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Blue light emitting electrochemical cells incorporating
triazole-based luminophores†

Jesús M. Fernández-Hernández,‡a Sébastien Ladouceur,b Yulong Shen,c

Adriana Iordache,a Xiaorong Wang,b Löıc Donato,b Shawn Gallagher-Duval,b

Manuel de Anda Villa,c Jason D. Slinker,*c Luisa De Cola§*a and Eli Zysman-Colman*d

We report the electrochemical, photoluminescence, and electroluminescence properties of four

fluorinated cationic iridium complexes bearing pyridyltriazole ancillary ligands. All the complexes display

unstructured emission in the true blue region at 298 K with photoluminescent lem ranging from 452 to

487 nm in acetonitrile solution, in powder and in PMMA doped thin films. The nature of the emission is

a mixed metal-to-ligand/ligand-to-ligand charge transfer state. Photoluminescence (PL) quantum

efficiencies both in solution and in the solid state were low while excited state decay kinetics were

found to be multiexponential. Each complex undergoes quasi-reversible oxidation and irreversible

reduction with large HOMO–LUMO gaps. A detailed computational investigation corroborates the

spectroscopic assignments. Additionally, light-emitting electrochemical cells (LEECs) were fabricated for

each of the four complexes. The electroluminescence (EL) spectra of all complexes were red-shifted

relative to the PL spectra. The LEEC containing 2a is the bluest emitter (lmax ¼ 487 nm) of the family of

complexes.
Introduction

The current state-of-the-art electroluminescent (EL) devices for
visual display and at panel lighting are organic light emitting
diodes (OLEDs). OLEDs possess multilayer architectures typi-
cally several hundred nm in thickness that are fabricated using
vacuum deposition techniques. The luminophore is typically a
small neutral uorescent organic or phosphorescent organo-
metallic molecule or a polymer. Low work function electrodes
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are required thus necessitating encapsulation of the device to
isolate it from ambient environmental conditions. These limi-
tations drive up the cost of production of OLEDs.

Light-emitting electrochemical cells (LEECs), rst reported
by Pei and co-workers,1 are also at EL devices typically
composed of a thin lm of a luminescent ionic transition metal
complex (iTMC) sandwiched between a semitransparent anode
such as indium tin oxide (ITO) and a high work function air-
stable cathodes such as Al or Au and can be driven at much
lower operating bias than OLEDs. LEEC devices may be formed
from solution resulting in easy fabrication and decreased
manufacturing costs.2 Their operation is independent of the
work function of the electrodes, rendering the use of less
reactive metals as electrodes possible.3 Due to this, LEECs can
uniquely form large area cascaded panels in which the anode of
one device serves as the cathode for the next device.4 Despite all
these encouraging features, several challenges remain, such as
stability and lifetime of the devices, slow turn on voltage and
suitable materials for blue and deep blue emitting LEECs,
which will be important for both display and white-light
applications.5

The luminophoric materials that have received the greatest
attention are cationic iridium(III) complexes of the form
[Ir(C^N)2(N^N)]PF6, where C^N is an anionic cyclometallating
ligand (e.g., 2-phenylpyridine, ppy) and N^N is a neutral diimine
ancillary ligand (e.g., 2,20-bipyridine, bpy). Their success is due
to their desirable photophysical behavior: their phosphores-
cence with rather short excited state lifetimes (se) and high PL
This journal is ª The Royal Society of Chemistry 2013
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quantum yields (FPL), along with facile color tuning mediated
through decoration of the organic ligand scaffold. Strategies to
obtain blue emission focus on decorating the C^N ligand with
electron-withdrawing groups such as uorine and/or adorning
electron-donating groups on the N^N ligand. We have recently
shown that replacement of the pyridine ring of the C^N ligand
with a 1,2,3-triazole promotes a blue-shi in emission.6 More-
over, replacement of the bpy ligand for a pyridyl-1,2,3-triazole
(pytl) also results in a high energy emission.7 In this report, we
combine these two structural features towards the generation of
true blue-emitters for solid-state lighting applications. We show
that complexes 1a–2b (Chart 1) are deep blue emitters in
acetonitrile (ACN) solution and in powder as well as in PMMA-
doped thin lms. We further demonstrate blue-emission in EL
devices. We compare the impact of different degrees of uori-
nation and the effect of N-alkylation of the pytl moiety on the
optoelectronic properties of the complexes. We rationalize their
photophysical behavior through a comprehensive computa-
tional study.
Experimental section
General procedures

Commercial chemicals were used as supplied. All experiments
were carried out with freshly distilled anhydrous solvents
obtained from a Pure Solv� solvent purication system from
Innovative Technologies except where specically mentioned.
Triethylamine (Et3N) and diisopropylamine (iPr2NH) were
distilled over CaH2 under a nitrogen atmosphere. Solvents
employed for the Click reaction were used without further
purication: these consisted of commercial lab grade methanol
and deionized water, which was accessible in house.

All reactions were performed using standard Schlenk tech-
niques under an inert (N2) atmosphere, save for the Click
reactions. Flash column chromatography was performed using
Chart 1 Chemical structures and abbreviations of the complexes investigated.

This journal is ª The Royal Society of Chemistry 2013
silica gel (Silia-P from Silicycle, 60 Å, 40–63 mm). Analytical thin
layer chromatography (TLC) was performed with silica plates
with aluminum backings (250 mm with indicator F-254).
Compounds were visualized under UV light. 1H and 19F NMR
spectra were recorded on either a Bruker Avance spectrometer at
400 MHz or a Bruker Avance spectrometer at 300 MHz. The
following abbreviations have been used for multiplicity
assignments: “s” for singlet, “d” for doublet, “t” for triplet, “m”

for multiplet, and “br” for broad. Deuterated chloroform
(CDCl3) was used as the solvent of record except where noted
below. Spectra were referenced to the solvent peak for 1H NMR
or to CFCl3 for 19F NMR. GC-MS samples were separated on a
Shimadzu HP5-MS 30 m � 0.25 mm ID � 0.25 mm lm thick-
ness column. Exact mass measurements were performed on a
LC-MSD-TOF instrument from Agilent Technologies or on a
Bruker Daltonics (Bremen, Germany) MicroTof with loop
injection, both in positive electrospray mode. Molecular ions
(M+) were used for empirical formula conrmation. Spectra
were recorded either at the Université de Montréal Mass Spec-
trometry facility in Montréal, Canada or WestfälischeWilhelms-
Universität, in Münster, Germany. Elemental analyses were
carried out with Carlo Erba 1106 and LECO CHNS-932
microanalyzers.

Synthesis of ligands

The ligands 1-benzyl-4-(2,4-diuorophenyl)-1H-1,2,3-triazole
(dFphtl), 1-benzyl-4-(4-uorophenyl)-1H-1,2,3-triazole (Fphtl)
and 2-(1-benzyl-1H-1,2,3-triazol-4-yl)pyridine (pytlBn) were
synthesized according to procedures from the literature8 and
the characterization for these compounds matched the litera-
ture data.8,9 The ligand 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine
(pytlPh) was synthesized and characterized according to a
reported procedure.7

Synthesis of complexes

Method A. This protocol proceeds via isolation of the iri-
dium(III) dimer described by Nonoyama10 according to the
procedure reported by De Cola et al. followed by its cleavage
with 2 equiv. of the ancillary N^N ligand.6a The desired complex
was obtained as its PF6 salt aer anion metathesis using
NH4PF6. This protocol was used for the synthesis of complexes
1a and 1b.

The corresponding C^N ligands (0.58 mmol, 2.2 equiv.) and
IrCl3 (0.27 mmol, 1.0 equiv.) were placed in a mixture of
2-EtOCH2CH2OH and H2O (6/1) for a concentration of ca.
0.04 M of IrCl3. The suspension was degassed repeatedly and
placed under N2 and heated at 110 �C for ca. 19 h. The
suspension was cooled to room temperature, ltered and the
solid obtained was washed with water. The corresponding
dimer was used without further purication.

The desired dimer (0.14 mmol, 1.00 equiv.) was suspended
in ethylene glycol, to obtain a concentration of ca. 0.04 M of
dimer, together with the desired N^N ligands (0.30 mmol, 2.2
equiv.). The suspension was degassed repeatedly and placed
under N2 and heated at 150 �C for ca. 19 h. The colored solution
was le to cool to RT, diluted with water and the resulting
J. Mater. Chem. C, 2013, 1, 7440–7452 | 7441
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aqueous phase was washed with portions of Et2O. The aqueous
phase was then heated to 70 �C for ca. 10 min to remove trace
Et2O and then cooled to RT. To the reaction mixture was added
an aqueous solution of NH4PF6 (10 mL, 6.13 mmol; 1 g/10 mL)
with the subsequent formation of a precipitate. Each complex
was puried by ash chromatography on silica gel using a
gradient of dichloromethane (DCM) in acetone (0–10%). The
puried complex was redissolved in a minimum amount of
MeOH and precipitated again by adding it to an aqueous
NH4PF6 solution (10 mL; 1 g/10 mL). The title complex was
ltered, washed with water and dried under vacuum.

Method B. This protocol does not require dimer isolation.6b

The desired complex was obtained as its PF6 salt aer anion
metathesis using NH4PF6. This protocol was used for the
synthesis of complexes 2a and 2b.

The corresponding C^N ligands (0.58 mmol, 2.2 equiv.) and
IrCl3 (0.27 mmol, 1.0 equiv.) were placed in a mixture of
2-EtOCH2CH2OH and H2O (6/1) for a concentration of ca.
0.04 M of IrCl3. The suspension was degassed repeatedly and
placed under N2 and heated at 110 �C for ca. 19 h. The corre-
sponding N^N ligand (0.30 mmol, 1.1 equiv.) was then added
and the solution was stirred at 110 �C for ca. 19 h. The colored
solution was le to cool to RT, diluted with water and the
resulting aqueous phase was washed with portions of Et2O. The
aqueous phase was then heated to 70 �C for ca. 10 min to
remove trace Et2O and then cooled to RT. To the reaction
mixture was added a solution of aqueous NH4PF6 (10 mL,
6.13 mmol; 1 g/10 mL) with the subsequent formation of a
precipitate. Each complex was puried by ash chromatography
on silica gel using a gradient of DCM in acetone (0–10%). The
puried complex was redissolved in a minimum amount of
MeOH and precipitated again by adding it to an aqueous
NH4PF6 solution (10 mL; 1 g/10 mL). The title complex was
ltered, washed with water and dried under vacuum.

Complex 1a [Ir (Fphtl)2(PytlPh)]
+PF6

�

The complex was recrystallized in dichloromethane–Et2O.
Yield: 70%. 1H NMR (300 MHz, CD3CN) d (ppm): 9.16 (s, 1H),
8.21–8.05 (m, 4H), 8.02 (d, J ¼ 5.5 Hz, 1H), 7.72–7.58 (m, 5H),
7.52 (ddd, J¼ 14.2, 8.4, 5.7 Hz, 2H), 7.43–7.31 (m, 7H), 7.26–7.16
(m, 4H), 6.82–6.63 (m, 2H), 5.88 (ddd, J ¼ 10.3, 8.0, 2.6 Hz, 2H),
5.51–5.45 (m, 4H). 19F{1H} NMR (282 MHz, CD3CN) d (ppm):
�72.94 (d, J ¼ 706.3 Hz), �113.74 (s), �114.68 (s). HR-MS:
calculated (C43H32F2IrN10): 919.2405; found: 919.2379.
Elemental analysis: calculated (C43H32F8IrN10P): C: 48.54%; H:
3.03%; N: 13.16%; found: C: 48.31%; H: 3.07%; N: 13.17%.

Complex 1b [Ir (dFphtl)2(PytlPh)]
+PF6

�

Recrystallization in dichloromethane–Et2O. Yield: 81%. 1H
NMR (300MHz, CD2Cl2) d (ppm): 9.19 (s, 1H), 8.38 (d, J¼ 7.9 Hz,
1H), 8.10 (td, J ¼ 7.8, 1.5 Hz, 1H), 8.04 (d, J ¼ 5.5 Hz, 1H), 7.86–
7.78 (m, 2H), 7.75 (m, 2H), 7.65–7.49 (m, 3H), 7.46–7.20 (m,
11H), 6.71–6.40 (m, 2H), 5.76 (m, 2H), 5.49 (m, 4H). 19F{1H}
NMR (282 MHz, CD2Cl2) d (ppm): �72.49 (d, J ¼ 711.1 Hz),
�108.97 (d, J ¼ 7.8 Hz), �109.90 (d, J ¼ 7.4 Hz), �111.52 (d, J ¼
7.8 Hz), �112.37 (d, J ¼ 7.4 Hz). HR-MS: calculated
7442 | J. Mater. Chem. C, 2013, 1, 7440–7452
(C43H30F4IrN10): 955.2215; found: 955.2188. Elemental analysis:
calculated (C43H30F10IrN10P): C: 46.95%; H: 2.75%; N: 12.73;
found: C: 46.88%; H: 2.90%; N: 12.86%.

Complex 2a [Ir (Fphtl)2(PytlBn)]
+PF6

�

Puried via silica gel column chromatography (dichloro-
methane–acetone (9 : 1)) and precipitated as the PF6 salt aer
dissolving in a minimum amount of MeOH and by adding a
NH4PF6 (1 g/10 mL) aqueous solution. Beige solid. Yield: 25%.
1H NMR (400 MHz, CD3CN) d (ppm): 8.64 (s, 1H), 8.12 (s, 1H),
8.10 (s, 1H), 8.06–8.03 (m, 2H), 8.01 (dt, J ¼ 5.6, 1.3 Hz, 1H),
7.57–7.49 (m, 2H), 7.44–7.33 (m, 8H), 7.30–7.20 (m, 5H), 6.77
(ddd, J¼ 9.3, 8.4, 2.6 Hz, 1H), 6.70 (ddd, J¼ 9.2, 8.4, 2.6 Hz, 1H),
5.88 (t, J¼ 2.4 Hz, 1H), 5.86 (t, J¼ 2.4 Hz, 1H), 5.71–5.59 (m, 3H),
5.50 (s, 6H). 19F NMR {1H} (282 MHz, CD3CN) d (ppm): �72.94
(d, J ¼ 706.3 Hz), �113.77 (s), �114.70 (s). HR-MS: calculated
(C44H34F2IrN10): 933.2568; found: 933.2598. Elemental analysis:
calculated (C44H34F8IrN10P): C: 49.02%; H: 3.18%; N: 12.99;
found: C: 49.17%; H: 3.19%; N: 12.00%.

Complex 2b [Ir (dFphtl)2(PytlBn)]
+PF6

�

Puried via silica gel column chromatography (dichloro-
methane–acetone (9 : 1)) and precipitated as the PF6 salt aer
dissolving in a minimum amount of MeOH and by adding a
NH4PF6 (1 g/10 mL) aqueous solution. White solid. Yield: 31%.
1H NMR (300 MHz, DMSO) d (ppm): 9.30 (s, 1H), 8.81 (dd, J ¼
3.1, 1.3 Hz, 2H), 8.35 (d, J ¼ 7.7 Hz, 1H), 8.19 (td, J¼ 7.8, 1.5 Hz,
1H), 7.90 (d, J ¼ 5.1 Hz, 1H), 7.58–7.49 (m, 1H), 7.42–7.28 (m,
9H), 7.25–7.11 (m, 6H), 6.94 (td, J ¼ 10.0, 2.2 Hz, 1H), 6.84 (td,
J¼ 10.0, 2.2 Hz, 1H), 5.90–5.73 (m, 2H), 5.70–5.62 (m, 4H), 5.60–
5.51 (m, 2H). 19F{1H} NMR (282 MHz, DMSO) d (ppm): �70.13
(d, J¼ 711.3 Hz),�108.87 (d, J¼ 7.4 Hz),�110.00 (d, J¼ 7.1 Hz),
�110.85 (d, J ¼ 7.5 Hz), �111.82 (d, J ¼ 7.0 Hz). HR-MS:
calculated (C44H32F4IrN10): 969.2380; found: 969.2385.
Elemental analysis: calculated (C44H32F10IrN10P): C: 47.44%; H:
2.90%; N: 12.57; found: C: 47.02%; H: 2.87%; N: 12.00%.

Photophysical measurements

Absorption spectra were measured on a Varian Cary 5000
double-beam UV-vis-NIR spectrometer and are baseline cor-
rected. Steady-state emission in the solid state was recorded on
a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer
equipped with a 450 W xenon-arc lamp, double-grating excita-
tion and emission monochromators (2.1 nm mm�1 dispersion,
1200 grooves per mm), and a Hamamatsu R928 photomultiplier
tube, while the steady-state emission spectra in the solution
state were recorded on an Edinburgh FS920 spectrometer
equipped with a 450W xenon-arc lamp, excitation and emission
monochromators (1.8 nm mm�1 dispersion, 1800 grooves per
mmblazed at 500 nm), and a Hamamatsu R928 photomultiplier
tube. Emission and excitation spectra were corrected for source
intensity (lamp and grating) by standard correction curves.
Time-resolved emission measurements were recorded in an
Edinburgh Life Spec II spectrouorimeter for solution and the
HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer for
the solid state. The excitation wavelength was 375 nm or
This journal is ª The Royal Society of Chemistry 2013
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295 nm, respectively, using a diode laser (FWHM 62 ps) and the
time-correlated single photon counting (TCSPC) option was
used for decay times. The quality of the t was assessed by
minimizing the reduced c2 function and by visual inspection of
the weighted residuals. Deaerated samples were prepared
by the freeze–pump–thaw technique. The photoluminescence
quantum yields in MeCN were calculated using the relative
method and quinine sulfate (F ¼ 54%) in 0.5 N H2SO4 as the
external standard.11 Luminescence quantum yields in the solid
state and thin lms were measured with a Hamamatsu
Photonics absolute PL quantum yield measurement system
(C9920-02) equipped with a L9799-01 CW xenon light source
(150 W), monochromator, C7473 photonic multichannel
analyzer, and integrating sphere and employing U6039-05 PLQY
measurement soware (Hamamatsu Photonics, Ltd, Shizuoka,
Japan).
Computations

Density Functional Theory (DFT) calculations. All calcula-
tions were performed with the Gaussian 09 (ref. 12) suite. The
level of theory for all DFT13 and TD-DFT14 calculations was
B3LYP; excited-state triplet geometries were calculated using
the unrestricted B3LYP method (UB3LYP).15 The 6-31G* basis
set16 was used for C, H and N directly linked to iridium while the
other C, H, N and F atoms were undertaken with the 3-21G*
basis set,17 and the VDZ (valence double z) with the SBKJC
effective core potential basis set17a,18 was used for iridium. The
predicted phosphorescence wavelengths were obtained by
energy difference between the triplet and singlet states at their
respective optimized geometries.19 The energy, oscillator
strength and related MO contributions for the 100 lowest
singlet–singlet and 5 lowest singlet–triplet excitations were
obtained from the TD-DFT/singlet and the TD-DFT/triplet
output les, respectively. The calculated absorption spectra
were visualized with GaussSum 2.1 (fwhm: 1000 cm�1).20
Electrochemistry

The electrochemical characterization (cyclic voltammetry – CV
and differential pulse voltammetry – DPV) for 1a, 1b, 2a and 2b
was performed in acetonitrile (freshly distilled over CaH2) with
0.1 M n-tetrabutylammonium hexauorophosphate (TBAPF6)
added as the supporting electrolyte (electrochemical grade,
99%, Fluka). The concentration of the samples was 1 mM.
Glassy carbon (CH Instrument vitreous carbon; Ø ¼ 3 mm) was
employed as the working electrode and was polished with 1 mm
diamond paste before each recording. A platinum wire was used
as the counter electrode, and a silver wire as a quasi-reference
electrode (Ag-QRE), which was separated from the catholyte by a
glass frit (Vycor). The reference electrode was calibrated at the
end of each experiment against the ferrocene/ferricenium
couple (Fc/Fc+), whose formal potential is 0.4 V,21 and data are
reported against the KCl saturated calomel electrode (SCE). For
the electrochemical experiments, a CHI750C electrochemical
workstation (CH Instruments, Inc., Austin, TX) was used. The
electrochemical experiments were performed in a glass cell
This journal is ª The Royal Society of Chemistry 2013
under an argon atmosphere. An ohmic drop compensation was
performed before each recording.
Device fabrication

Indium tin oxide (ITO) substrates (Thin Film Devices) were rst
cleaned by hand scrubbing with a non-ionic soap and water and
then further cleaned in an ultrasonic water bath. Subsequently,
the substrates went through UV ozone cleaning for 10 minutes.
PEDOT:PSS (Clevios AI 4083) solutions were ltered through a
0.45 mm lter and then spin coated onto ITO substrates to reach
the target thickness of 90 to 100 nm. The PEDOT:PSS lms were
baked at 100 �C for 10 minutes to remove water. Samples were
then transferred into a nitrogen glove box with O2 and H2O
levels lower than 1 ppm for the remaining steps. All four
complexes were dissolved in acetonitrile at a concentration of
24 mgmL�1 and passed through a 0.1 mm lter. These solutions
were spin coated onto the PEDOT:PSS covered ITO substrates,
yielding active layer thicknesses of around 100 nm. Following
this, the samples were baked at 120 �C for 60 min to remove the
solvent. Samples were transferred into a thermal evaporator to
deposit 1 nm of LiF and 80 nm of Al through a shadow mask to
dene twelve devices each with a 3 mm2 area. A 760D electro-
chemical analyzer from CH Instruments (Austin, TX) was used
for electrical testing. Radiant ux measurements were obtained
with a calibrated Labsphere integrating sphere and photodiode,
with photocurrents measured with a Keithley 6485 Picoam-
meter. An Ocean Optics Jazz spectrometer was used to measure
the electroluminescence.
Results and discussion
Ligand and complex synthesis

The ligands 1-benzyl-4-(4-uorophenyl)-1H-1,2,3-triazole (Fphtl),
1-benzyl-4-(2,4-diuorophenyl)-1H-1,2,3-triazole (dFphtl) and 2-(1-
benzyl-1H-1,2,3-triazol-4-yl)pyridine (pytlBn) were obtained using
our one-pot “Click” chemistry protocol8 while 2-(1-phenyl-1H-
1,2,3-triazol-4-yl)pyridine (pytlPh) was synthesized using PhN3 and
2-trimethylsilylethynylpyridine under standard Click conditions.22

The iridium dimers [Ir(Fphtl)2Cl]2 and [Ir(dFphtl)2Cl]2 were
synthesized with sufficient thermal energy so as to produce
exclusively the trans isomer with respect to the coordinating
nitrogen atoms.6a The reaction of these iridium(III) dimers and the
corresponding ancillary pyridyl triazole ligands in a mixture of
2-EtOCH2CH2OH and water (3 : 1) at 150 �C followed by anion
metathesis with NH4PF6 yielded the desired complexes 1a–2b as
their hexauorophosphate salts in good yields. All complexes were
characterized by 1H, 19F{1H}, LR- and HR-MS and elemental
analysis.
Electrochemical characterization

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were used to investigate the electrochemical behavior and
to assess the redox gap of these iridium complexes (see the ESI
for CV traces, Fig. S1 and S2†). The electrochemical data are
given vs. SCE and listed in Table 1. During the anodic scan all
complexes undergo quasi-reversible oxidation processes
J. Mater. Chem. C, 2013, 1, 7440–7452 | 7443
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Table 1 Electrochemical dataa of 1a, 1b, 2a and 2b. All potentials are given vs. SCE

Compound EOx1/2 (V) DEp
b (V) ERed1/2 (V) DEp

b (V) EHOMO
c (eV) ELUMO

c (eV) DEHOMO–LUMO (eV)

1a 1.47d (1.51) 0.097 —(�1.76e) — �5.67 �2.76 2.91
1b 1.63d (1.67) 0.084 —(�1.72e) — �5.81 �2.79 3.01
2a 1.45d (1.51) 0.112 —1.81(�1.86e) 0.096 �5.68 �2.73 2.95
2b 1.62d (1.67) 0.093 —1.78(�1.83e) 0.099 �5.83 �2.74 3.09

a 1 mM of each complex in a mixture of CH3CN and 0.1 M TBAPF6, 298 K, glassy carbon 3 mm as the working electrode, n ¼ 0.1 V s�1. All potentials
are given vs. SCE using the Fc/Fc+ red–ox couple as an internal standard (0.40 V).21 b DEp was measured at 0.2 V s�1, DEp ¼ rEpa � Epcr.

c The HOMO
and LUMO energies were calculated using the relationship EHOMO–LUMO ¼ �(Eonset Ox./Red vs. Fc + 4.8) eV.23 d Epa: anodic potential. e Epc: cathodic
potential.
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ranging from 1.45 to 1.63 V. Upon cathodic sweep these
complexes show irreversible (1a and 1b) or quasi-irreversible
behaviors (2a and 2b) with the reduction potential falling within
the range of �1.86 to �1.72 V.

On the basis of the onset potentials of the oxidation and
reduction, the HOMO and LUMO energy levels were calculated
relative to the energy levels of ferrocene (4.8 eV under
vacuum).23 As observed for cyclometallated Ir(III) complexes with
1-subtituted-4-aryl-1,2,3-1H-triazole as C^N ligands, the reduc-
tion is generally considered to occur on the N^N heterocycle of
the ancillary ligand6a,b (in our case on the pyridine of the pyridyl
triazole), whereas the oxidation processes largely involve the Ir
atom, extending to the aryl ring of the aryltriazole.6a,b,22,24

The complexes 1b and 2b (1.63 and 1.62 V) containing dFphtl
ligands show oxidation potentials higher than those function-
alized with Fphtl, 1a and 2a (1.47 and 1.45 V). These potential
shis of 0.16 and 0.17 V, respectively, are in perfect agreement
with the electron-withdrawing character of uorine atoms
observed for metallic complexes.25 Complexes 1a and 2a or 1b
and 2b have almost equal HOMO energy levels suggesting that
the N-alkylation on the ancillary ligand does not play a signi-
cant role in the oxidation processes. However, this functional-
ization on the ancillary ligand is reected in the reduction
processes. Complexes 1a and 1b, incorporating a pytlPh N^N
ligand that possesses extended conjugation, show irreversible
behavior and a reoxidation process at ca. �0.8 V (see Fig. S1†).
Fig. 1 (a) Absorption spectra (solid lines) and deaerated emission spectra (dashed li
in 2-MeTHF at 77 K. lexc ¼ 300 nm.
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Complexes 2a and 2b, containing an N-benzyl group attached to
the triazole (pytlBn) that breaks the aforementioned conjuga-
tion, exhibit more reversible CV behavior. The cathodic poten-
tials (Epc) are affected by the extended p conjugation over the
phenyl substitution of the ancillary ligand by a less negative
shi from �1.86 or �1.83 V (2a and 2b) to �1.76 or �1.72 V
(1a and 1b), respectively. As expected, the reduction processes
are only slightly perturbed by the uorine substitution on the
cyclometallated ligand.

The HOMO–LUMO energy gap (DEHOMO–LUMO) increases
going from the Fphtl- to the dFphtl-based complexes. For 1a and
1b, the DEHOMO–LUMO is 2.91 (426 nm) and 3.01 eV (412 nm)
respectively. A similar trend is observed comparing 2a and 2b,
for which the DEHOMO–LUMO increases from 2.95 (421 nm) to
3.09 eV (407 nm), in agreement with the increased electron
withdrawing ability of the cyclometallated ligands. However,
changing the ancillary ligand, from a N-phenyl to a N-benzyl
substituted pyridyl triazole has only a modest effect on the
energy gap between the HOMO and the LUMO orbitals for 1a/2a
(0.04 eV) or 1b/2b (0.08 eV).
Photophysical characterization

The 298 K absorption and emission spectra in acetonitrile, ACN,
solution are shown in Fig. 1a while the emission spectra at 77 K
in a 2-MeTHF glass are shown in Fig. 1b. The photophysical
nes) of complex 1a–2b, in ACN at 298 K; (b) emission spectra of complexes 1a–2b,
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Table 2 Photophysical data in acetonitrile solutions of the investigated complexes

Complex

Absorbance 298 K (nm) Emission FPL se

[Molar absorptivities]
(�104 M�1 cm�1) 77 Ka (nm) 298 K (nm) N2

a (%) 77 Kb,c (ms) 298 Kb,c (ns)

1a 233 [6.71]; 274 [3.17]; 300 [1.59]; 355
[0.12]

407 [0.98]; 433 [1.00] 487 0.3 3.90 5.5 (76.9%)
0.92 (23.1%)

1b 233 [6.90]; 296 [1.73]; 347 [1.31] 403 [1.00]; 429 [0.79] 461 0.03 7.50 1.6 (19.4%)
0.6 (77.4%)
7.6 (3.2%)

2a 232 [6.11]; 280 [1.71]; 300 [1.14]; 355
[0.10]

407 [0.87]; 431 [1.00] 485 0.2 4.42 62.3 (2.5%)
2.1 (52.9%)
5.1 (44.6%)

2b 233 [6.59]; 280 [1.61]; 295 [1.23]; 344
[0.13]

402 [1.00]; 428 [0.84] 452 0.05 6.72 10.4 (5.2%)
2.9 (22.5%)
0.5 (72.4%)

a Measured at 298 K using quinine sulfate (F ¼ 54%) in 0.5 N H2SO4 as the external standard.11
b Measured in the 2-MeTHF glass state at 77 K, and

in ACN solution at room temperature (relative intensities). c lexc ¼ 375 nm.
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properties are summarized in Table 2. Analogous to other
aryltriazole complexes, the strong absorption bands at about
235 nm (3 ca. 6.55 � 104 M�1 cm�1) were assigned to strongly
allowed 1p–p* ligand-centered (1LC) transitions.6a,b,22 Addi-
tionally, the absorption spectra for each of the four complexes
showed low intensity bands at around 300 nm (3 ca. 1.40 �
104 M�1 cm�1). From the TD-DFT computations (vide infra),
these bands are mixed 1LC/1MLCT transitions with contribu-
tions from both the C^N and N^N ligands. The transitions
responsible for the low intensity shoulder that tapers off at
around 400 nm are mixed 1LLCT/1MLCT transitions. In the tail
of the band, at lower energy, 3MLCT transitions are present.
Generally, the prole of the absorption spectra differs slightly
between complexes possessing a pytlPh (1a and 1b) that are
more highly absorptive between 270 and 300 nm and complexes
bearing a pytlBn ligand (2a and 2b).

In ACN solution at 298 K, the four complexes show
unstructured deep blue to sky blue emission, with lmax values
ranging from 452 to 487 nm (Fig. 1a). The prole of these
spectra suggests that each of the complexes is emitting from a
mixed CT state.

The addition of increasing numbers of uorine atoms, i.e.
going from Fphtl to dFphtl, results in the expected higher
energy emission. Thus, the emission of 1b is blue-shied by
1158 cm�1 (26 nm) compared to 1a, while that of 2b is blue-
shied by 1505 cm�1 (33 nm) compared to 2a. This effect has
been well described in many related systems and results from
larger stabilization of the HOMO compared to the LUMO as
a consequence of the electron withdrawing groups.6b,7 By
contrast, N-substitution of the pyridyl triazole ligand (Ph vs. Bn)
does not appreciably affect the emission of the complexes as
shown by smaller blue-shis in the emission spectra between 1a
and 2a (85 cm�1) and between 1b and 2b (432 cm�1). Thus,
decreasing the conjugation length of the ancillary ligand in this
particular manner does not signicantly impact the overall
emission energy. Previous work by De Cola and co-workers7,26 on
This journal is ª The Royal Society of Chemistry 2013
related pyridyl triazole systems and by Duan and Qiu et al.27 on
pyridyl pyrazole-containing cationic iridium complexes
demonstrated that negligible electronic coupling was induced
through different N-substitutions on the ve-membered
heterocycle. Compared to [Ir(dFphtl)2(bpy)]PF6 (lem ¼ 514 nm
in ACN), the emission maxima for complexes 1b and 2b are
blue-shied by 2237 cm�1 (53 nm) and 2669 cm�1 (62 nm),
respectively, demonstrating the important color tuning capacity
of the triazole ring.6b Indeed, this change in the emission can be
attributed mainly to a higher lying LUMO of the pytl ligands
compared to bpy.7 In fact, to the best of our knowledge, among
all the triazole-containing cationic iridium complexes reported
to date, 1b and 2b are the bluest emitters in terms of both their
emission maxima and the overall color purity.6b,7,22,26,28

The emission at 77 K in 2-MeTHF glass was also investigated
(Fig. 1b). The emission spectra are highly structured and blue-
shied compared to those at 298 K, in agreement with the
predominant CT character of the excited states.29 Similar to the
trends observed at 298 K, the same emission spectral prole
exists for 1b and 2b, which emit at energies slightly higher
compared to the spectra of 1a and 2a.

Photoluminescence quantum efficiencies (FPL) were deter-
mined in ACN solutions using quinine sulfate as the external
reference (FPL ¼ 54%).11 Unfortunately, as with many blue
emitters, 1a–2b are very poorly luminescent with FPL lower than
1%. The explanation for such low values will be discussed in the
following section.

Time-resolved emission spectroscopy was used to quantify
the excited state lifetimes (se). Each of the complexes shows
multi-exponential decay kinetics at 298 K in ACN. Excited state
lifetimes were found to be extremely short for phosphors. Upon
cooling to 77 K, ses were signicantly longer, in the ms regime,
and became monoexponential. Thompson et al.30 elegantly
showed that the excited state properties of fac-Ir(ppz)3 (ppz ¼
1-phenylpyrazolyl) were strongly dependent on temperature due
to the thermal population of non-radiative states. Complexes
J. Mater. Chem. C, 2013, 1, 7440–7452 | 7445
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Table 3 Photophysical data in the solid state

Complex Sample lmax (nm) Fa (%) se (ns)

1a Powder 464 <1 3 (21%); 43 (34%); 484 (45%)
Neatb 473 1 66 (8%); 340 (37%); 1138 (55%)
50% in PMMA 461 2 64 (20%); 274 (49%); 895 (51%)
10% in PMMA 452 3 54 (43%); 402 (57%)

1b Powder 456 <1 4 (20%); 36 (29%); 370 (51%)
Neatb 451 2 80 (20%); 665 (80%)
50% in PMMA 437 <1 18 (12%); 96 (40%); 537 (47%)
10% in PMMA 433 <1 10 (35%); 105 (64%)

2a Powder 453 12 133 (21%); 330 (78%)
Neatb 468 1 31 (12%); 152 (40%); 643 (47%)
50% in PMMA 459 2 32 (9%); 158 (38%); 677 (54%)
10% in PMMA 449 3 60 (8%); 296 (36%); 1100 (56%)

2b Powder 435 10 200 (42%); 560 (57%)
Neatb 454 2 58 (44%); 470 (55%)
50% in PMMA 436 <1 48 (20%); 259 (45%)
10% in PMMA 430 <1 100 (24%); 837 (76%)

a Measured using an integrating sphere. b Neat thin lm.
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1a–2b exhibit similar photophysical behaviour to fac-Ir(ppz)3 in
that they are also blue emitters with low FPL, have short se at
298 K and much longer se at 77 K. Thus, by analogy we believe
that access to non-radiative states should be responsible for the
rapid quenching of the excited states in 1a–2b.

As a prelude to incorporation of these complexes into
matrices for devices, the solid state luminescence properties,
both in powder and in thin lms, were investigated. These
measurements are summarized in Table 3 and the corre-
sponding emission spectra can be found in the ESI (see Fig. S7–
S11†). The emission spectra were rst directly measured on
powder samples. Thin lms were obtained by spin-coating from
ACN solutions of either the pristine complex or mixtures with
differing amounts of PMMA. In all cases, the emission
maximum was blue-shied compared to the solution state. The
FPL values were determined with the aid of an integrating
Fig. 2 Calculated energy level scheme for the Kohn–Sham orbitals between HOM
and 2b containing dFphtl cyclometallating ligands, including contour plots of selec
gap (in eV).
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sphere. Notably, though FPL values remained low for all 1a and
1b (ca. 1%), the FPL of powder samples of 2a and 2b were
enhanced at 10–12%. The increased FPL is probably due to
improved intermolecular spacing of luminophores conferred by
the bulkier N-benzyl group compared to the N-phenyl moiety.
The excited state decay kinetics in the solid state showed
complex behaviour. In all cases, bi-exponential or even tri-
exponential decays were observed, which could be rationalized
due to the heterogeneity of the samples.
Computations

In order to better understand the origin of the opto-electronic
properties of the complexes, a combined density functional
theory (DFT) and time-dependent DFT (TDDFT) study was
undertaken.13c,14,31 All complexes were modeled using Gaussian
O�5 to LUMO+5 of 1a, and 2a containing Fphtl cyclometallating ligands and 1b,
ted most relevant MOs and the associated DFT calculated HOMO–LUMO energy
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0932 using the following DFT protocol at the B3LYP15b,15c,33 level
of theory with the SBKJC-DVZ17a,18 basis set for iridium, 6-31G*
for heavy atoms directly coordinated to iridium and 3-21G* for
all other atoms.17,34 An ACN quantum mechanical continuum
solvation model was employed throughout the computational
study.35 We have previously shown that a similar computational
methodology incorporating the SBKJC-DVZ basis set on iridium
accurately predicts both ground and excited state properties for
triazole-containing iridium complexes.6b

Each of the complexes adopts a pseudo-octahedral geometry.
For the ground state optimized structures, increasing the uo-
rine-content on the C^N ligand results in a ca. 0.01 Å shortening
of each of the Ir–C and Ir–N bonds while modication of the
N-alkyl group did not affect the coordination sphere around the
iridium atom. The geometry in the triplet state is essentially
unchanged compared to that in the ground state. Globally,
Table 4 Principal theoretical low energy singlet–singlet and singlet–triplet electroni
1b, and 2ba

Complex State Nature of transition (contribution in %)

1a S1 HOMO / LUMO (78%), HOMO / L+1
(19%)

S3 H�1 / LUMO (90%)
S4 H�1 / L+1 (88%)
T1 HOMO / LUMO (69%), HOMO / L+1

(24%) H�1 / L+4 (11%), H�1 / +6
(14%), HOMO / L+3 (16%),

T2 HOMO / L+4 (11%), HOMO / L+5
(16%) H�1 / L+3 (11%), H�1 / L+5
(19%), HOMO / L+4 (12%),

T3 HOMO / L+6 (17%)
2a S1 HOMO / LUMO (97%)

S9 H�5 / LUMO (29%), H�4 / LUMO (19%),
H�3 / LUMO (44%)

S11 HOMO / L+5 (87%)
T1 HOMO / LUMO (94%) H�1 / L+4

(11%), H�1 / L+6 (12%), HOMO / L+3
(28%),

T2 HOMO / L+5 (18%) H�1 / L+3 (14%),
H�1 / L+5 (17%), HOMO / L+4 (24%),

T3 HOMO / L+6 (16%)
1b S1 HOMO / LUMO (80%), HOMO / L+1

(17%)
S3 H�1 / LUMO (91%)
S5 H�2 / LUMO (48%), H�1 / L+1 (30%)
T1 HOMO / LUMO (39%), HOMO / L+1

(16%)
T2 H�3 / LUMO (16%), HOMO / L+3

(17%) H�1 / L+3 (16%), H�1 / L+5
(11%), HOMO / L+2 (24%),

T3 HOMO / L+6 (13%)
2b S1 HOMO / LUMO (96%)

S2 H�1 / LUMO (98%)
T1 HOMO / LUMO (59%) H�1>L+3 (10%),

H�1 / L+6 (13%), HOMO / L+2 (24%),
T2 HOMO / L+5 (11%) H�1 / L+2 (14%), H�1

/ L+5 (16%), HOMO / L+3 (16%),
T3 HOMO / L+6 (16%)

a H ¼ HOMO; L ¼ LUMO; MLCT ¼ metal-to ligand charge transfer; LLCT

This journal is ª The Royal Society of Chemistry 2013
there is only a modest contraction of the Ir–Npy of the N^N
ligand of ca. 0.05 Å in each of 1a–2b and a small contraction of
the Ir–C bond of ca. 0.04 Å for the Fphtl containing complexes
(1a and 2a).

Fig. 2 shows compiled Kohn–Sham energy diagrams of the
ve highest energy occupied and ve lowest energy unoccupied
molecular orbitals (MOs) for 1a–2b along with contour plots of
selected MOs. For each of the complexes, the HOMO is situated
on both the C^N ligands and the metal center, accounting for,
respectively, ca. 64% and 33% of the electron density distribu-
tion (cf. Fig. S12–S15† for quantication of the electron density
distributions). The electron density distribution on the C^N
ligands extends over both the aryl and triazole rings but the
N-benzyl groups are themselves bere of electron density. The
HOMO�1 and HOMO�2 MOs for each of the complexes
possess similar topologies, however the metal contribution
c transitions with corresponding oscillator strengths (f) and assignments for 1a, 2a,

Primary character

Energy
Oscillator strength
( f )(eV) (nm)

LLCT/MLCT 3.25 382 0.0004

LLCT/MLCT 3.69 336 0.0124
LLCT/MLCT 3.84 323 0.0159
LLCT/MLCT 3.22 385 0.0000

LCFphtl 3.33 373 0.0000

LCFphtl 3.35 370 0.0000
LLCT/MLCT 3.15 394 0.0008
LLCT/MLCT 4.14 300 0.1351

LCFphtl 4.22 294 0.1802
LLCT/MLCT 3.12 397 0.0000

LCFphtl 3.30 376 0.0000

LCFphtl 3.33 372 0.0000
LLCT/MLCT 3.39 366 0.0002

LLCT/MLCT 3.77 329 0.0171
LLCT/MLCT 3.95 314 0.0287
LLCT/MLCT 3.34 371 0.0000

LLCT/MLCT/LCpytlph 3.38 367 0.0000

LCdFphtl/MLCT 3.39 366 0.0000
LLCT/MLCT 3.41 363 0.0010
LLCT/MLCT 3.83 324 0.0117
LLCT/MLCT 3.36 369 0.0000

LCdFphtl/LLCT 3.38 366 0.0000

LCdFphtl/LLCT 3.40 364 0.0000

¼ ligand to-ligand charge transfer; LC ¼ ligand-centered.
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decreases signicantly to ca. 4% and 20%, respectively, for these
two MOs. The LUMO for each of the four complexes is situated
exclusively (electron density distribution ca. 96%) on the pyridyl
triazole ligand. The LUMO+1 and LUMO+2 are also predomi-
nantly on the pyridyl triazole. However, there are two major
differences between the N-phenyl and the N-benzyl substituted
complexes (1a and 1b vs. 2a and 2b): (i) the LUMO+1 contains an
important contribution from the conjugated phenyl group in 1a
and 1b while in 2a and 2b such a contribution is impossible due
to the lack of conjugation between the tl and the Bn group; (ii)
secondly the LUMO+2 in 1b and 2b contains signicant
contributions from the cyclometallating ligands (41% for 2a
and 60% for 2b).

The MOs for dFphtl-containing complexes 1b and 2b are
stabilized compared to Fphtl-containing analogs 1a and 2a. The
stabilization is more pronounced for the occupied MOs result-
ing in a 0.16–0.19 eV increase in the HOMO–LUMO gap with the
incorporation of additional uorine groups at the 2-position of
the aryltriazole. The energies of the MOs are somewhat less
perturbed by the nature of the N-alkyl group on the pyridyl tri-
azole. Both the HOMO and LUMO are slightly stabilized for
complexes containing an N-phenyl group (1a and 1b) compared
to those containing an N-benzyl group (2a and 2b). Interest-
ingly, the HOMO stabilization is more pronounced for the
Fphtl-containing complexes, resulting in a net increase in the
HOMO–LUMO gap for 1a compared to 2a, while the HOMOs for
1b and 2b are pseudo isoenergetic, resulting in a net decrease in
the HOMO–LUMO gap of 0.03 eV. Generally, the picture
provided by the DFT computations is consistent with the CV
data presented in Table 1.

TDDFT calculations of the 100 lowest-energy vertical singlet–
singlet and 5 lowest-energy singlet–triplet transitions were per-
formed in order to permit assignment of the nature of the
different absorption bands and to elucidate the nature of the
emission. Comparisons between computed and experimental
absorption spectra are reported in Fig. S16–S19.† The most
important low energy vertical transitions are collated in Table 4.
The nature of the low energy absorption bands (>300 nm)
is best characterized as an admixture of metal-to-ligand and
Fig. 3 Calculated spin density contours of the T1 state for 1a, 2a, 1b and 2b
(isocontour value of 0.0004 au).
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ligand-to-ligand charge transfer transitions. The intense absorp-
tion bands around 250 nm are a mixture of different ligand-
centered (LC) transitions. The nature of the T1 state can also be
described as mixed CT. Notably, for each of the four complexes,
the T2 and T3 states are very close in energy to the T1, <0.21 eV for
Fphtl complexes 1a and 2a, and <0.05 eV for dFphtl complexes 1b
and 2b. These triplet states are largely LCC^N in nature.

The geometry and energy of the T1 state for each complex
were fully optimized using unrestricted B3LYP (UB3LYP). The
spin densities for the T1 state are shown in Fig. 3. For 1a and 2a,
the spin density is distributed throughout the complex, residing
on both the aryltriazole and pyridyl triazole ligands along with
contributions from iridium while for 1b and 2b the spin density
is localized to a greater extent on the pyridyl triazole ligand
along with the metal. This would suggest that though emission
for each of the four complexes can be best described as resulting
from an admixture of 3MLCT/3LLCT, in agreement with the TD-
DFT analysis, the nature of the emission in 1a and 2a points to
an increased ligand-centered character with respect to the Fphtl
ligand. The predicted emission energy as determined by the
DSCF approach is 401, 420, 389 and 386 nm, respectively, for 1a,
2a, 1b, and 2b. These predictions compare very well to the E0,0
band at 77 K, which are 407, 403, 407 and 402 nm, respectively,
for 1a, 1b, 2a, and 2b. The substitution pattern of the complexes
inuences strongly the magnitude and orientation of the
excited state dipoles (cf. Fig. S20–S23†). There is a large decrease
in the magnitude of the dipole moment in the T1 state
compared to the S0 state for 1a and 1b (5.6–9.3 D), complexes
bearing the Fphtl C^N ligand. This effect is attenuated some-
what for the dFphtl analogs, with a more modest decrease of ca.
2.3 D calculated between the excited and ground states. For
1a–2b, the ground state dipole is oriented as to bifurcate the
ancillary ligand. This relative orientation is conserved in 1b and
2b in the triplet state.
Device characterization

Electroluminescent devices of layering Al/LiF/iTMC/PEDOT:PSS/
ITO were tested at a constant voltage under a nitrogen
Fig. 4 Electroluminescence spectra of Al/LiF/iTMC/PEDOT:PSS/ITO devices
under 9 V bias, where the iTMC is complex 1a–2b.
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Fig. 6 Luminance versus time for Al/LiF/2a/PEDOT:PSS/ITO electroluminescent
devices operated under various constant voltages.
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atmosphere in a glovebox. All devices turned on with yellowish-
green to blue emission with structured electroluminescence (EL)
peaks, as in Fig. 4 for devices under a 9 V applied bias. Similar to
the trends observed for emission in the bulk, 2a and 2b were
more blue-shied than 1a and 1b, which may result from the
shorter conjugation length from the N-benzyl-substitution on the
pyridyl triazole in both 2a and 2b. Luminophore 2a is a deep blue
emitter, with an EL spectral peak and CIE coordinates (0.26, 0.36)
similar to the previously reported bluest iTMC emitters.7,36

The EL spectra were all red shied compared with the
solution or the thin lm PL spectra. The EL spectra are signif-
icantly broader. This widening and red-shiing of the spectra is
suggestive of excimer formation. Likewise, large red-shiing of
EL spectra has been observed previously in uoro-substituted Ir
iTMC analogs and ascribed to the multiple triplet energy states
available for emission, behaviour of which has also been pre-
dicted by computations for 1a and 2a.37 Remarkably, in the
devices the effect of uorine atoms on blue-shiing is reversed
relative to what is observed in solution or thin lms with 1a
blue-shied compared to 1b and likewise 2a blue-shied
compared to 2b. This behavior could be due to the different
surface properties of the lm on an ionic polymer mixture
versus directly on glass, or it may indicate greater instability and
excimer formation under the high exciton concentrations
associated with device driving.38

To understand this further, we explored the red-shiing of
the EL by testing the devices at higher biases and recording the
changes in spectra over time. Fig. 5 shows the evolution of the
device emission over time at 14 V applied bias. The blue curve
indicates the spectra taken just aer device turn on, and the red
curve is obtained approximately 10 minutes later. As for 9 V, all
spectra are red-shied when compared to their PL counterparts.
Fig. 5 Electroluminescence spectra of Al/LiF/iTMC/PEDOT:PSS/ITO devices
under 14 V bias, where the iTMC is complex 1a–2b. The blue curve indicates the
first spectrum taken shortly after device turn on, while the red curve is a spectrum
recorded 10 min later.
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Furthermore, in all four cases the spectra broaden and red-shi
with time, consistent with the formation of excimers.38

Fig. 6 shows the effect of driving a Al/LiF/2a/PEDOT:PSS/ITO
device under various constant voltages while Fig. 7 displays an
image of the operational LEEC. At 20 V, the device reaches a
maximum luminance of over 300 cd m�2, but is very short lived,
with a half-life on the order of seconds. Lifetime is increased as
voltage is reduced: for 9 V driving the lifetime is close to 1 h.
However, the luminance maximum is also reduced as voltage is
decreased, showing the trade-off between maximum luminance
and lifetime.2a Table 5 shows the EL data for all four complexes.
The external quantum efficiencies (EQE) for different complexes
are all on the order of 0.1–0.5%, which correlates with low FPL

in thin lms. The luminance values of the other complexes are
Fig. 7 LEEC of complex 2a.
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Table 5 Summary of electroluminescence and device data for 9 V operation

Complex
EL lmax

(nm) EQEa (%)
Current efficiency
(cd A�1)

Max. brightness
(cd m�2)

Turn on time
(h) Lifetime t1/2 (h)

CIE coordinates

x y

1a 508 0.48 1.4 25 0.7 1.2 0.3065 0.4434
1b 569 0.45 1.3 7 1.5 6 0.3658 0.4504
2a 487 0.14 0.3 13 0.1 0.8 0.2640 0.3632
2b 508 0.39 0.4 3 2 6 0.2799 0.4494

a Estimated.
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similar to that of 2a at 9 V driving, on the order of �10 cd m�2,
and the half-lives of the luminance were on the order of hours.
The monouoro compounds 1a and 2a showed higher lumi-
nance, faster turn on times and shorter half-lives than the
diuoro analogs 1b and 2b.
Conclusions

Four cationic heteroleptic iridium complexes bearing uori-
nated aryltriazole cyclometallating and pyridyltriazole ancillary
ligands have been synthesized and their optoelectronic prop-
erties in both solution and the solid state extensively charac-
terized. All four complexes are deep blue emitters both in
solution and in the solid state but with very low quantum effi-
ciencies and complex decay kinetics with short excited state
lifetimes. The EL spectra of these complexes were all red-shied
in comparison to their PL spectra. Nonetheless, emitter 2a is
among the bluest devices reported to date (lmax ¼ 487 nm).
External quantum efficiencies were limited by the low inherent
quantum yield of the material, and device lifetimes were
compromised by the high voltages required for ionic redistri-
bution for efficient carrier injection. Our ndings suggest that
excimer formation limits device performance.
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2104–2111; (e) M. Juŕıček, P. H. J. Kouwer and A. E. Rowan,
Chem. Commun., 2011, 47, 8740–8749; (f) E. Orselli,
R. Q. Albuquerque, P. M. Fransen, R. Frohlich,
H. M. Janssen and L. De Cola, J. Mater. Chem., 2008, 18,
4579–4590; (g) K. N. Swanick, S. Ladouceur, E. Zysman-
Colman and Z. Ding, Chem. Commun., 2012, 48, 3179–3181;
(h) M. de Barros e Silva Botelho, J. M. Fernandez-
Hernandez, T. B. de Queiroz, H. Eckert, L. De Cola and
A. S. S. de Camargo, J. Mater. Chem., 2011, 21, 8829–8834;
(i) D. Sykes and M. D. Ward, Chem. Commun., 2011, 47,
2279–2281.

29 R. D. Costa, F. Monti, G. Accorsi, A. Barbieri, H. J. Bolink,
E. Ort́ı and N. Armaroli, Inorg. Chem., 2011, 50, 7229–7238.

30 T. Sajoto, P. I. Djurovich, A. B. Tamayo, J. Oxgaard,
W. A. Goddard and M. E. Thompson, J. Am. Chem. Soc.,
2009, 131, 9813–9822.

31 (a) P. Hohenberg and W. Kohn, Phys. Rev. B: Solid State,
1964, 136, B864; (b) W. Kohn and L. J. Sham, Phys. Rev.,
1965, 140, A1133.

32 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratmann, J. C. Burant,
S. Dapprich, M. J. Millam, A. D. Daniels, K. N. Kudin,
M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford,
J. Ochterski, G. A. Peterson, P. Y. Ayala, Q. Cui,
K. Morokuma, A. Malik, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. Gomperts, R. L. Martin, M. Challacombe,
P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong,
J. L. Andres, M. Head-Gordon, E. S. Replogle and
J. A. Pople, Gaussian 98 (Revision A.6), Gaussian Inc.,
Pittsburgh, PA, 1998.

33 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
34 (a) R. Ditcheld, W. J. Hehre and J. A. Pople, J. Chem. Phys.,

1971, 54, 724; (b) W. J. Hehre, R. Ditcheld and J. A. Pople,
J. Chem. Phys., 1972, 56, 2257; (c) P. C. Hariharan and
J. A. Pople, Theor. Chim. Acta, 1973, 28, 213; (d)
P. C. Hariharan and J. A. Pople, Mol. Phys., 1974, 27, 209;
(e) M. S. Gordon, Chem. Phys. Lett., 1980, 76, 163.

35 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005,
105, 2999–3094.

36 (a) L. He, L. Duan, J. Qiao, D. Zhang, L. Wang and Y. Qiu,
Chem. Commun., 2011, 47, 6467–6469; (b) F. Kessler,
J. Mater. Chem. C, 2013, 1, 7440–7452 | 7451

http://dx.doi.org/10.1039/c3tc31307g


Journal of Materials Chemistry C Paper

View Article Online
R. D. Costa, D. Di Censo, R. Scopelliti, E. Ort́ı, H. J. Bolink,
S. Meier, W. Sarfert, M. Gratzel, M. K. Nazeeruddin and
E. Baranoff, Dalton Trans., 2012, 41, 180–191; (c)
S. B. Meier, W. Sarfert, J. M. Junquera-Hernandez,
M. Delgado, D. Tordera, E. Orti, H. J. Bolink, F. Kessler,
R. Scopelliti, M. Gratzel, M. K. Nazeeruddin and
E. Baranoff, J. Mater. Chem. C, 2013, 1, 58–68; (d)
E. Baranoff, H. J. Bolink, E. C. Constable, M. Delgado,
D. Haussinger, C. E. Housecro, M. K. Nazeeruddin,
7452 | J. Mater. Chem. C, 2013, 1, 7440–7452
M. Neuburger, E. Orti, G. E. Schneider, D. Tordera,
R. M. Walliser and J. A. Zampese, Dalton Trans., 2013, 42,
1073–1087.

37 H. J. Bolink, L. Cappelli, S. Cheylan, E. Coronado,
R. D. Costa, N. Lardies, M. K. Nazeeruddin and E. Orti,
J. Mater. Chem., 2007, 17, 5032–5041.

38 E. Margapoti, V. Shukla, A. Valore, A. Sharma, C. Dragonetti,
C. C. Kitts, D. Roberto, M. Murgia, R. Ugo and M. Muccini,
J. Phys. Chem. C, 2009, 113, 12517–12522.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3tc31307g

	ARTICLE.pdf
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...

	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...

	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...
	Blue light emitting electrochemical cells incorporating triazole-based luminophoresElectronic supplementary information (ESI) available: 1H and 19F{1H...



