry code i: 1-x, 2-y, 1-z,
with H4--Cg2' distance 2.504 A, and off set face-to face Cgl-
35 Cgl' (Cgl:C1/C6) with centroid-centroid distance 3.650(3) A.
Showing distinct molecular interactions motifs, the complex with
ppz ligand achieves a crystal structure stabilization by a network
of O-H-N O-H--O and C-H:-F hydrogen bonds and n—m
stacking interactions [centroid—centroid =3.752(3) and 3.700(3)
w0 A] between phenyls and pyrazines rings, as depicted in the Figure
3.

Electrochemical properties

Figure 4 shows the cyclic voltammograms (CV) recorded for
[Ir(F>ppy)a(ppDI[PFe] and [Ir(Fppy)s(ppz)][PFs] complexes in
45 acetonitrile solution using Ag/AgCl as a reference electrode. The
assignment of the redox processes was carried out by comparison

— [InF,poy), (pR)IPF] 2
10}~~~ InF,poy),(Pr2)lPF]

50
} ok
Sk
10+
-15 -10 05 00 05 10 15 20
ENvs AghgQ
ss Fig. 4 Cyclic voltammetric profiles recorded in CH;CN solution

for[Ir(Foppy)2(ppl)][PFs] (solid line) and [Ir(F.ppy).(ppz)][PFs] (dashed
line) complexes at 0.1 Vs™.

with electrochemical data reported for similar Ir(III)
complexes.***® The values of the oxidation/reduction potentials
e are given in Table 3.
The cyclic voltammograms of the complexes show a similar
profile, where it is possible to observe a quasi-reversible redox
process at 1.63 and 1.73 V, for complexes with ppl and ppz
ligand, respectively, which can be attributed to the Ir(IV)/Ir(III)
65 couple together with a contribution of the oxidation from the
phenyl © orbital of the cyclometalated (C*N) ligands, as it has
been described for these type of complexes.” Indeed our
calculations show that the HOMO of both complexes appears
composed by Irg (36%) and F,ppy, (64%) orbitals. In addition,
70 the process observed at negative potentials, at -1.22 and -0.93 V
for [Tr(Fppy)s(ppDI[PFs] and [Ir(Fappy)s(pp2)][PFs] complexes
respectively, can be associated with the reduction of the N*N
ligands® because of the LUMO was theoretically determined to be
delocalized mainly on the phenanthrolic fragment with some
75 contribution from pyrazinic ring; in the case of [It(Foppy).(ppz)]*,
the LUMO is delocalized in an aromatic zone (mixture of
phenanthrolinic and pyrazinic regions) containing the three N
atoms more closer bounded to the metal.
Note that the oxidation potentials values for both complexes are
so very similar due to the same nature of the species involved in this
process. However, the first reduction process for the complex
with ppz ligand is observed at less negative values compared with

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Absorption (inset: 300-500 nm) (A) and emission (B) spectra in acetonitrile solution at room temperature. Emission spectra (C) of thin films
containing 25% of BMIMPF.[Ir(Foppy)(ppl)][PFs] (solid line) and [Ir(F,ppy).(ppz)][PFs](dashed line).

Photophysical properties
the complex with ppl ligand, suggesting that the electron acceptor
10 performance of the ppz ligand causes a stabilization of the
LUMO, which corroborates that the LUMO is usually located on
the neutral (N"N) ancillary ligand.’' Additionally, the tendency of
the HOMO-LUMO gap can be estimated from the calculation of
the energy between the oxidation potential and the reduction
15 potential, obtaining 2.84 and 2.66 V for [Ir(F,ppy).(ppl)][PFe]
and [Ir(F,ppy).(ppz)][PFs] complexes, respectively. Both the
HOMO-LUMO gap trend and stabilization of the LUMO in the
ppz based complex are in qualitatively agreement with the
performed calculations as displayed in Figure 5.

The characteristic absorption pattern of the studied complexes in
acetonitrile is evidenced in Figure 6A, and assignments were
2s done from TD-DFT calculations (Table S2 in the supplemental
material). At first glance, it is noted that there is not a meaningful
difference in the UV-Vis spectra of [Ir(Foppy).(ppl)]” and
[Tr(Fppy)2(ppz)]". The absorption bands in the ultra-violet region
between 250 and 290 nm are ascribed to spin allowed ligand-
3 centered '(LC) (n—7") transitions on the ancillary ligand (ppl and
ppz). These bands appear theoretically with high oscillator
strengths at 262 and 263 nm for the [Ir(Foppy).(pp])]” complex,
and at 277 nm for [Ir(F,ppy),(ppz)]’, in good agreement with the
20 experimental absorption spectrum.
35 Focusing in the weak absorption bands between 350 and 410 nm,
these are assigned to a mixture of 'MLCT (metal-to-ligand charge

6|Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Transition density surfaces depicting the hole-electron distributions
of singlet (S) allowed transitions between 360 to 400 nm of
[Ir(F2ppy)2(ppl)]” and [Ir(Fappy)a(ppl)]*. A: wavelength; f: oscillator
strength. See supplementary information to details about electronic
transitions.

transfer) and 'LLCT transitions (ligand to ligand charge transfer)
as in related Ir(Il) complexes’, involving electron promotion
from metal and F,ppy, orbitals toward n* orbitals of ppl or ppz
(Figure 7); specifically, the excited states are involving frontier
orbitals ranging from HOMO-5 until LUMO+3. In particular,
these bands appear experimentally centered at 358 and 360 nm,
for the complexes with the ppl and the ppz ligand, respectively.
In the case of the [Ir(F,ppy).(ppz)][PFs] complex, a slightly red
shift of this band is observed in comparison with the spectrum of
the [Ir(Fppy).(pp))][PFs] complex, which can be related to the
electron-withdrawing character of the ppz ligand in comparison
with ppl ligand, as obtained from electrochemical measures. In
addition TD-DFT calculations show that '"MILCT and 'ILCT
(intraligand charge transfer) transitions take place in this region
of the UV-Vis spectra, where an electron is promoted to the
F,oppy ligand.

Moreover, in these type of complexes, it is also possible to
observe bands above 450 nm due to direct spin-forbidden
population of the triplet excited states, which are enabled by the
high spin-orbit coupling of the iridium metal.’® These type of
bands are not clearly observed in the spectra of the complexes in
study due to the low molar extinction coefficients (see inset Fig.
6A). In addition, TD-DFT calculation shows that HOMO-LUMO
transitions are not allowed in the present compounds.

The emission spectra of the complexes registered at room
temperature from deaerated acetonitrile solution, and excited in
the '"MLCT band, are displayed in Figure 6B. The emission band
of [Ir(F,ppy).(ppz)][PFs] complex is shifted by 62 nm towards

S

o

=]

S

S

©
a

ss lower energies compared to [Ir(Fppy),(ppl)][PFs] complex (see

Table 3). The [Ir(Fppy).(pp))][PFs] complex exhibits a
photoluminescence quantum yield 1.39 times higher than
[Ir(Foppy)2(ppz)][PFs] which is evidently associated with the
lower emission intensity observed for the last one. The behavior
of these complexes show the same tendency as that of the
analogous complexes containing Ru(Il) as transition metal,
namely, the [Ru(bpy),(ppD][PFel. and [Ru(bpy).(ppz)][PFel.
complexes.> Consequently, in the complexes with ppz ligand the
delocalization of the electronic density shifted the emission to
lower energies, causing an increment of the k, constant value
(the k,, of [Ir(Fppy)a(ppz)][PFs] being 1.5 times higher than
[Ir(Foppy)2(ppl)][PF¢]). This behavior is associated with the lower
value registered for the excited-state lifetime for
[Ir(F,ppy)2(ppz)][PFs] complex in comparison with the value of
the [Ir(F,ppy),(ppl)][PFs] complex, according to the prediction of
the energy gap law.”*

The emission spectra of the complexes in thin solid film were
also obtained by spin coating an acetonitrile solution of each
complex mixed with the ionic liquid BMIM-PFg in a 4:1 molar
ratio (see Figure 6C). The inclusion of an ionic liquid allows to
obtain the emission performance of the complexes in a similar
situation to the LEC device configurations. Basically, the ionic
liquid is incorporated to diminish the turn on time of the LEC
devices, as described in the literature.> Compared with their
emission spectra in solutions, the emission spectra of the
complexes [Ir(Fappy)a(ppD][PFe] and [Ir(Fappy)a(ppz)][PFe] in
thin solid films are red-shifted and show long tails. As shown in
Table 3, the @ in thin films tend to decrease in comparison with
the @ in solution. This behavior is related to strong
intermolecular interactions due to the close packaging of the
luminescent molecules in the thin solid films, which promote the
auto-quenching processes.*® The red-shift is very pronounced in
the case of the complex with ppz ligand. A possible explanation
of this conduct could be the increment of the inter- and
intramolecular interactions in this complex, as described in the X-
ray section.

The tendency of the higher @ measured for the
[Ir(Foppy)2(ppl)][PFs] complex is in line with the performance
observed in solution. The lower @ observed for
[Ir(Foppy)2(ppz)][PF] in solid is concordant with the lower
energy of the emitting triplet state (energy gap law). The
description developed for photophysical properties of the Ir(III)
complexes studied is in good agreement with the data of the
literature of these kind of complexes.’’

In order to characterize the emissive state of interest for LEC
applications, firstly the lowest spin forbidden transitions to the
excited states due to vertical transitions from the Sy ground state
were analysed. The first triplet (T;) state appears at 527 and 572
nm for [Ir(F;ppy)(pp)]” and [In(Fyppy)(ppz)]” respectively,
which are close to the experimental emission. The T, state is a
mixture of *MLCT and *LLCT transitions involving the HOMO
and LUMO orbitals. In addition, the T, and Tj; states appear with
a shift of at least 71 nm from the T, state, therefore, emission
would occur only from the T, state. These transitions are shown
in Table S3 in the ESIf. The adiabatic emission energies were
calculated in gas phase to best comparison with the experimental
measurements in solid state. In the relaxed T states,

This journal is © The Royal Society of Chemistry [year]
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A B

Fig. 8 Isosurfaces of spin density distribution in the relaxed T, state of

[Ir(F>ppy)a(ppD)]* (A) and [Ir(F>ppy)x(pp2)]” (B). For simplicity hydrogen
atoms were not drawnA

phosphorescent emissions energies of both complexes appear ~30
nm red shifted from the first singlet-triplet excitation. The
emission energies were estimated at 2.23 eV and 2.05 eV for
[Ir(Foppy)a(ppD)]”  and  [Ir(Fappy)a(ppz)]’,  respectively, in
agreement with those obtained from solid state measurements
with values of 2.28 and 2.05 eV, respectively. In addition,
emission at low energies observed for [Ir(F,ppy)(pp2)]"
respecting [Ir(F,ppy),(ppl)]" are only due to the more stabilized
nature of the frontier orbitals in the ppz based complex. In
summary, the calculations shows that emissions of the complexes
occurs only from T, state, different of reported Ir(IIT) complexes
where emission occurs by mixture of the first four low-lying
triplets state, causing occurrence of a red-shifted emission.™®
Firstly, mixture of SMLCT and *LLCT transitions for the T, state
was confirmed from its spin density distribution (Figure 8); for
[Tr(Foppy)2(ppl)]”, the spin densities by fragment were 0.52 (Ir),
0.40 (Foppy) and 1.08 (ppl); while for [Ir(F,ppy),ppz)]” were
0.50 (Ir), 0.43 (F,ppy) and 1.07 (ppz).

Electroluminescent properties

LEC devices were fabricated by spin coating the complexes on a
suitable hole injection layer previously deposited on a patterned
indium tin oxide (ITO)-covered glass substrate. Prior to the
deposition of the emitting layer, a 100 nm layer of poly-(3,4-
ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS),
as the hole injection layer, was deposited onto the ITO anode
with the goal of increasing the yield and reproducibility of the
working devices. The 80 nm emitting layer was prepared by
dissolving the corresponding complex and the ionic liquid 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIM-PFy) at
a molar ratio of 4 to 1 in acetonitrile. The ionic liquid was used to
enhance the ionic conductivity of the active layer and to reduce
the turn-on time of the devices.”® A 70 nm aluminum cathode was
thermally evaporated on top of the device under high vacuum.
The LECs were operated under inert conditions applying pulsed
current methods with an average current density of 100 Am™
using a duty cycle of 50% and monitoring the voltage and the
luminance, simultaneously.

For the ITO/PEDOT:PSS/Ir complex:BMIM-PF¢ (4:1)/Al
devices, the light emission was observed for the LEC employing
[Ir(Foppy)2(ppl)][PFs] complex (see Fig. 9). The LEC employing
the [Ir(F,ppy)(ppz)][PFs] complex practically did not show light
emission. This behavior is in agreement with the luminescent
studies in solution and in the solid film where the low quantum
yield for the complex with the ppz ligand indicates that the more
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Fig. 9 Luminance (red) and average voltage (black) for LEC device
characterization with an average current density of 100 Am” using a duty
cycle of 50%.

Table 4 Performance of [Ir(F.ppy).(ppl)][PFs] LEC devices.

ton/h 0.03
Luminance/cdm™ 177
tip/h 0.22
Efficacy/cdA™ 1.57
Power efficiency/ImW-! 0.61
EQE 0.46
12000 |- 4
10000 |- 4
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Fig. 10 Normalized electroluminescent spectrum of LEC device with an
average current density of 100 Am™ using a duty cycle of 50%.

electron withdrawing character of the ppz ligand generates the
stabilization of the LUMO. In addition, as is inferred from the
crystal structure, the inter- and intramolecular interactions present
in the complex with ppz ligand are greater than the ones of the
complex with ppl, therefore favouring the non-radiative decay,
and causing a negative effect on the LEC performance.

The LEC employing the [Ir(F,ppy).(ppD)I[PFs] complex
displayed a rapid increase in the luminance for which a maximum
was reached after approximately 1.6 minutes of device operation.
The values of the external quantum efficiency (EQE) for this
LEC are shown in Table 4.

Fig. 10 displays the electroluminescent spectra of
[Ir(Foppy)2(ppD)][PFs] LEC that exhibits green
electroluminescence with the maxima located at about 554 nm.
This spectrum is red shifted with respect to the emission spectra
in thin solid film. Hence, this red-shift is related to a change in
the film composition rather than due to the manner of excitation
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used. The CIE (International Commission on Illumination)
coordinates determined from electroluminescent spectra are
(0.39, 0.56).

Compared to related complexes,®’ using similar conditions
(complex:ionic liquid, 4:1) but applying 3 V instead of pulsed
current of 100 Am~, the luminance maxima and turn on times of
the [Ir(Foppy).(ppD)][PFs] complex are better, showing its
promise as luminescent material for possible LEC applications.

Conclusions

The effect of the position of the phenanthrolinic nitrogens in the
structure of the ancillary ligand in two cyclometalated Ir(III)
complexes was evaluated. In particular, the complexes of the kind
[Ir(Foppy)2(N*N)][PFs], where N*N are pyrazino [2,3-f][1,10]-
phenanthroline (ppl) and pyrazino[2,3-f][4,7]phenanthroline
(ppz), were analyzed in terms of their electrochemical and
photophysical properties in the framework of experimental
analysis and quantum chemical calculations. According to the
emission spectra, registered both in solution and in thin solid
film, it was found that the [Ir(F,ppy).(pp))][PFs] complex has
higher quantum yield and a longer excited state lifetime
compared to [Ir(F,ppy).(ppz)][PFs].The behavior shown by the
ppz based complex is explained by the electron withdrawing
character of this ligand, causing the stabilization of the LUMO,
promoting a decrease of the HOMO-LUMO gap and favouring
the non-radiative decay in concordance with the energy gap law.
Moreover, both complexes were evaluated for LEC applications,
obtaining  light emission only in the case of
[Ir(F2ppy)a(ppD][PF]. In the case of the [Ir(Fappy)s(ppz)][PFs]
complex, the absence of luminance was ascribed to both LUMO
stabilization and enhanced intermolecular interactions which lead
to the non-radiative decay. Consequently, these synergetic effects
contribute to the poor LEC performance.

The LEC with the complex with ppl ligand stands out by a very
short turn on time, which is an important characteristic to
consider when choosing a luminescent material for LEC
fabrication.
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