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Abstract

We report on the design, synthesis, characterization and successful application of a heterodinuclear
Ir(111)/Pt(ll) complex endowed with two 4,6-diphenylpyrimidine ligands and two acetylacetonate
ligands, with one of the former being the rigid bridging unit between the two metal centers. The
heterodinuclear complex exhibits red phosphorescence with a high quantum yield of ®; =85 % and a
short room-temperature decay time of t=640 ns in degassed toluene solution. The high efficiency of
the spin-forbidden T,->S, transition is demonstrated to originate in a strong spin-orbit coupling of the
T, state with a manifold of excited singlet states, which contributes to the record-breaking zero-field
splitting of the T, state of 240 cm=. The high-solubility and non-ionic hetero-dinuclear complex was
employed as the emissive guest compound in host-guest light-emitting electrochemical cells, and such
optimized devices delivered vibrant red emission (Ape,x = 615 nm) with a second-fast turn-on and a
high external quantum efficiency of 2.7 % at a luminance of 265 cd/m?.

1. Introduction

Transition metal complexes that incorporate more than one metal centre can offer efficient
phosphorescence as well as a broad range of design opportunities.’® The emission and processing
properties of such multinuclear complexes are tuneable by the molecular design,* 812 and, e.g., the
employment of a rigid conjugated bridging ligand between the metal centers over a flexible non-
conjugated counterpart will result in a red-shifted emission, but at the expense of lowered solubility.
A highly symmetric complex will further be prone to crystallization in the solid state, whereas a non-
symmetric complex can allow for high solubility in common processing solvents and a facile solution-
based fabrication of uniform thin films fit for low-cost device applications.
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With such rich design properties at hand, it is not surprising that multinuclear complexes are gaining
popularity as the emitting species in organic light-emitting diodes (OLEDs),% 132! and also have
contributed to an impressive device performance. For instance, Zhou and co-workers report on the
successful application of Ir and Pt homodinuclear complexes as the emitter in OLEDs that exhibit a very
high efficiency,’® 22 while others have demonstrated well-performing OLED devices based on
homodinuclear and heterodinuclear complexes that emit with a broad variety of emission colors at
high efficiency.?

The light-emitting electrochemical cell (LEC) features a number of distinct advantages over the OLED,
notably the opportunity to employ a robust single-layer active material and air-stabile electrodes,3-?°
which in turn render the LEC an ideal candidate for a low-cost®*® and low-energy solution-based31-3¢


https://doi.org/10.1039/C9TC02930C

Published on 12 August 2019. Downloaded by Northumbria University Library on 8/12/2019 3:55:54 PM.

Journal of Materials Chemistry C Page 2 of 18

fabrication. However, only a few examples on the employment of multinuclear complexes irJ‘EVI;I/EAECle i
devices exist in the scientific literature.?”*3 Bideh and Shahroosvand3” and Ju et al.38 reportet ondanico2930c
homodinuclear Ru complexes, which delivered strong emission with an external quantum efficiency
(EQE) of 0.1-0.7% in LEC devices. Leprétre and co-workers demonstrated non-ionic homodinuclear Ru
complexes that exhibited orange emission in LECs with an EQE of 0.02 %,3° while Fernandez-Cestau et

al. introduced novel heterotetranuclear Ir/Ag and Ir/Cu complexes equipped with alkynyl bridging
ligands in LEC devices that delivered a peak luminance of ~20 cd/m?2.4° Finally, Sessolo and co-workers
recently reported on LECs based on anionic homodinuclear Ir complex that featured an EQE of 0.83%.4?
Accordingly, the use of multinuclear complexes in LEC is not yet as successful as in OLEDs and more
comprehensive studies are needed in order to assess their full potential. At the same time, it is
fundamental that the multinuclear complex is highly soluble in common solvents in order to be
compatible with the solution-processing potential of LEC devices.

Here, we report on the design and synthesis of a non-symmetric and high-solubility non-ionic
heterodinuclear complex, comprising Pt(ll) and Ir(lll) as the metal centers connected by a rigid 4,6-
diphenylpyrimidine (dpp) bridging ligand and which is further equipped with a second dpp ligand and
two acetylacetonate (acc) ancillary ligands. The heterodinuclear complex featured red emission with a
high quantum yield of 85 % and a short phosphorescence decay time of 640 ns in toluene solution. A
systematic photophysical investigation revealed that the high efficiency of the spin-forbidden T,—>S,
transition originated in a strong spin-orbit coupling of the T, state with a manifold of excited singlet
states which contributes to a record-breaking zero-field splitting of the T state of 240 cm™. The non-
ionic Pt/Ir heterodinuclear complex was employed as the guest emitter in host-guest LECs, which
delivered vibrant red emission (Ape. = 615 nm) with a fast turn-on time of 4 seconds and a high external
quantum efficiency of 2.7 % at a significant luminance of 265 cd/m?.

2. Experimental

Synthesis. All solvents and reagents were purchased from commercial suppliers and used without
further purification unless otherwise noted. The synthesis of the starting complex 1 followed a
published procedure.? The complex 2 was prepared as follows. A mixture of complex 1 (750 mg, 0.77
mmol), K;PtCl, (330 mg, 0.80 mmol) and acetic acid (130 cm3) was heated under reflux under nitrogen
atmosphere for 2 days. The precipitated solid was filtered off and washed with methanol. The solid
was transferred into a round-bottomed flask; ethoxyethanol (20 cm?3) and sodium acetylacetonate (242
mg, 2.40 mmol) were added and the mixture was stirred under nitrogen atmosphere at 107°C for 14
h. Water (50 cm?) was added and the mixture was extracted with DCM (3 X 25 cm3). The organic layer
was washed with water (50 cm3) and dried over anhydrous MgS0,. The mixture was filtered and the
filtrate was evaporated to dryness. The product was purified by column chromatography (silica gel,
DCM). Yield 320 mg (33%).

NMR spectra were recorded on a JEOL ECS400FT Delta spectrometer (399.78 MHz for *H NMR, 100.53
MHz for 3C NMR). Chemical shifts are reported in parts per million (ppm) relative to a
tetramethylsilane internal standard. Elemental microanalysis was carried out at University of
Regensburg. High resolution mass spectroscopy (HRMS) was performed on a LTQ Orbitrap XL
spectrometer at the EPSRC National Mass Spectrometry Service (University of Swansea).

NMR (400MHz, CDCls) § 9.47 (s, 1H), 9.11 (s, 1H), 8.18 (d, J = 8.4 Hz, 2H), 8.09 (s, 1H), 7.83 (s, 1H), 7.75
(s, 1H), 7.60-7.66 (m, 5H), 7.26 (1H), 6.94 (d, J = 8.4 Hz, 2H), 6.56 (s, 1H), 6.42 (s, 1H), 2.03 (s, 3H), 1.91
(s, 3H), 1.86 (s, 3H), 1.84 (s, 3H), 1.42 (s, 18H), 1.08 (s, 9H), 1.05 (s, 9H).

Elemental analysis: calculated: C 54.79, H 5.31, N 4.41; measured: C 54.84, H 5.37, N 4.37.
HRMS: calculated (for MH*): CsgHg7N,0,13Ir1%°PtH 1272.4520; measured: 1272.4561.

X-ray diffraction. Red needle-shaped single crystals of complex 2 were obtained by slow convectional
diffusion of methanol into a solution of 2 in dichloromethane. A representative 0.34x0.09x0.05 mm?3
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crystal was selected and mounted with mineral oil on a MITIGEN holder on a SuperNova diffractormev;c/&anr‘Cle i
equipped with an Atlas CCD detector. The crystal was kept at T=123.01(10) K during data:cobectionco2930c
The structure was solved with the ShelXT** structure solution program using the Intrinsic Phasing
solution method and by using Olex2# as the graphical interface. The model was refined with version

2018/3 of ShelXL* using Least Squares minimization.

Optical spectroscopy. The photophysical measurements were performed on a solution of complex 2
in toluene. The UV-Vis absorption spectra were recorded with a Varian Cary 300 double beam
spectrometer. The photoluminescence (PL) spectra were measured with a Horiba Jobin Yvon
Fluorolog-3 steady-state fluorescence spectrometer, modified to allow for time-dependent
measurements. The low-temperature measurements were performed with the sample mounted in a
helium cryostat (Cryovac Konti Cryostat IT) in which the temperature can be varied between 1.7 and
300 K. The excitation source was a PicoBright PB-375 pulsed diode laser (Aexc = 378 nm, pulse width
100 ps). The PL signal was detected with a cooled photomultiplier attached to a FAST ComTec
multichannel scalar PCl card with a time resolution of 250 ps. The PL quantum yield was determined
with a Hamamatsu €9920-02 system equipped with a Spectralon® integrating sphere.

Cyclic voltammetry. The cyclic voltammetry (CV) measurements were performed with a three-
electrode setup controlled by an Autolab PGSTAT302 potentiostat/galvanostat (Eco Chemie). Complex
2 was dissolved in a dichloromethane/acetonitrile (1:10) mixed solvent at a solute concentration of ~1
g/l. A Au-coated glass plate was the working electrode, a Pt rod was the counter electrode, a Ag wire
was the pseudo-reference electrode, and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF)
in acetonitrile was the electrolyte solution. The pseudo-reference electrode was calibrated at the end
of each experiment vs. the ferrocene/ferrocenium (Fc/Fc*) redox couple. The scan rate was 0.05 V/s.
The reduction/oxidation onset potentials were defined as the intersection of the baseline with the
tangent of the current at the half-peak height. The sample preparation and the CV scans were
performed under N, atmosphere.

Device fabrication and characterization. Master solutions were prepared by separately dissolving
complex 2, poly(9-vinylcarbazole) (PVK), 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene
(OXD-7), and tetrahexylammonium tetrafluoroborate (THABF,) in chlorobenzene in a concentration of
20 g/l. The active-material inks were prepared by mixing the master solutions in the desired
stoichiometries. A thin layer of poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT-PSS,
Clevios P VP Al 4083, Heraeus) was spin-coated onto carefully cleaned indium-tin-oxide (ITO) coated
glass substrates (20 Q/square, Thin Film Devices, US) at 4000 rpm for 60 s. The active-material ink was
stirred on a magnetic hot plate at 343 K for at least 6 h and thereafter spin-coated onto the PEDOT-
PSS layer at 2000 rpm for 60 s. The dry thickness of the PEDOT-PSS and active-material layers was 40
nm and 100 nm, respectively. A set of four Al electrodes was deposited on top of the active material
by thermal evaporation at p < 5x10* Pa. The ITO electrode was biased as the positive anode during all
measurements. The light-emission area, as defined by the cathode/anode overlap, was 0.85 x 0.15
cm?. The LEC devices were characterized with a computer-controlled source-measure unit (Agilent
U2722A) and a calibrated photodiode, equipped with an eye-response filter (59219-01, Hamamatsu
Photonics); the latter was connected to an embedded evaluation board (myRIO-1900, National
Instruments) via a current-to-voltage amplifier. The electroluminescence (EL) spectrum was recorded
with a calibrated fiber-optic spectrometer (USB2000+, Ocean Optics). All of the above procedures,
except for the deposition of the PEDOT:PSS layer, were carried out in two interconnected N,-filled
glove boxes ([0,] < 1 ppm, [H,0] < 0.5 ppm).
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3. Results and Discussion

View Article Online
. DOI: 10.1039/C9TC02930C
3.1 Synthesis and XRD

(a) 1) KyPtCly, AcOH, reflux, 48 h
2) Na(acac), ethoxyethanol,107°C, 14 h

Figure 1. (a) The reaction scheme for the synthesis of complex 2. (b) The molecular structure of
complex 2, as determined by XRD on a single crystal. The thermal ellipsoids are shown at 50%
probability level and hydrogens are omitted for clarity.

The design goal was to realize a non-ionic multinuclear complex that features efficient phosphorescent
emission in the red region, balanced and significant electrochemical doping capacity, and high
solubility in common solvents fit for facile fabrication of uniform thin films. As such, the complex will
be a strong candidate for the emitter in high-performance red-emitting LEC devices. For this end, we
designed the mixed-metal heterodinuclear Ir(lll)/Pt(ll) complex 2 displayed in the lower part of Figure
1(a), with the Ir and Pt metal centers linked together by a rigid 4,6-diphenylpyridine (dpp1) bridging
ligand, and with a second 4,6-diphenylpyridine (dpp2) ligand solely coordinated to the Ir center. A first
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acetylacetonate (acacl) ligand was coordinated to the Pt center and a second acetylacetonate (acac2

Vi wAr)\ le Onlin
ligand was coordinated to the Ir center. The inclusion of the tert-butyl end-capping unitssandcthesnoneo2o30c

symmetric molecular character were expected to render the complex highly soluble in common
organic solvents, and as such make it compatible with high-throughput solution-based fabrication.

The target complex 2 was prepared in a one-pot procedure by the reaction of complex 1 with one-
molar equivalent of potassium tetrachloroplatinate in boiling acetic acid, as schematically outlined in
Figure 1(a). The intermediate dichlorobridged complex was treated with sodium acetylacetonate, and
the resulting complex 2 purified by column chromatography. The overall yield of the synthesis and
purification procedures was 33 %, and the structure and purity were verified with 'H NMR
spectroscopy, high resolution mass-spectrometry and elemental analysis; see Experimental section for
details.

The molecular structure of complex 2 in the crystalline state is displayed in Figure 1(b). It was obtained
by X-ray diffraction (XRD) analysis of orthorombic single crystals of complex 2, grown by slow diffusion
of methanol into a solution of complex 2 in dichloromethane. The corresponding coordination bond
lengths and bond angles are reported in Table S2. We find that the Pt(Il) metal center exhibits a square
planar geometry with the acacl ligand and the opposite dpp1 ligand (see Figure 1a for identification
of the different ligands). More specifically, acacl is only slightly twisted from dpp1, as quantified by
the O1-Pt-C1-C2 and O2-Pt-N1-C3 torsion angles of 172.8° and 176.9°, respectively.

The Ir(lll) metal center features an octahedral coordination geometry with the dpp2 ligand, the
ancillary acac2 ligand and the dpp1 bridging ligand. The N2 atom of the dpp1 ligand and the N3 atom
of the dpp2 ligand are in a trans configuration with a N2-Ir-N3 angle of 172.1°, while the C7 and C8
atoms are in a cis arrangement. The acac2 ligand has the O3 and O4 atoms in trans positions to C7
(dpp1) and to C8 (dpp2), respectively, with O3 being below and C8 above the plane of the dpp1 ligand
(in the perspective of Figure 1b). The non-coordinated phenyl group of the dpp2 ligand is out of the
coordination plane with a torsion angle N4-C11-C12-C13 of 28.4°. More details on the characterization
procedures can be found in the Experimental section.

3.2 DFT, TD-DFT calculations and electronic structure analysis

The density functional theory (DFT) calculations were carried out on a model complex 2’, with the tert-
butyl substituents of complex 2 being truncated to methyl groups, to save computational time. The
electronic structure was calculated with the Gaussian 09 code?® at the M06*7/def2-SVP*4° level, while
the time-dependent DFT (TD-DFT) calculations were performed at the M06L>°/def2-SVP level. To mimic
the conditions of the experiments, the calculations were conducted with a conductor-like polarizable
continuum model (C-PCM)>! applied with toluene as the solvent. The molecular geometry was
optimized for the ground state (Sy) and the first excited triplet state (T,) applying the “Tight” criteria.

Coordination center bond lengths and angles of the Sy and T state optimized geometries are presented
in Table S2, while the corresponding calculated Cartesian coordinates are presented in Table S3. We
find that the geometry of the Sy ground state is in very good agreement with the XRD-measured solid-
state geometry of complex 2, as all of the coordination center bond lengths and almost all of the bond
angles differ by less than 0.1 A and 6°, respectively (see Table S2 for the comparison). The only
difference is for the non-coordinated phenyl group of the dpp2 ligand, which is in the coordination
plane of the ligand for 2’ in solution and out of the plane for 2 in the solid state (see Figure 1b). We
attribute this difference to the more relaxed environment in the solution as compared to the crystalline
solid state. The TD-DFT calculated absorption spectrum of 2’ is also in good agreement with the
experimentally measured absorption spectrum of 2, although the calculated spectrum is slightly red-
shifted (see Figure S1). This validates the used theory level as correctly simulating the electronic
structure of complex 2. A summary of the TD-DFT-calculated optical transitions and a graphical
presentation of the contour-plots of the corresponding orbitals are presented in Figure 2 and Tables
S4-S9 in the SI.
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For the emissive properties of complex 2, the characteristics of the T, state are expected to be
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of highest relevance and our further discussions shall refer to the T, state geometry unless: othepwise 02930

stated. The DFT data in Table S2 reveal that the geometry of the T, excited state primarily differs from
the Sy ground state at the Ir(lll) coordination center. Specifically, the N2-Ir-O3-C14 and N2-Ir-O4-C15
torsion angles have decreased by more than 20° which is indicative of a significant charge
redistribution at the Ir(lll) center between the ground state (Sy) and T, state. This is in line with the
charge transfer character of the T, state, as suggested by the TD-DFT calculations and discussed further
below.

Figure 2. The iso-surface contour plots of the orbitals of model complex 2’ (T; state geometry)
contributing to formation of state T, (HOMO and LUMO). Also shown are iso-surface contour-plots
of occupied orbitals that contribute to excited singlet states and afford them for direct SOC with
state T, (HOMO-n, n>0). The contour plots are reproduced at iso-value=0.05 Hydrogens are
omitted for clarity.

The electronic T,>S, transition is formally forbidden by the spin-selection rule AS=0. This rule can
however be relaxed by spin-orbit coupling (SOC) of state T, state with excited singlet states.>? This
effect is often prominent in complexes comprising heavy transition metals with a large spin-orbit
coupling constants, such as Pt(ll) ({;=4481 cm?) and Ir(lll) (£;=3909 cm~),>* and these complexes can
therefore be highly emissive (or phosphorescent) via the T;>S, transition.>*

Two states can have effective direct SOC only if three conditions are met: (i) the two states should be
in a close energetic proximity.> (ii) The same natural transition orbital (NTO, hole or electron) of the
two states should be contributed by the same heavy atom at which the unpaired electron’s spin can
flip. This requirement is dictated by the one-electron and short-range character of the SOC effect. (lll)
The heavy atom should contribute to the states with different orbitals (different d-orbitals in the case
of Ir atom) to conserve the total momentum (orbital+spin) of the electron when its spin flips. °%57 The
latter is also known as the El-Sayed rule.

According to TD-DFT calculations, state T, has HOMO->LUMO origin, where HOMO is strongly
contributed by an Ir 5d orbital (d;), whereas the LUMO is largely represented by a n* orbital localized
on the dpp1 ligand (Figure 2). Thus, according to these data the triplet state T; can be assigned a Metal-
to-Ligand Charge Transfer character (3MLCT"™) involving the Ir(lll) center that can also be denoted as
a 3di* excited state. The requirements for effective SOC, as given above, are that a state of 3d;n*
character (T;) can effectively couple only with singlet states of *d;t’* character for which d; # d; (but d,
and d; belong to the same atom) and n* = ’* is true. Accordingly, state T, of complex 2 can couple
with close in energy singlet states contributed by a HOMO—-n—->LUMO transition where HOMO-n (n>0)
is an occupied orbital contributed by the Ir atom and different from HOMO (for d; # d;). Analysis of the
TD-DFT data shows that within 0.5 eV energy gap state T; can couple via SOC with state S; (has 3%
contribution from HOMO-1->LUMO transition) and state S; (has 92% contribution from
HOMO-1->LUMO transition). State S, contributed solely by HOMO—->LUMO+1 transition does not
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fulfill d; # d; and * = ’* requirements to have direct SOC with state T;. According to the eleCtv'T?Wn/jﬁde i
origin of state S; its SOC with state T, at the Ir center is expected to be particularly strong,whichy/due 02930
to a comparatively high oscillator strength (f(S;—S3) = 0.0707), would well contribute to the
phosphorescence rate (k.(T;=>Sp)). In the range 0.5 — 1 eV above state T, singlet states S4-S8 and S10
are contributed by transitions HOMO-n->LUMO with n>2 strongly involving Pt atom (Figure 2 and
Table S5 and S7 in the Sl). Since state T, is of HOMO->LUMO origin and HOMO is contributed mildly by
the Pt atom (Figure 2, Table S7 in the SI), these higher laying singlets can have some SOC with state T,
also at the Pt(ll) center. Thus, the analysis of the TD-DFT data predicts that state T, has significant
singlet admixtures via primary SOC at the Ir center and some less profound but still contributing SOC

at the Pt center. Hence, a comparatively high phosphorescence rate can be expected for complex 2.

3.3 Optical spectroscopy

The absorption and photoluminescence (PL) spectra of complex 2 in toluene at room temperature are
shown in Figure 3(a), and key numerical data are summarized in Table 1. The absorption spectrum
features three distinct regions, which according to literature and TD-DFT data are interpreted as
follows: (i) the low-intensity bands (¢ = 10000 M1-cm™) at 500-600 nm represent charge-transfer
transitions from the Ir(lll) center to the dpp1 and dpp2 ligands!® %8 5% and are assigned to MLCT"("
states; (ii) the medium-intensity bands (e = 20000 M-1-cm™) at 380-500 nm originate in transitions from
either solely the Pt(ll) center or a combination of the Pt(ll) and Ir(lll) centers to the dppl and dpp2
ligands, which are accordingly assigned to states of either tMLCTP) or IMLCTPIN/IMI) character;® 10, 60
(iii) the high-intensity bands with the maxima at 326 nm are assigned to states of nmt* character within
the [dppl-Pt-acacl] moiety and the dpp2 ligand with minor contribution from a ligand-to-ligand
charge-transfer (1LLCT) transition (See Tables S4 and S6 in the Sl).

The PL spectrum of complex 2 (in toluene solution at room temperature) appears in the red spectral
region, with the maximum at A,,., = 615 nm. This represents a slight red-shift in comparison to the
starting mononuclear Ir complex 1 that emits at A, = 585 nm. The red-shift is rationalized as being
the result of the extension of dpp1 ligand’s mt-conjugated system to the Pt(ll) ion and the acacl ligand,
which decreases the HOMO-LUMO energy gap. We also note that the PL spectrum is broad and
unstructured, which is characteristic for the emission from a charge-transfer state®% >4 6063 dye to a
strong Franck-Condon coupling of the T, state and the ground state. We finally note that a
corresponding mononuclear Pt complex is reported to emit at A.,,x = 513 nm (in dichloromethane at
room temperature).?> The measured PL quantum yield of 2 in degassed toluene at room temperature
is very high at ®p_ = 85% with a decay time of only t(300 K) = 640 ns. These values reveal an outstanding
radiative rate (calculated as k, = ®p./1) of k,=1.33 106 s7! that is an order of magnitude higher than of
the fastest Pt(ll) complexes®® & and notably higher than most other Ir(lll) complexes.>* 3 6 This
behavior is in line with the TD-DFT results, and shows the dominant role of the Ir(lll) center in the
properties of the T, state and the PL characteristics of complex 2. A radiative rate of similar magnitude
has only been reported for a few Ir(lll) complexes, primarily of di-nuclear design.1% 1% 60.67 |t is noted
that high efficiency phosphorescence is particularly valuable for a red emitter, since the Einstein’s
constant of spontaneous emission is inversely proportional to the cube of emission wavelength (1/A3),
whereas the non-radiative rate increases exponentially with decreasing energy gap between the
emitting state and the ground state, as dictated by the energy gap law.¢
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Figure 3. (a) The absorption and photoluminescence (PL) spectra of complex 2 in toluene (c=10-°
M) at room temperature. (b) The PL spectra of 2 in toluene at 1.7 K (red trace) and 77 K (blue trace).
(c-e) The PL decay curves of 2 in toluene at different temperatures, as specified in the upper insets.
(f) A summary of the measured PL decay times as a function of temperature (black dots), and the
best fit of Eq. 1 to the experimental values (red line). The concentration of 2 is ¢ = 10> M, and the
PL excitation wavelength in (a-f) is 378 nm. (g) A simplified energy-level diagram depicting the three
zero-field-split T, states and the Sy ground state, and the corresponding T;—>S, PL decay times. Note
that the diagram is not to scale.
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Table 1. A summary of key photophysical

= 10 M).

570 (8043), 535

Absorption (9068), 503 (8800),
A max/ NM 471 (17036), 441
(e / M-Lem) (17783) 412 (20025),

389 (21635), 326
(59917), 285 (46600)

Photoluminescence

300 K*
Amax/ NM 615
Op, 0.85
t/us 0.64
k. /10°s7! 1.33
Ko/ 106571 0.23
77K
Amax/ NM 595, 645
Op, 0.80
T/ us 8.80

*The reported data are obtained for a
degassed solution.

The measured fast phosphorescence of complex 2 implies a strong mixing of the T, state with the
excited singlet states via SOC, as was predicted by the TD-DFT calculations. The strength of T, state
SOC with singlets states can be quantified through the zero-field splitting (ZFS) of T, sub-states |, Il, and
Il and their individual decay times.?870 Since the three T, sub-states are split in energy by the SOC to
other states (triplet and singlet), population of an individual T, sub-state depends on temperature. This
affects the average (measured) T,>S; emission decay time that becomes prominent at low
temperatures where thermal population of the higher T, sub-states Il and Il is not so efficient. Hence
PL decay time values measured as a function of temperature can yield information on the ZFS and
individual decay times of the T, sub-states I, Il, I11.57: 64 71,72

At temperature T = 1.7 K the PL decay time is t(1.7K) = 81 us (Figure 3c), and we assign this value to
the transition from the lowest T, sub-state | to the ground state, I->S,. With increase of temperature
the PL decay time is observed to decrease strongly, which is due to the thermal population of the
higher triplet sub-state Il and the opening of an additional transition channel II-S,. In the temperature
range of 20 < T < 40 K, the PL decay time forms a quasi-plateau, with the average decay time of the
sub-states | and Il of t(I/ll) = 25 us measured at T=35 K (Figure 3d). A further increase of the
temperature is accompanied by a drop of the PL decay time by an order of magnitude to t(120K) = 2.7
us (Figure 3e), which is due to the thermal population of the highest triplet sub-state Il and the opening
of the llI->S, decay channel. This gradual population of higher and faster emitting triplet sub-states Il
and Ill with increasing temperature is also traced in a notable blue-shift of the PL spectrum from T=1.7
K (Aery =607 nM) to T=77 K (Aem = 595 nm) shown in Figure 3(b).

An analysis of the PL decay time values as a function of temperature with the Boltzmann type equation
(1)737> reveals photophysically important characteristics of the T; state.

9
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@ TP kT TP T

Here 1(1), T(ll), T(lll) are the decay times of triplet sub-states |, Il and Ill, respectively; AE(lI-1) and AE(l1-1)
are the energy gaps between sub-states Il and |, and sub-states Ill and |, respectively; T is the
temperature; and kg is the Boltzmann constant. Equation (1) was fitted to the emission decay time
data points with the fixed parameter t(l) = 81 ps which is a value obtained experimentally at T=1.7 K.
The best fit, shown in Figure 3f, derives sub-state Il and Ill individual decay times as being of t(Il) = 12
us and t(lll) = 0.09 ps, respectively, and energy gap values AE(II-1) = 8 cm~ and AE(llI-I) = 240 cm™.
The derived T, state ZFS value of 240 cm™ is the largest reported so for an Ir(lll) complex and that
evidences particularly strong SOC of state T, with other states. The obtained individual decay times
are comparatively short, especially for sub-state Ill. The decay time value as short as t(lll) = 0.09 s
show a particularly large singlet admixtures to sub-state Ill, so that in respect to relaxation to the
ground state it behaves almost like a singlet state. Therefore, the record breaking ZFS size of state T,
of complex 2 has to be strongly contributed by SOC to the singlet states. For comparison, the previous
record T, state ZFS of 170 cm~! was reported for fac-Ir(ppy)s (ppy=2-phenylpyridine) with individual T;
sub-state decay times of t(1)=116 us, T(11)=6.4 us and t(lll)= 0.2 ps.”?

A comparatively strong T, state SOC with the singlet states for complex 2 was foreseen on the basis of
TD-DFT data above in section 3.2, which predicted effective SOC channels at the Ir(lll) center and some
less significant but contributing SOC at the Pt(ll) center. Therefore, it can be concluded that the
outstanding emissive properties of state T, of complex 2 is the benefit of the di-nuclear molecular
design. This conclusion is further supported by the notably higher phosphoresce rate of complex 2
compared to the mono-nuclear Ir(lll) complex 1 (Scheme 1) that was reported earlier.®

10
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Figure 4. (a) Cyclic voltammetry traces of complex 2 in dichloromethane:acetonitrile (1:10) solution at
a concentration of ~1 g/l The scan rate was 0.05 V/s. (b) A schematic of the LEC device structure. (c)
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material with 1 mass% guest concentration (dashed line), and the steady-state EL speetrumoof/tECo02930cC

devices with the guest concentration identified in the upper left inset. A photograph depicting the 8 x
8 mm? light-emission area of a LEC with 1 mass% guest concentration is included as the lower left inset.
(e-h) The LEC transients of the LEC devices with the guest concentration defined in the insets.

Table 2. The PLQY of the active-material film and the LEC device performance as a function of guest
concentration.

Host:Gugst PLQY?! EL peak? CIE (x,y) Turn-on Peak luminance | Current efficacy | Power efficacy | EQE
(mass ratio) (%) (nm) time (s)3 (cd/m?) (cd/A) (Im/wW) (%)
100:0.5 40.8 612 0.60, 0.38 4 252 3.3 11 2.6
100:1 41.7 615 0.62, 0.35 4 265 3.4 1.0 2.7
100:2.5 46.6 613 0.62,0.36 5 235 3.0 0.9 2.4
100:5 52.7 614 0.62,0.38 8 174 2.3 0.7 1.8

Y n thin film. 2 At steady-state. 3Turn-on time to 100 cd/m?

With the promising basic photophysical properties of complex 2 established, we turn to the
investigation of its merit for the electroactive and emissive compound in an LEC device. It is paramount
that the electroactive compound in an LEC can be electrochemically p-type doped (oxidized) at the
anode and n-type doped (reduced) at the cathode, so that a light-emitting p-n junction can form in the
center of the active material when the two doping regions meet.?* 76 With the p-n junction doping
structure in place, the holes can be efficiently injected into, and transported through, the p-type
region, while electrons are injected into and transported through the n-type region; the holes and
electrons meet and recombine into excitons at the p-n junction, and these excitons can decay by the
emission of photons.””

A convenient method of investigating whether a compound can be electrochemically doped is cyclic
voltammetry (CV), and Figure 4(a) presents CV traces recorded on complex 2. The CV data demonstrate
that complex 2 can be both oxidized and reduced by electrochemistry, and that the oxidation and
reduction reactions are relatively balanced and reversible. It is thus established that complex 2 feature
the prerequisites for electrochemical p-type and n-type doping. We further use the CV data to estimate
the energetic positions of the HOMO and LUMO levels of complex 2 with respect to the vacuum level
(VL), using the following equation:

Ev =- (4.8 eV +eViy.) (2)

where e is the elementary charge and Vi .. is the measured onset potential for the redox reaction
with respect to the Fc/Fc* reference electrode. We find that the HOMO level of complex 2 is positioned
at -5.23 eV below the VL, and the LUMO level at -3.07 eV.

It is further fundamental to include mobile ions (an electrolyte) into the active material of an LEC
device, since it is the redistribution of these mobile ions that allow for the electrochemical doping to
take place. For this task, we have selected the ionic liquid THABF,, because it features a very broad
electrochemical stability window, which renders it robust towards undesired electrochemical side
reactions.”® Triplet-emitting compounds, such as complex 2, are commonly dispersed in a host matrix
in electroluminescent devices in order to lower the risk for detrimental triplet-triplet quenching
reactions.”® We have employed a blend of PVK and OXD-7 in a 1:1 mass ratio for the host matrix, since
this host blend features balanced hole and electron mobility®° as well as balanced p-type and n-type
doping capacity?®L.

A further criterion for efficient LEC operation is that the solid active material should feature a high
photoluminescence quantum yield (®p,), and we measure values for ®p_ of 41-53 % for the optimized

12
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(PVK+0OXD-7+Complex 2+THABF,) active-material thin film depending on the concentration o\fe}/}gﬁcle i
complex 2 guest; see Table 2 for a summary. As these values are both high and rather close tothe®pco2930c
value of 85 % for complex 2 in dilute solution, we draw the conclusion that the complex 2 guest is well
dispersed in the active material, and that triplet-triplet quenching reactions are efficiently suppressed.
Further support for a well-dispersed guest in the active material is provided by the strong resemblance
between the PL spectrum of complex 2 in dilute solution (Fig. 3b, red trace) and the PL spectrum of
the active material (Fig. 4d, dashed line). The minor PL peak at ~430 nm from the active material is

attributed to remnant emission from the blend host.

The LEC devices were fabricated with the active material sandwiched between an ITO/PEDOT:PSS
anode and an Al cathode. Figure 4(b) presents a schematic of the device structure while Figure 4(c)
displays the energetics of the device constituents. We call specific attention to that the electron/hole
trap levels, defined as the energetic difference between the lowest-LUMO/highest-HOMO of the blend
host and the LUMO/HOMO of the guest, are well balanced at -0.37 eV, since such a balance has been
demonstrated to be a prerequisite for high-efficiency operation of strongly luminescent host-guest
LECs.81

The LEC devices were driven by a constant current density of j = 7.7 mA/cm?, and Figure 4(d) presents
the steady-state EL spectrum for four different guest concentrations ranging from 0.5 to 5 mass%, as
identified in the inset. The EL spectrum is centered at 612-615 nm (see Table 2) and essentially
invariant to the guest concentration. In consideration of that the host blend emits at ~¥430 nm, it is
clear that the host-to-guest energy transfer is complete in the LEC devices even at a low guest
concentration of 0.5 mass%. We have also recorded the EL spectrum for the 1 mass% guest
concentration device at different drive voltages, and Figure S2 reveals that the EL spectrum as well as
the color coordinates (0.62, 0.35) are essentially invariant to the driving conditions. A photograph of
the red emission from a 8 x 8 mm? LEC with 1 mass% guest concentration is presented in the lower left
inset of Figure 4(d).

Figures 4(e-h) show the initial operation of four representative LEC devices, distinguished by the
concentration of guest in the active material. All four devices exhibit the two characteristic initial LEC
transients at constant-current operation: a decreasing voltage and an increasing luminance. The
former is essentially attributed to the doping reactions that render the active material more
conductive, while the latter can be assigned to the perfectly balanced recombination of electrons and
holes that follow from p-n junction doping formation.®?

The optimized LEC devices exhibit a fast turn on of a few seconds (to a significant luminance of 100
cd/m?), which allows us to conclude that the active-material morphology allows for fast transport of
the bulky THA cations and BF, anions.? We speculate that the non-symmetric and bulky structure of
complex 2 has contributed to a desired formation of free volume in the active material for facile ion
transport. We have also performed an atomic force microscopy study, which showed that the active
material features a desirable smooth surface morphology with a very minor root-mean-square surface
roughness of <1 nm (Figure S3). We further observe that the peak in luminance significantly precedes
the minimum in voltage, which implies that the maximum in doping (at the minimum in voltage) is
concomitant with significant exciton-quenching reactions.®* We also note that the initial voltage
increases somewhat with increasing guest concentration, but that the steady-state voltage appears to
be relatively independent on the guest concentration.

Published on 12 August 2019. Downloaded by Northumbria University Library on 8/12/2019 3:55:54 PM.

Importantly, all four LEC devices exhibit high efficiency at significant luminance, with the best
combined performance -- a luminance of 265 cd/m? delivered at an EQE of 2.7 % -- being attained
from the host-guest LEC with a complex 2 guest concentration of 1 mass% (see Figure 4f). This
achievement represents a significant improvement over the efficiency state-of-the-art for
multinuclear-complex based LECs, since it is the first time such a device breaks the 1% barrier for the
EQE. We also note that the overall best performance from red-emitting LECs based on any of the
incumbent emitters, in the form of an mononuclear ionic transition metal complex or a conjugated
polymer, is an EQE of 9.51 % measured at a luminance of 154 cd/m2,23 and that the herein introduced
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device thereby introduces the dinuclear complex as a serious contender for the emitting species in
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efficient LEC devices. DOI: 10.1039/C9TC02930C

Conclusions

We report on the successful design and synthesis of a heterodinuclear Ir(l11)/Pt(Il) complex, which
exhibits efficient red phosphorescence, balanced electrochemical p-type and n-type doping capacity
and high solubility in common organic solvents such as toluene. Through systematic photophysical
measurements and calculations, we pinpoint that the efficient phosphorescence stems from the T,
state that is strongly perturbed by spin-orbit coupling with a manifold of excited singlet states. This
perturbation is manifested in a notably high zero-field splitting for the T, state of 240 cm™. We
incorporate the non-ionic and high-solubility heterodinuclear complex as the guest emitter in host-
guest light-emitting electrochemical cells, and attain vibrant red emission with a second-fast turn-on
and a high external quantum efficiency of 2.7%. We attribute the promising performance of the red-
emitting LEC to the high photoluminescence quantum yield of the active material of >40%, the capacity
for efficient triplet emission by the heterodinuclear complex, the balanced electrochemical doping
capacity of the electroactive compounds, and the similar sized electron and hole traps. Importantly,
the herein demonstrated competitive performance of multinuclear LEC devices implies that this group
of novel emitters could be developed into a serious alternative contender to the incumbent
mononuclear complexes?> 88 and conjugated polymers?* 8287,
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A novel heterodinuclear Ir(lll)/Pt(ll) complex delivers vibrant red phosphorescence with high
efficiency in a light-emitting electrochemical cell.
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