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Abstract

Complexes of Ir(III) exhibiting efficient phosphorescence are highly attractive as emitters in 

organic light-emitting diodes (OLED). In this contribution we present the synthesis and detailed 

comparative investigation of two novel Ir(III) complexes featuring mono-nuclear and di-nuclear  

molecular design. Quantum yield and emission decay time values for the mono-nuclear complex 

are ΦPL = 90% and τ(300 K) = 1.16 µs, while for the di-nuclear complex these values are  ΦPL = 

95% and τ(300 K) = 0.44 µs for degassed toluene solutions at room temperature. These data show 

an almost three-fold increase in the phosphorescence rate for the di-nuclear complex when 

compared with the mono-nuclear one, indicating a stronger Spin-Orbit Coupling (SOC) of the T1 

state with singlet states. Indeed, the T1 state Zero-Feld Splitting, that is largely the result of the 

SOC effect, also increases from ZFS=65 cm1 for the mono-nuclear complex to a value of 

ZFS=205 cm1 for the di-nuclear complex, accompanied by a drastic shortening of the individual 

decay times of T1 sub-states. With the help of TD-DFT calculations, we rationalize that the drastic 

increase of T1→S0 radiative rate in the di-nuclear complex is a result of the much more efficient 

SOC of the T1 state with excited singlet states, brought about by electronic coupling of IrCl 

orbitals of the two coordination sites.

Introduction

Constructing molecules with the focus on emissive properties is strongly stimulated by 

OLED technology that demands efficient emitters for displays and artificial lighting.1-3 During the 

operation of an OLED, electrically driven charge carriers (holes and electrons) have uncorrelated 

spins and form excitons of singlet as well as triplet multiplicity in a statistical ratio 1/3.4 An 

efficient emitter must be able to utilize both types of excitons, converting their energy into light. 

This requirement is met in the phosphorescent complexes of transition metals, such as Ir(III) and 

Pt(II).5-7 Due to strong spin-orbit coupling (SOC) induced by a heavy transition metal, these 
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emitters can convert singlet excitons to triplet excitons and relax from the lowest triplet state (T1) 

to the ground state (S0) via a radiative T1→S0 transition.6,8,9 Indeed, cyclometallated Pt(II) and 

Ir(III) complexes are often employed as emitters in phosphorescent OLEDs (PhOLEDs).7,10-28

Apart from a high emission quantum yield, it is desirable that an OLED emitter shows a 

high radiative rate (short radiative decay time) in order to utilize more excitons per unit of time. 

For example, the well-known Ir(III) OLED emitter fac-Ir(ppy)3 (ppy=2-phenylpyridine)29-32 shows 

an emission decay time of τ = 1.6 µs and a quantum yield of ΦPL = 0.9 (90%)33,34, amounting to a 

radiative decay time of τr = τ/ΦPL = 1.8 µs. Meanwhile, it is shown that OLED emitters with 

improved radiative rates are advantageous for faster utilization of excitons and suppression of 

triplet-triplet annihilation in the OLED’s emitting layer, thus allowing the fabrication of devices 

operating at notably higher brightness without a loss in power efficiency.35

The rate of phosphorescence (T1→S0) is largely defined by the strength of SOC of the T1 

state with singlet states.36  Therefore, it is an appealing idea to strengthen the SOC by molecular 

design. We have previously reported the modulation of T1 state properties through ligand design 

in Pt(II) and Ir(III) complexes and in this paper we focus on the role of the metal and, in particular, 

on the effect of multinuclearity.37,38 For the first time we experimentally demonstrate that the di-

nuclear molecular design of an Ir(III) emitter can afford a fundamental advantage for faster 

phosphorescence in comparison to its mono-nuclear counterpart.

Results and Discussion

Chemical design and synthesis

In order to identify the significance of di-nuclear molecular design for photophysical properties, 

we need to use a corresponding mono-nuclear compound as a reference. For this reason, we 

prepared complex 5, in which only one coordination site is engaged in coordination. The design 

of both complexes is largely informed by previous studies. The bridging ligand 4,6-di-(4-tert-

butylphenyl)pyrimidine (dpp) has been successfully employed in the synthesis of luminescent 

polynuclear complexes,39 while Haga et. al. previously reported bis(N-phenylbenzimidazolyl)-

benzene (Phbib) as a terdentate auxiliary ligand of N^C^N coordination type.40,41 We decided to 

combine these attractive structural elements and prepare mono- and di-nuclear Ir(III) complexes, 

5 and 6, for a thorough comparative study. The only minor variation is that in order to improve the 

solubility of the Phbib ligand, we introduced a tert-butyl group in the cyclometallating benzene 

ring. However, for the sake of clarity we will still refer to our N^C^N auxiliary ligand, 1,3-bis(N-

phenylbenzimidazolyl)-5-tert-butylbenzene, as Phbib later in the text. Proligand 3 was prepared 

via the reaction of 5-tert-butyl isophthalic acid chloride with N-phenyl-o-phenylenediamine, 

followed by high temperature condensation of the intermediate in a melt at 290°C. The harsh 

condensation conditions are probably the reason for the low yield (25%) of the reaction. 42-45 The 
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reaction of the proligand 3 with iridium chloride hydrate under Nonoyama conditions 

(ethoxyethanol/ water, 3/1, reflux) gave the dichloro-bridged intermediate 4 in high yield. The key 

intermediate 4 was then reacted with two equivalents (or one equivalent for the Ir atom) of the 

bridging proligand 4,6-di-(4-tert-butylphenyl)pyrimidine, in presence of silver triflate as chloride 

scavenger, to give the mono-nuclear complex 5, which was purified by column chromatography. 

The use of one equivalent of the bridging proligand 3 lead to the di-nuclear complex 6 in high 

yield. Both complexes are fully characterised by 1H NMR spectroscopy, mass-spectrometry, 

elemental analysis and single crystal X-ray diffraction (XRD) analysis.     
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Scheme 1: Synthesis of complexes 5 and 6. Reaction conditions: i) a)1-methyl-2-pyrrolidinone, 
RT, 2h; b) 290°C, 2h, 29% overall; ii) IrCl3·nH2O, ethoxyethanol/water (3/1 v/v), reflux, 18h, 
89%; iii) a) 4,6-di-(4-tert-butylphenyl)pyrimidine (2 eq.,), silver triflate (3 eq.), toluene, reflux 18 
h; b) HCl, 25% overall;  iv) a) 4,6-di-(4-tert-butylphenyl)pyrimidine (1 eq.,), silver triflate (3 eq.), 
xylene, reflux 8 h; b) HCl, 91% overall.

Solid state structure
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Figure 1.  XRD determined molecular structure of complex 5 (a) and complex 6 (b) in the crystal 
at T = 123 K. Thermal ellipsoids are shown at the 50% probability level, and hydrogen atoms 
are omitted for clarity.

The X-ray quality crystals of 5 and 6 were both obtained in the same way, by slow convectional 

diffusion of methanol into a dichloromethane solution of the complex. The detailed description of 

the X-ray diffraction analyses and the data obtained are given in the Supporting information (SI, 

Table S1). The crystal of complex 5 has an asymmetric unit cell containing two independent 

molecules. However, the geometrical parameters of the two molecules are nearly identical (Table 

S2 in the SI), and further we will refer only to one of them (Molecule 1 in Table S2). The 

coordination centre of 5 has octahedral geometry, as expected for an Ir(III) complex. Due to the 

strong trans influence of the central metallating rings of ligands, the metallated carbon atoms 

position themselves cis- to each other. The Phbib ligand is coordinated with IrN3 and IrN4 bond 

lengths of 2.049 Ǻ and 2.059 Ǻ, respectively, and with a shorter IrC10 bond length of 1.945 Ǻ. 

The dpp ligand features slightly longer bonds with Ir-C1 and Ir-N1 being of 2.011 Ǻ and 2.152 Ǻ, 

respectively. The chloride ion is positioned trans to the metallated carbon of the dpp ligand (C1), 

with an IrCl bond length of 2.458 Ǻ. The phenyl substituents of the diazoles of the Phbib ligand 

are twisted from the ligand’s plane by 59-80 degrees.

Overall the geometry parameters of the two coordination centres of complex 6 are similar 

to those found for the coordination centre of complex 5.  The Phbib1 and Phbib2 ligands, 

coordinated to Ir1 and Ir2 respectively, are sterically hindered by each other, thus slightly twisting 

the dpp ligand and the whole molecular geometry out of C2v point group symmetry. A 

comprehensive list of coordination centre geometry parameters is given in the SI (Tables S2 and 

S3). 

Optical spectroscopy

Both complexes show intense T1→S0 phosphorescence with spectral maxima at λmax=558 nm and 

λmax = 605 nm for 5 and at λmax=575 nm and λmax = 618 nm for 6, as measured in degassed toluene 

(c ≈ 105 M) at room temperature (Figure 2). 
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Figure 2. Absorption (blue) and emission (red) spectra of 5 (a) and 6 (b) at room temperature 

in toluene.

Spectral overlap of absorption and emission in both cases shows the energetic proximity of the 

emitting state T1 with the manifold of excited singlet states, which is in line with the TD-DFT 

results. The room temperature emission quantum yields obtained for the degassed toluene 

solutions (c ≈ 105 M) amount to near unity values of ΦPL = 0.90 for 5 and ΦPL=0.95 for 6 with the 

corresponding emission decay times τ = 1.16 µs for 5 and notably shorter value τ = 0.44 µs for di-

nuclear 6 (Figure 3).

Figure 3. (a) emission decay curve of complex 5 (a) 

and complex 6 (b) in degassed toluene (c ≈ 105 M) at 

T=300 K. The white lines on the black experimental 

data points represent the best fit of mono-exponential 

decay function.

The resulting radiative rate kr = 0.78∙106 s-1 of 5, calculated as kr = ΦPL/τ, is a high value for 

phosphorescence although still comparable to other mono-nuclear Ir(III) complexes and even 

some polynuclear systems reported earlier27,46.  However, the almost three times larger value kr 

=2.27∙106 s-1 of the di-nuclear 6 is remarkable. Along with the kr value, the non-radiative T1→S0 

relaxation rate, calculated as knr = (1ΦPL)/τ, assuming a unit population of the T1 state, also 

Page 5 of 21

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



increases from knr =0.86∙105 s-1 for 5 to knr = 1.10∙105 s-1 for 6. The larger kr and knr values of 6 are 

experimental evidence of a more relaxed ∆S=0 law for the T1→S0 transition. The numerical data 

for the photophysical properties of 5 and 6 are summarized in Table 1.

Table 1. Numerical photophysical data for photoluminescent properties of complexes 5 and 6 

in toluene (c ≈ 105 M).

5 6

λmax / nm 558, 605 575, 618Emission at 

300 K* τ / µs 1.16 0.44

ΦPL / % 90 95

kr/106 s1 0.78 2.27

knr/105 s1 0.86 1.10

λmax / nm 543, 590, 645 565, 612Emission at 

77 K τ / µs 2.40 2.50

ΦPL / % 75 100

*These data are obtained for degassed solutions.

The ∆S=0 law forbidding the phosphorescence is relaxed by the SOC of the T1 state with the singlet 

states. The more efficient the SOC, the faster the phosphorescence (T1→S0 transition). Therefore, 

according to the obtained phosphorescence rates, the T1 state of complex 6 must undergo 

significantly stronger SOC with the singlet states than that of complex 5. The basic aspects of SOC 

of states are considered in the theoretical part below. Experimentally the SOC of the T1 state with 

other states (singlet and triplet) in the two discussed complexes can be evaluated and compared 

via the Zero-Field Splitting of its sub-states I, II and III, and their individual emission rates can 

evaluate the relative singlet admixture to each. Split in energy by SOC, the T1 sub-states I, II, and 

III are not equally populated at low temperatures, affecting the overall T1→S0 phosphorescence 

rate. This can be traced by measuring the emission decay time as a function of temperature.6,34,47-

49

Measured at a cryogenic temperature T=1.7 K complex 5 shows emission with a long decay 

time of τ(1.7K) = 97.6 µs, assigned to the lowest sub-state I, I→S0. It is noted that the observed 

slight deviation of the decay curve from the mono-exponential profile at short time range is related 

to Spin-Lattice Relaxation (SLR) processes50,51, indicating a slow thermal relaxation of higher T1 

sub-states at T = 1.7 K (Figure 4(a)). This effect weakens quickly and is not observed at T = 5 K. 

With further increase in temperature from T = 1.7 K, the emission decay time of 5 decreases very 

steeply due to the thermal population of sub-state II and opening of the II→S0 relaxation channel. 
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This decrease becomes less steep in the temperature range of 8K ≤ T ≤ 12 K, where the decay time 

of sub-states I and II reaches an average value of τ(10 K) = 39 µs. A further increase in temperature 

is followed by further shortening of the emission decay time due to the thermal population of sub-

state III and activation of the III→S0 channel reaching the value of τ(120K) = 1.6 µs. The obtained 

temperature dependence of the emission decay time can be analyzed with equation (1), describing 

the thermal population of higher sub-states via Boltzmann type relation:34,47,48

(1)τ(T) =  
1 +  exp

―∆E(II ― I)
kBT + exp

―∆E(III ― I)
kBT  

1
τ(I) +

1
τ(II)exp

―∆E(II ― I)
kBT +

1
τ(III)exp

―∆E(III ― I)
kBT

Here τ(I), τ(II), τ(III) are the lifetimes of triplet sub-states I, II and III, respectively; ΔE(II−I) and 

ΔE(III−I) are the energy gaps between sub-states II and I, and sub-states III and I, respectively; T 

is the temperature; and kB is the Boltzmann constant. Equation 1 was fitted to the measured decay 

time values in the temperature range 1.7K ≤ T ≤120 K, with parameter τ(I) fixed to the 

experimental value τ(I)=97.6 µs obtained at T=1.7 K. The best fit suggests the individual sub-state 

II and III decay times of τ(II) = 17 µs and τ(II) = 0.35 µs and energy gaps ΔE(II−I) = 5 cm-1 and 

ΔE(III−I) = 65 cm-1. The average decay time, τav, of the three sub-states calculated as52,53

(2)𝜏𝑎𝑣 = 3(
1

𝜏(𝐼) +
1

𝜏(𝐼𝐼) +
1

𝜏(𝐼𝐼𝐼))
―1

amounts to τav = 1.0 µs. This value is close to the experimental room temperature decay time 

τ(300K) = 1.16 µs obtained for 5 in degassed toluene.
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Figure 4. (a) Fitted emission decay curves of 5 in toluene at temperatures specified. (b) 

Fitted emission decay curves of 6 in toluene at temperatures specified. (с) Emission decay 

times of 5 as a function of temperature (black dots), and the best fit of Eq. 1 to the 

experimental values (red line). (d) Emission decay times of 6 as a function of temperature 

(black dots), and the best fit of Eq. 1 to the experimental values (red line). SLR – stands 

for Spin-Lattice Relaxation.

The di-nuclear complex 6 was also investigated at cryogenic temperatures. The emission decay 

time of 6 at T = 1.7K is τ(1.7K) = 8.2 µs. This value is constant up to a temperature of T = 3 K 

and is assigned to the sub-state I individual decay time, τ(I)=8.2 µs. Further increase in temperature 

is accompanied with a decrease of the emission decay time due to thermal activation of the II→S0 

channel. Further, in a long temperature range 12 K ≤ T ≤ 30 K, the decay times do not change 

strongly and form a quasi-plateau with an average I/II→S0 decay time of τ(23K) = 7.8 µs. The 
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III→S0 relaxation channel is activated at temperatures above T = 30 K and with an increase of 

temperature up to T = 120 K, the emission decay time decreases down to τ(120K) = 1.0 µs. The 

increasing population of the higher energy triplet sub-states at higher temperatures and their 

contribution to T1→S0 emission is also traced in a slight blue shift of emission spectra from T = 

1.7 K to T = 77 K (Figure 5).

Figure 5. The emission spectra of 

complex 5 (a) and complex 6(b) in toluene 

at 1.7 K (red trace) and at 77 K (blue 

trace). 

The best fit of eq. 1 to the emission decay time values of complex 6 in the temperature range 1.7 

K ≤ T ≤ 120 K with fixed τ(I) = 8.2 µs revealed the individual decay times τ(II) = 7.0 µs and τ(III) 

= 0.05 µs, and energy gaps ΔE(II−I) = 8 cm-1 and ΔE(III−I) = 205 cm-1. 

The T1 state ZFS of 205 cm-1 obtained for 6 is remarkable, compared to the 65 cm-1 

obtained for the T1 state of complex 5. This gives experimental evidence of a particularly strong 

SOC perturbation of the T1 state. The observed increase in the ZFS value for the T1 state of 6 has 

to be strongly contributed to by SOC to singlet states, as the observed individual decay times of 6 

T1 sub-states are much shorter compared to those of 5. For example, the decay time τ(I) = 8.2 µs 

of 6 is an order of magnitude shorter (faster emission) than τ(I) = 97.6 µs of 5. Moreover, the 

individual III→S0 decay time of 6 as short as τ(III) = 0.05 µs shows that in this respect sub-state 

III behaves almost like an excited singlet state. Indeed, the theoretical analysis and computational 

data discussed below show that the di-nuclear structure of the complex 6 fundamentally can offer 

more singlet states available for direct SOC with the T1 state, than the mono-nuclear structure of 

complex 5.

The average decay time of 6 T1 sub-states, calculated by eq. (2), amounts to τav = 0.15 µs 

and is 290 ns shorter than the value measured for 6 in degassed toluene at room temperature 

τ(300K) = 0.44 µs. For complex 5, a deviation of τav and τ(300K) amounting to 160 ns was found. 

This can be rationalized by the fact that τav is calculated from data measured in the frozen media, 

whereas τ(300K) is measured in a liquid media condition. Solvation and molecular geometry 

reorganization allowed in the liquid media stabilize the excited state (T1) and modify the T1→S0 
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transition rate. Stabilization of the T1 state in liquid media is also seen in the red-shift of room 

temperature emission spectra relative to the spectra in frozen toluene matrix (compare emission 

spectra shown in Figure 2 and Figure 5). 

Density functional calculations and theoretical considerations

To investigate the T1 state SOC routes and to gain a profound understanding of the electronic 

advantage of the presented di-nuclear molecular design for enhancing the phosphorescence rate, 

we carried out density functional theory (DFT) calculations on both complexes, 5 and 6. The 

calculations utilized Gaussian 09 code54, Minnesota density functional M11L55,56, def2-SVP basis 

set57 and C-PCM polarizable continuum model58 with the solvent parameters of toluene to mimic 

the conditions of the photophysical investigations presented above. The geometries of the 

complexes were optimized with “tight” criteria for both electronic configuration of the ground 

state (S0) and the lowest triplet state (T1) - the emitting state of phosphorescent transition metal 

complexes. The optimized ground state (S0) geometries of both 5 and 6 agree well with the XRD 

determined geometries, with the coordination bond lengths differing by less than 0.05 Å and the 

coordination center angles deviating by less than 3° for three-point angles and 6° for torsion angles 

(Table S2 and S3 in the SI). The optimized geometries of complex 6 in S0 and T1 states possess a 

C2 principal rotation axis, bisecting the pyrimidine ring through the C4 carbon (see Figure 1 for 

atom numbering) and the carbon in para-position to C4 and can be assigned to the C2 symmetry 

point group. The time-dependent calculations (TD-DFT) for 5 and 6 predict the absorption spectra 

well, reproducing the shape of the experimental spectra. However, the lower energy bands of the 

theoretical spectra are slightly red-shifted, whereas the mid-range energy bands are blue shifted 

(See Figure S3 in the SI). Having a good agreement with the experimental data, it was assumed 

that the chosen theoretical method (M11L/def2-SVP/C-PCM) gives an acceptable accuracy in 

simulating the ground state electronic structures and excited states of both 5 and 6.

The phosphorescence of the two complexes is best described from the perspective of the 

lowest triplet state (T1), the source of T1→S0 phosphorescence. Accordingly, computational 

discussions hereafter shall refer to the optimized T1 state geometries unless stated otherwise. 

TD-DFT calculations show that the T1 state of 5 originates from a HOMO→LUMO electronic 

transition, where the HOMO is an IrCl anti-bonding orbital with a major Ir d-orbital contribution 

of 45 %, and the LUMO is a π* orbital on the Phbib ligand (Figure 6). The T1 state of 6 is also 

formed of a HOMO→LUMO transition but somewhat different from that in 5. The HOMO is an 

Ir1Cl1 and Ir2Cl2 anti-bonding orbital with total contribution from the two metals of 42% 

(Figure 6, Table S5). The LUMO represents a π* orbital localized, in contrast to 5, on the dpp 

ligand. Thus, the T1 state of 6 is assigned as a dπ* charge transfer character, similarly to 5, but 
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with the π* this time localized on dpp ligand. It is noted that in the ground state geometry (S0), the 

LUMO of 5 is also a π* orbital on dpp ligand which switches with the π* orbital on the Phbib 

ligand upon reorganization to the T1 state geometry.59 This indicates the π* orbitals of Phbib and 

dpp ligands in 5 are in a closer energetic proximity compared to 6. To rationalize this difference, 

the π-backdonation from the metal centers to the ligands was considered. The significance of this 

effect can be traced by comparison of the dpp ligand structures in the two complexes. As 

calculated, the lowest π* orbital on the dpp ligand is antibonding to the N1C3 and N2C5 bonds 

(Figure 6 and Figures S4 and S5 in the SI) of the pyrimidine ring (See Figure 1 for atom 

numbering). Indeed, according to the XRD analysis, the bond lengths 1.366(4) Å for N1C3 and 

1.356(4) Å for N2C5 in complex 5 (Molecule 1 in Table S2 in SI) increase to 1.375(4) Å for 

N1C3 and to 1.374(4) Å for N2C5 in complex 6, where two metals coordinated to the dpp 

ligand. However, compared to complex 5, the π-backdonation to the dpp ligand per metal in 

complex 6 is probably lower due to the steric hinderances and comparatively twisted structure of 

dpp. This increases the π-backdonation to the π* orbitals of Phdib1 and Phbib2 thus destabilizing 

those orbitals further to higher energies. Indeed, as calculated at the ground state (S0) geometry, 

the lowest π* orbital on each of the Phbib ligands of  6, representing LUMO+1 (2.686 eV) and 

LUMO+2 (2.684 eV), is destabilized compared to the lowest π* orbital on the Phbib ligand of 

complex 5, representing LUMO+1 (-2.739).

Careful inspection of the higher occupied orbitals brings attention to an important 

difference in the electronic character and composition of complexes 5 and 6. In the mono-nuclear 

complex 5, the three t2g symmetry 5d-orbitals of Ir (5dxy, 5dxz and 5dyz) couple pairwise with the 

three 3p-orbitals of the bound chloride anion and thus constitute three occupied IrCl antibonding 

orbitals representing HOMO, HOMO1 and HOMO2 (Figure 6). In the di-nuclear complex 6, 

however, these three occupied IrCl antibonding orbitals, present at each coordination site, 

undergo pairwise electronic coupling that results in three pairs of molecular orbitals all involving 

both of the Ir ions about equally. Two molecular orbitals constituting a pair represent two possible 

linear combinations of two analogous IrCl antibonding orbitals, and therefore involve the same 

Ir t2g symmetry d-orbitals at the two metal centers and are different in symmetry. This is easily 

followed on Figure 3 where a particular Ir t2g 5d-orbital contributing to HOMO1 of complex 5, 

in complex 6 contributes to HOMO2 and HOMO3. By the signs of orbital lobes, HOMO2 is 

antisymmetric and HOMO-3 is symmetric to the C2 rotation of 6. The same type of symmetry is 

respectively valid for the HOMO and HOMO1 pair, and for the HOMO4 and HOMO5 pair in 

complex 6 (Figure 6). The important results of the electronic coupling of the two IrCl sites in 

complex 6 is (i) formation of three pairs of occupied molecular orbitals that approximately equally 
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involve both Ir ions and (ii) the two orbitals constituting a pair being contributed by Ir t2g orbitals 

of the same angular momentum. It is shown later that this gives a larger number of excited singlet 

states of 1dπ* character which are, orbital-wise, suitable for effective direct SOC with the emitting 

T1 state in complex 6.

Figure 6. DFT calculated Iso-surface contour plots (iso-value=0.05) demonstrating (i) the 

character of the orbitals contributing to the T1 state and singlet states that are suitable for direct 

SOC with the T1 state  (ii) the electronic coupling of the two Ir-Cl sites of complex 6 giving 

three pairs of orbitals largely contributed by t2g set orbitals (5dxy, 5dxz and 5dyz) of the two Ir 

ions. Note that in 6 the same t2g orbitals of the Ir ions contribute to the orbitals that constitute a 

pair.

The T1→S0 phosphorescence is a spin-forbidden process as stated by spin conservation law 

(∆S=0). This law, however, can be relaxed by spin-orbit coupling (SOC) of the T1 state with states 
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of the singlet manifold.36 The oscillator strength ƒ(T1→S0) (and phosphorescence rate) resulting 

from the SOC of the T1 state with singlet states is defined as:60

(3)𝑓(𝑇1→𝑆0) = ∑
𝑛[| ⟨𝑇1│𝐻𝑆𝑂│𝑆𝑛⟩

𝐸(𝑆𝑛) ― 𝐸(𝑇1)|
2

× 𝑓(𝑆𝑛↔𝑆0)]
Here  and  are the lowest triplet state and its energy, respectively;  and  are an 𝑇1 𝐸(𝑇1) 𝑆𝑛 𝐸(𝑆𝑛)

excited singlet state and its energy, respectively;  is the ground state;  is the spin-orbit 𝑆0 𝐻𝑆𝑂

coupling operator;  is transition oscillator strength.𝑓

Considering complexes 5 and 6, the excited singlet states in close energetic proximity to 

the T1 state are of mixed dπ* and ππ* character and have non-vanishing oscillator strength 

ƒ(Sn↔S0). Then, the SOC matrix element
⟨𝑇1│𝐻𝑆𝑂│𝑆𝑛⟩

 appears to be the main factor in formula 1 that largely defines what oscillator strength will be 

picked up by T1→S0 transition. Since SOC is a short-range interaction and  is a one-electron 𝐻𝑆𝑂

operator, two states can effectively couple only if a particular heavy atom with a large SOC 

constant such as Ir (=3909 cm-1)61 contributes to the same natural transition orbital (either to hole 

or to electron) of both states. Then, for complexes 5 and 6, both with a T1 state largely of dπ* 

character, an effective SOC matrix element of formula 3 can be expressed as follows:

(4)⟨𝑇1│𝐻𝑆𝑂│𝑆𝑛⟩ =  ∑𝑖,𝑗𝑎𝑇1𝑎𝑆𝑛𝑐𝑖𝑐𝑗⟨3
 𝑑𝑖𝜋 ∗ │𝐻𝑆𝑂│1

 𝑑𝑗𝜋 ∗ ′⟩
Here  and  are normalized configurational interaction coefficients of electronic transitions 𝑎𝑇1 𝑎𝑆𝑛

contributing to the state  and an excited singlet state , respectively;  and  are contributions 𝑇1 𝑆𝑛 𝑐𝑖 𝑐𝑗

of Ir d-orbitals  and , respectively, to the molecular orbitals involved in the transitions;  and 𝑑𝑖 𝑑𝑗 𝜋 ∗

 are ligand localized π-orbitals. The matrix element𝜋 ∗ ′

⟨3
 𝑑𝑖𝜋 ∗ │𝐻𝑆𝑂│1

 𝑑𝑗𝜋 ∗ ′⟩
in formula 4 is significant only for the El-Sayed allowed cases of direct SOC with  and 𝜋 ∗ = 𝜋 ∗ ′ 𝑑𝑖

 e.g. different orbital angular momentum as orbital rotation is required to conserve the total ≠ 𝑑𝑗

momentum of the electron (spin + orbital) when its spin flips.6 Thus, the T1 state can have direct 

SOC with a singlet state that involves a transition (i) from an Ir contributed molecular orbital 

different from HOMO (for ) to LUMO (for ) in the case of complex 5 and, (ii) 𝑑𝑖 ≠ 𝑑𝑗 𝜋 ∗ = 𝜋 ∗ ′

from an Ir contributed molecular orbital different from HOMO and HOMO1 to LUMO in the 

case of complex 6, as in the latter HOMO and HOMO1 involve the Ir t2g orbitals of the same 

angular momentum at both metal centers. TD-DFT calculations for complex 5 show one such 

singlet state available for direct SOC with the T1 state: S3 (HOMO1→LUMO) which is within 

0.5 eV energetic proximity to the T1 state, whereas for complex 6 there are two such singlet states: 
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S3 (HOMO2→LUMO) and S4 (HOMO3→LUMO), which are within only 0.2 eV energetic 

proximity to the T1 state (Tables S4-S7 in the SI). It is noted that the minor contribution of the 

HOMO2→LUMO transition (3%) to the S2 state of 6, is insignificant with respect to SOC with 

the T1 state, as compared to states S3 and S4.

The presence of two singlet states (S3 and S4) available for effective direct SOC with the T1 state 

in complex 6 is an advantage of the presented di-nuclear design. The HOMO2 representing the 

hole NTO of the S3 state and HOMO3 representing the hole NTO of the S4 state are a pair of 

orbitals formed by electronic coupling of the two IrCl sites and by the involved Ir t2g orbitals, 

both are analogous to the HOMO1 of complex 5 (Figure 6). In complex 5 the HOMO1 

represents the hole NTO of the S3 state – the only singlet state available for direct SOC with the 

T1 state. Thus, formation of pairs of orbitals involving the same Ir t2g orbitals in the course of 

electronic coupling of two IrCl sites in complex 6 also multiplies the number of singlet states 

(states S3 and S4 in 6 instead of only S3 in 5) available for direct SOC with the emitting T1 state. 

Accordingly, the phosphorescence rate of 6 is notably higher than that of 5 as found 

experimentally. This is the fundamental advantage of the presented di-nuclear design for faster 

phosphorescence that opens a new avenue for the design of phosphors with enhanced efficiency. 

To finalize the discussion, Figure 7 gives diagrams that summarize the key results obtained in this 

work that provides photophysical characterization of the T1 states of complexes 5 and 6.

Figure 7. Simplified energy level diagrams summarizing the emissive properties of complexes 

5 (a) and 6 (b) in the frozen toluene media. The diagrams are not to scale.
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Concluding remarks and outlook

The Ir(III) based di-nuclear molecular design presented in this work features an electronic 

structure level advantage that significantly increases the phosphorescence rate. The obtained di-

nuclear Ir(III) complex 6 shows a phosphorescence decay time of only 0.44 µs at 95% quantum 

yield. This is almost three times higher rate than of the mono-nuclear analogue with a decay time 

of 1.16 µs and 90% quantum yield. As suggested by TD-DFT calculations, such an improvement  

in the phosphorescence rate of the di-nuclear structure is due to the electronic coupling of IrCl 

antibonding orbitals at the two coordination sites that results in three pairs of occupied molecular 

orbitals that are contributed to by both metal centres with the same t2g orbitals in a pair. This 

multiplies the number of excited singlet states available for direct SOC with the emitting T1 state, 

a fundamental advantage of the presented di-nuclear design for enhancing the phosphorescence 

rate. These computational results are in line with the experimental findings that show remarkable 

shortening of the individual decay times of the T1 sub-states accompanied by a T1 state ZFS 

increase from mono-nuclear 5 to di-nuclear 6. As a result, complex 6 is an emitter with an emission 

rate a few times higher than other Ir(III) phosphors used in OLEDs.10,14,17,19,21,23,25-27,29-32 

Moreover, by the emission rate, 6 also outcompetes the materials exhibiting thermally activated 

delayed fluorescence (TADF)62-68 which are posed as alternative OLED emitters.62,69-72 

The proposed di-nuclear design affords outstanding phosphorescence efficiency and also 

leaves room for photophysical tuning through modifications of the bridging C^NN^C ligand and 

N^C^N ligand and also through modifications at the position of the halogen anion. We believe 

that in near future the presented approach could lead to many new Ir(III) phosphors with 

efficiencies comparable to that of complex 6.
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