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In this work we report the second ever example of a fully experimentally confirmed thermally activated
delayed fluorescence (TADF) in a dinuclear Ir() complex. The said complex displays a singlet—triplet gap
AEst = 28 + 5 meV, in agreement with the computational prediction of 31.1 meV — a value smaller than
the previous TADF Ir() complex. We also demonstrate a proof-of-concept, solution-processed OLED
featuring this complex as the luminescent dopant in the emissive layer, achieving external quantum
efficiency of up to ~10% and maximum luminance of 18 000 cd m™2
those reported earlier for Ir(in) TADF. These findings are preceded by a detailed consideration of spectral

— values significantly exceeding

signs of TADF in the already known Ir(i1) complexes. The spectral overlap of photoluminescence (PL) with
strong (i.e., spin-allowed) absorption bands is unusual for phosphorescent metal complexes, because the
PL originates from the triplet state, which is normally significantly lower in energy than the lowest-lying
singlet. In this study, we have scrutinized literature data on iridium(i) complexes that likewise show signifi-
cant overlap between absorption and PL, and we conclude that a small singlet-triplet energy gap AEst in

Received 25th September 2025, these complexes results in a TADF contribution to their emission. Such a mechanism has hitherto been
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overlooked in the large body of iridium(i) chemistry. We use computations to clarify the nature of the
excited states in these complexes, demonstrating that the distinctive S; and Ty character of states can be

rsc.li/frontiers-inorganic identified as well as confirming that AEst is small enough for TADF to occur at room temperature.
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1. Introduction

Iridium(ur) complexes play a pivotal role in research and
technology. They are used in a plethora of applications, from
organic light-emitting diodes (OLEDs)' and light-emitting
electrochemical cells (LEECs),*® to bioimaging, phototherapy,
photochemistry and photocatalysis.”® The popularity of Ir(u)
complexes in OLEDs remains somewhat uncontested, despite
the low earth abundance of this metal and enthusiastic efforts
to identify alternatives. Although they are widespread, have we
really understood fully the excited-state properties of Ir(m)
complexes? The d°, pseudo-octahedral Ir(m) ion can induce a
very strong heavy atom effect, facilitating the formally forbid-
den process of T; — S, phosphorescence." It is the resulting
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fast triplet radiative decay rates - and correspondingly high
emission efficiency - that account for the popularity of Ir(ur)
complexes as luminescent dopants in OLEDs. Nevertheless,
the ubiquity and apparent simplicity of this model means that
other competing luminescent mechanisms may have been
overlooked, yet they may also contribute to the overall photo-
luminescence (PL) decay of iridium(m) luminophores.

The process of thermally activated delayed fluorescence
(TADF) was first identified decades ago (under the name
E-type fluorescence) as a mechanism by which triplet
excited states may lead to efficient emission, through T; — S;
(re-)population of the singlet state and subsequent S; — S,
radiative decay, as opposed to phosphorescence.'’ Recently,
TADF emitters that function in this way have become one of
the leading competitors to phosphorescent complexes in
OLEDs and beyond."* Although now widely associated with
purely organic systems, TADF is relatively common among
various metal complexes such as those of the coinage metals
Cu(1), Ag(1), and Au(i/m), which are widely investigated as blue
OLED emitters.”>*® TADF has also been identified in Pd
(m),*°2* sn(v),>® and, more recently, certain Pt(u)**"*’
complexes.

At first glance, it may not be clear how TADF could benefit,
or even apply, to luminophores that already have a strong
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heavy atom effect, such as Ir(u) and Pt(u) complexes. However,
it may still offer a significant advantage in accelerating the
radiative decay of such luminophores: it supports the already
relatively fast triplet radiative decay by providing an additional,
even faster decay channel (Fig. 1).>® Such TADF complexes are
much less reliant on the spin-orbit coupling (SOC) originating
from the heavy metal ion, which poses a challenging limitation
for NIR (near-infrared) phosphors, for example.** In such
cases, the need for n-extended aromatic ligands to obtain low-
energy emissive states often limits the metal character of the
excited state, hence slowing down the metal-facilitated T; — S,
radiative decay.”® Meanwhile, the use of TADF complexes dis-
playing faster radiative decay than their non-TADF counter-
parts may be beneficial for the overall operational stability of
blue OLEDs, by ensuring that undesired excited-state degra-
dation pathways have little time to compete with emission.
Furthermore, even small contributions from higher energy
excited states involved in TADF (e.g., fluorescence from S;) may
provide purer blue PL, as the S, state is always at least a few
tens of meV above the T;.

A hallmark of the TADF mechanism in conventional emit-
ters is typically the presence of strong charge-transfer (CT)
states arising from a donor-acceptor molecular structure,
which leads to low HOMO-LUMO absolute overlap, defined as
o= f|¢i\’¢j‘dr (where i, j are the identifying numbers of the
two orbitals considered)*® and hence to a small AEg.*® In the
case of cyclometallated complexes, the metal ion and, often,
some of the auxiliary ligands typically act as donors, and
n-conjugated heterocyclic ligands as acceptors, giving rise to
metal-to-ligand CT (= MLCT) states.”®*' These states are,
however, no different from non-metal CT states in the sense
that they can also lead to reduced HOMO-LUMO overlap, just
as in organic TADF emitters.*?

The recent discovery by some of the current authors of an
interplay between TADF and phosphorescence in a di-iridium
(m) complex®® has led us to re-examine other Ir(im) complexes
in the existing literature that demonstrate similar properties.
Our analysis — described in this paper - shows that TADF may,
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Fig. 1 Scheme illustrating the cooperative function of photo-
luminescence originated from Ty sublevels (1, 2, 3) and the S, state when
in thermal equilibrium with T, (TADF). The zero-field splitting (ZFS) is
depicted as AE;_3; AEst is the energy difference between T; and S;; krS
and kI are the radiative rate constants of S; and T respectively.
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in fact, be contributing to the fast effective emission rates in
many such cases. A range of Ir(m) complexes were identified
and selected for study (Fig. 4), based on certain spectral fea-
tures they display that are more characteristic of TADF rather
than phosphorescence. We analyse their reported experimental
absorption and PL spectra as well as radiative decay rate con-
stants. We then probe the relevant electronic states of these
complexes computationally. Our findings point to higher-lying
excited states (i.e., other than T;) directly contributing to the
radiative decay in many cases. Given the computational
picture of these states having dominating singlet character,
there is no doubt that TADF does contribute to the PL in at
least some Ir(m) luminophores, but it has previously been over-
looked. We believe that the discovery can profoundly modify
the current understanding of this group of luminescent metal
complexes.

2. ldentifying signs of TADF
emissions: significance of Stokes shifts
and the Strickler—Berg approach

We first analyse the absorption-emission spectral overlap
(henceforth referred to as “spectral overlap”) of emitters of
known luminescent nature, presented in Fig. 2. The model
absorption and PL spectra of these luminophores can be
found in Fig. 3. Fluorescent emitters typically display small
Stokes shifts and pronounced spectral overlap, except where
there is a significant reorganisation in the excited state.** We
will simplify this discussion to include only emitters with
small distortions between the ground and excited states. 9,10-
Diphenylanthracene (DPA) and fluorescein are taken as
examples of a fluorescent emitter: they display a clear mirror
image between their respective absorption and emission
bands, with the lowest absorption band in question being
highlighted with a grey underlay. In transition metal phos-
phorescent emitters like the Pt(i1) complex Pt-Spiro ** and an Ir
(1) complex 4-TCNIr, weak S, — T; absorption bands are dis-
cernible which overlap with the phosphorescence. For rigid,
transition-metal TADF emitters, we would expect a spectral
overlap more akin to DPA and fluorescein: see Pt-TADF ** and
other reported Pt(i) delayed fluorescence emitters.>>*® Where
the CT character of the MLCT transition is larger, the Stokes
shift may be correspondingly larger, as in the reported Ir-TADF
luminophore.>® Some Cu(i) complexes are similar in this
respect.”

We now attempt to draw quantitative conclusions from the
above-mentioned spectral overlap by using the Strickler-Berg
relationship.®® In their original work, Strickler and Berg pre-
sented eqn (1):

15880 % 10’9n2<ﬁf’3>AV&Jedlnﬁ (1)
7o gu
where: 7, - natural decay lifetime of emission, s; n - refractive
index of the medium; ¢ — average wavenumber of the PL spec-

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi01968k

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 4:55:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Inorganic Chemistry Frontiers Research Article

HO. O o
)
l COOH

DPA Fluorescein

Pt-TADF Ir-TADF

Fig. 2 Structures of exemplar fluorescent, phosphorescent, and TADF luminophores discussed in the text.
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Fig. 3 Absorption and photoluminescence spectra of the luminophores shown in Fig. 2, in solution (c ~10~> M) in: EtOH (DPA), 0.1 M NaOH (fluor-
escein), CH,Cl, (Pt-Spiro, TCNIr), methylcyclohexane (Pt-TADF), and toluene (Ir-TADF). Areas shaded in grey indicate absorption bands considered
in the Strickler—Berg approach.

trum, cm™'; g - multiplicity of the lower state, so g = for fluorescence (eqn (2)), S 1, while for phosphorescence
1 for Sy; gu — multiplicity of the upper state, so g, = 1 or 3 (eqn (3)), L 3 "
for S; and T; respectively; € - extinction coefficient of 8
absorption, M™* em™; 7 - wavenumber representin, 9 2 _

sorption, . ! Presenting SBES = 2.880 x 10~°n%0,> | edIno (2)
points of the lowest absorption band in the spectrum, cm™ .

For the purpose of this work, eqn (1) is simplified following
its fruitful use in this final form in previous works by some of 1

P P M SBE =2.880 x 10°°n?0,3 = |edInv (3)

the current authors,”” giving eqn (2) and (3). The simplifica- 3

tion replaces the term (s ), with the PL maximum of the

. . . The use of eqn (2) and (3) is straightforward for presumed
spectrum fpa, . These equations differ in the term 8 where, qn (2) (3) . & . P
Zu fluorescent and phosphorescent emitters, respectively. For pre-
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sumed TADF emitters we will generally use the former but also
apply the latter for comparison.

As fluorescent dyes such as fluorescein or DPA have been
extensively studied by Strickler and Berg in their original work,
we focus on phosphorescent and TADF emitters. Eqn (3) is
used in order to calculate the ®kT in each case, giving 3.5 x
10* s7" for Pt-Spiro and 2.7 x 10° s~* for TCNIr (the superscript
SB will be used when referring to k. values calculated in this
way). These values are in good agreement with the reported k*
at RT of 6 x 10* s7' and 4 x 10° s™", respectively. The small
divergence between the SB-calculated and experimental values
can be explained by experimental uncertainties and applied
simplifications. The good agreement arises because the emis-
sive transition is simply the transition from T; to S, with no
other states involved. As demonstrated by Strickler and Berg,
this is also expected for fluorescent emitters (i.e. S; — So).

In the TADF case, the spectral overlap is similar to that for
fluorescent dyes, with 5%k% = 5.9 x 107 s™* for Pt-TADF and 1.7
x 107 s7* for Ir-TADF.>**! Even if one initially assumed a phos-
phorescent nature of this emission and applied eqn (3), then
SBET = 2.0 x 107 57" and 0.5 x 107 577, respectively. Regardless
of the equation used, the reported values at RT are 4.0 x 10°
s™! for Pt-TADF and 3.5 x 10° s™* for Ir-TADF, which makes the
values obtained directly from the Strickler-Berg relationship 1
to 2 orders of magnitude too high. To shed some light on this
discrepancy we look at the &5 estimated by fitting the tempera-
ture-dependent behaviour of their luminescence decays.”**" In
this case, experimental values of 1.5 x 10’ s~ for Pt-TADF and
0.8-1.2 x 10” s™* for Ir-TADF were obtained, which are clearly
in line with those obtained from the Strickler-Berg approach.
The agreement of ®k% with &% is strongly indicative of TADF,
and so is the effective &, being orders of magnitude smaller.

Other previously reported Pt(u) TADF emitters display a
similar relationship between the spectral overlap, the SB-calcu-
lated &%, and their TADF properties.>**>*® To the best of our
knowledge there exist no unequivocally phosphorescent tran-
sition metal complexes showing spectral overlap with a strong
absorption band (i.e., strong like a singlet absorption S, — S,),
but only with a weak (i.e., Sp — T,) absorption.

In TADF the final luminescent state is the S; (Fig. 1). As &5
> kT, it accelerates the total effective decay rate. The effective
decay rate constant is a function of temperature and its magni-
tude is somewhere between k5 and kT,(i.e. k¥ > k. > kT), which
is a direct consequence of the Boltzmann statistics determin-
ing the repopulation of S; from T,. In other words, metal-
organic TADF systems will display a k; larger than their phos-
phorescent counterparts, but lower than the singlet decay rate
constant, including that obtained from the Strickler-Berg
relationship. This conjecture will form the core reasoning in
what follows.

The aim of this work is to demonstrate that the spectral
overlap involving strong absorption bands and the resultant
mismatch between the measured effective k, (smaller) and S®k3
(larger) values in Ir(u) complexes are indicative of TADF. As
shown above, the simple overlap of the absorption and PL
spectra carries crucial information about the luminescent
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nature of the emitter. Equipped with this basis, we move on to
study this relationship in published luminescent Ir(u)
complexes.

3. Using the Strickler—Berg approach
to identify “hidden” TADF

The selection of molecules for the study was made by screen-
ing the available literature for signs of significant spectral
overlap, as discussed above, while considering high quality of
the photophysical data reported. The selected compounds
thus come from a limited number of seven studies, identified
by the first digit of the codes in Fig. 4 (i.e., 1-7). This digit is
followed by a hyphen after which appears either the code used
in the original publication, or an alternative designation to
ensure unequivocal identification in the present context.

Given the previously demonstrated® role of dinuclearity of
platinum(n) complexes in promoting higher singlet oscillator
strength f (S; — So) and smaller AEgy, it is unsurprising that
most of the compounds presented in Fig. 4 are dinuclear as
these are the very traits promoting TADF. We believe that
dinuclear platinum(u) as well as iridium(i) complexes - as we
demonstrate in this work - present visibly more identifiable
signs of TADF than their mononuclear counterparts. Although
mononuclear complexes are more popular and clearly more
versatile, the focus on dinuclear complexes in this work
reflects the very early stage of research on TADF in iridium(m)
complexes, rather than any intrinsic requirement for a second
metal centre. It seems inevitable that follow-up works will
focus more on mono-Ir(ur) complexes as the subject becomes
widespread.

The first group comprises of complexes that take advantage
of a ditopic bis-NCN-chelating ligand: 1-rac and 1-meso,”’
related to the platinum(u) complexes for which TADF has
already been demonstrated.>® For 1-rac complex, we selected
one of the enantiomers shown in Fig. 2. Complex 5-5*® uses
the same bis-NCN-chelating ligand as previously, but a triden-
tate CNC capping ligand. Complex 5-3 is a mononuclear ana-
logue of 5-5 presented in the same work. Compounds 2-5, 2-
6,>° and 3-Ir,1, *° are structurally similar to complexes 6-A1 to
6-A5 and 6-B1 and 6-C1."" These three groups of complexes
feature a ditopic bis-CN-chelating ligand in conjunction with
tridentate NCN ligands and monodentate halides X = Cl, I to
complete the coordination sphere. Complex 2-5 is a mono-
nuclear complex related to 2-6. The halide proves to be crucial
to the TADF properties of these complexes, as we demonstrate
later in the text. Although the majority of complexes presented
in this section are dinuclear, some were selected as mono-
nuclear reference systems, such as 4-CNIr and 4-TCNIr** as
well as 7-B1, 7-B2, and 7-B3.*> These mononuclear complexes
still display some spectral overlap, but to a lower degree than
the dinuclear complexes above (Fig. 5). Experimental photo-
physical characteristics of the Ir(u) complexes discussed in
this work are summarised in Table S1. All experimental results
used in this section were adopted from the respective refer-

This journal is © the Partner Organisations 2025
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Fig. 4 Structures of the Ir(i1) complexes used in the study.

ences: the reader should refer to the respective literature
sources for experimental details.

We study the absorption and PL spectra of the complexes,
presented in Fig. 4, in the same way as discussed in section 2
above. Considering the significant spectral overlap in most of
the cases (Fig. 5), we use the SB method®® to probe whether
Bk, values estimated from the absorption spectra correlate

This journal is © the Partner Organisations 2025
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4-TCNIr

with the observed PL rate constants. The most rigorous
approach would involve estimating the exact extent of the
lowest-energy transition within the absorption spectrum,
including the 0-0 as well as other vibronic bands. However,
this approach is challenging given the unknown composition
of the PL spectra, ie., presumably a mix of TADF and phos-
phorescence, as well as the mixed spin-multiplicity character

Inorg. Chem. Front.
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Fig. 5 Absorption (black lines) and photoluminescence (red lines) spectra of the studied iridium(i) complexes at room temperature, extracted from
the respective original works.33-4%42=45 The spectral regions shaded in grey represent the absorption bands taken into account for the calculations

using the Strickler—Berg method.

of the absorption bands. Hence, we chose to only include the
first vibronic band, acknowledging that this may lead to an
underestimation in k; calculated in this way. Similarly, PL A,,x
values are used, due to the anticipated complexity of the
experimental PL spectra, as discussed in section 2.>*® At this
point, the constants 5*4° (eqn (2)) and **4T (eqn (3)) have no
physical meaning before the of photo-
luminescence: TADF or phosphorescence is identified. Once

main mode

done, one of these values will become meaningless and hence
ignored in the further discussion. We decided to include both
of the said numerical values at this point to make our reason-
ing clearer. As explained earlier, we expect the **4T rate con-
stants to roughly match the reported k. for phosphorescent
complexes. For these complexes the shaded absorption band
is therefore assigned to the S, — T; transition. The Ska is
hence meaningless in this case and is ignored. In the case of a
TADF complex the apparent constant S®kT is expected to

exceed the k; as it is actually derived from a S, — S; absorption

Inorg. Chem. Front.

band. In this case we identify the S®k° as relevant in this case
and ignore the other apparent constant S®kT. This reasoning is
used for screening potential phosphorescent and TADF emit-
ters in this work. Results comparing the reported k. with
either 5*%® and S*kT calculated using the SB method are shown
in Fig. 6 and presented in numerical form in the SI, Tables S1
and S2.

The results presented in Fig. 6 are arranged in the order of
increasing ratio of S®kT or %% to the reported k.. At first, one
can clearly note that 4-CNIr and 4-TCNIr show good agreement
between the reported k, and calculated S*4T values, and a S°AT/
k. ~0.5-0.7, placing them as highly likely to be purely phos-
phorescent emitters with no contribution from TADF. A slight
underestimation of the &k in this case might originate from
the inability to accurately assess the whole extent of the
absorption band associated with the S, — T; excitation.
Another mono-Ir(u) complex 7-B2 also displays a rather good
agreement, with S®kT/k, = 1.3. This is in line with our original

This journal is © the Partner Organisations 2025
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obtained directly from the eqgn (2) and (3) and they cannot be interpreted
without context. The *Bk® are relevant only for TADF emitters, while SBkT
only for phosphorescent emitters. Refer to the article text for a detailed
discussion on which of these values are relevant and which not.

hypothesis, namely that mononuclear complexes are generally
less likely to show TADF and more likely to be purely phos-
phorescent. The next complex 6-A4 shows S°kT/k, ~2, which we
believe might start being significant. We draw an imaginary
threshold at S®kT/k, = 1.5 to distinguish clear metal-organic
phosphors, below the threshold, and potential TADF emitters
above it. The same trend can be obtained for the ®k%/k, ratio,
but now the ®k% is clearly not relevant for phosphorescent
emitters (i.e., there is no doubt that the analysed electronic
transition is of S, — T, character for them, hence the Ska is
meaningless here).

The significance of the potential TADF behaviour becomes
more apparent as the S*%%/k, ratio increases. This is because
the stronger, presumably S, — S; absorption band generates a
larger S®k%, promoting the potential TADF behaviour, as
explained earlier. The largest S®k%/k; ratio, at ~100, is found for
three emitters: 5-3, 5-5, and 6-A5. We will discuss these cases
individually later, but at this point it is crucial to note that the
original work presenting 5-3 and 5-5 identified them as
showing a “TADF-like” behaviour.*® In the light of the current
state-of-the-art we believe that the behaviour is indeed TADF.
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Furthermore, a computational study®’ that incorporates spin-
orbit coupling effects has demonstrated that the behaviour of
5-3 can indeed be explained with TADF, confirming the con-
clusions of the current work, as discussed later.

As we demonstrate in this section, the reported decay rate
constants k, in most of the presented iridium(ur) complexes do
not correlate with the values expected from the Strickler-Berg
approach. This behaviour strongly indicates that in those cases
the observed PL is not due to phosphorescence alone and that
TADF is probably involved. This view is supported by earlier
evidence of iridium(ur) and platinum(u) complexes with TADF
showing analogous behaviour to the ones discussed here.

4. Modelling TADF in transition metal
complexes

The luminescent decay rate constants of transition metal com-
plexes can generally be described with eqn (4), considering the
radiative rate constants of the three principal triplet sublevels
of T; - denoted 1, 2, and 3 - and the energy gaps between
them:"°

1 5 ALy p 3 ALy 3
ki +kie ®T +kje ®T

Sy (4)

1+e ®T +e BT

1-3 _
k™=

where k7 is the cumulative radiative decay rate constant of
the phosphorescent complex at a given temperature T, s~*; k!,
k%, k? are radiative decay rate constants of the three T, suble-
vels, s™% AE, ,, AE, 3 is the energy gap between the states indi-
cated in the subscript, eV; kg is the Boltzmann constant, 8.617
x 107% eV K™'; T is temperature, K. We assume that the states
in question remain in an equilibrium.

When the S; state is thermally accessible, at RT for
example, another term can be added, such as in eqn (5), where
4 denotes S, as the fourth state in consideration:'°->®

AE1 AEy3 AE14q
kl + ke ®T ke ®T 4 ke TT
AE, AEp3 AE14 (5)

1+e ™7 +e B e BT

1-4 _
k" =

Eqn (5) can also be presented as:

Lha _ABg _ABsp
TsT +k§e TsT +kl§e sl

_AEp _AE g _ AEgr (6)
1+ e BT +e T f¢e T

ki + ke

1-4
k=

In eqn (5) and (6), k- is the cumulative decay rate constant
considering phosphorescence and TADF from the S, state, s™*;
AE; 4 or AEgy is the energy gap between the lowest T, sublevel
and the S, state, eV; k% - radiative decay rate constant of the S,
state, s™*.

In certain cases, especially when the experimental results to
which the model is fitted lack data in certain temperature
ranges like 1-20 K, the fit would be over-parametrised if using
eqn (5) or (6). Thus, a simplified eqn (7) can be used, assum-
ing that the T, sublevels 1 and 2 are virtyally thermalised at
the temperatures of the experiment, i.e. e &7 = 1:
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_Ahg _Afgy
2k1? + kle mT + kfe FBT
e ke 7)
2+ e T 4 e T

1-4 _
k=

For calculations of the percent contribution of TADF and
phosphorescence, we consider the contribution of each term
in the numerator to the sum of these terms:

s _ AEgp
kT
ke

%TADF =100 5 5 i
k! + ke ®mT 4 ke ®T 4 kSe T

AEst

ke ®mr

~ 100

AE;

12 1 _ AEgp
26k + ke BT ke T

42 _Ah1p e AR
kgT kgT
%PHOS = 100 pte Wb e B

s s _ At
ki 4+ ke mT + kie” ®mT + kSe Rt
L g (©)
2k + kie T
~ 100 L L

2K 4 R3¢ 4 kSe BF

From the above equations, one can also obtain the above
introduced parameters at T — oo by assuming all Boltzmann
terms are equal to 1. It can clearly be seen that even at T — oo
there is a limit to the decay lifetime and percent contribution
of TADF and the latter mathematically never reaches 100%.

When calculating decay components computationally one
may use a straightforward relationship between the oscillator

strength f of a given transition and the radiative rate constant
kr:48,49

n*v*f
1.5

ke = (10)
where n is the refractive index of the medium; v is the wave-
number representing the electronic transition, cm™; f is the
transition oscillator strength (also denoted as f,s. in other
parts of the text).

In this work we obtain computational values of k1™ and k™
using eqn (4) and (5), while variables k! to &> and &> are deter-
mined directly from the computational v and fusing eqn (10).

5. Computational study

The computational study undertaken in this work is used to
supplement the existing experimental results, presented in
previous literature, rather than for making claims based solely
on computation. For example, very thorough photophysical
studies are often accompanied by simple TD-DFT calculations
and lack computational approaches that include spin-orbit
coupling and relativistic effects, such as in the methods used
here. The approach used in our work allows not only to model
singlet and triplet decay rates, but also to distinguish singlet
from triplet states - a prerequisite of any TADF-inclusive
model of electronic states. As we demonstrate below, these
results merely confirm what is already evident from the experi-
mental data and can be used to explain the mechanistic prin-
ciples which are otherwise inaccessible.
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We first consider the accuracy of the computational model-
ling. The methodology used in this work has already been suc-
cessful and accurate in describing the previous example of a
TADF iridium(m) complex Ir-TADF. The k3, AEqy, as well as the
cumulative kT have been estimated with sufficient accuracy to
precisely reproduce the behaviour of the observed k. with
temperature. The same computational approach has also been
used successfully to study dinuclear platinum(u) complexes
displaying TADF*® and accurately estimate the k! of mono-
nuclear platinum(i) luminophores, as in the case of Pt-Spiro.>*
As we demonstrate in this work, our computational approach
is rather accurately predicting experimental variables relevant
to TADF. What can be noted is that the very approach in ques-
tion tends to overestimate the AEgy, giving false negatives for
TADF, but no true false positives were observed. It proves accu-
rate in estimating the &5 of multiple dinuclear complexes, but
fails for metal-iodide systems, ie. M-I, giving significantly
underestimated values.>® This, however, is a rather known flaw
of such DFT-based approaches to strong charge-transfer
systems.>°

In our work, we employ density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations at the BP86/def2-
TZVP level implemented in Orca®"*” to generate the T; geome-
tries (Fig. S7-S16). Single-point energy calculations used
B3LYP/def2-TZVP level of theory with spin-orbit coupling,
(ZORA),>*>* quasi-degenerate perturbation theory (QDPT),>*>®
and CPCM for the appropriate solvent used in the experiments
(listed in Table S1). In this case, ZORA-corrected def2-TZVP
basis sets’” were employed for all light atoms, and a segmen-
ted all-electron, relativistically-contracted (SARC) def2-TZVP
basis set for Ir and I. These settings have previously been used
to model an earlier example of a TADF di-Ir(m) complex,*! with
a good agreement between the computational model and
experiment. All pertinent computational results are listed in
Tables S3-S27 and shown in Fig. S1-S23. At this level of
theory, we observe splitting of every T, state into three quasi-
degenerate sublevels as well as a significant S-T mixing,
leading to contamination of triplet states with singlet admix-
tures and likewise singlet states with triplet admixtures.

We start from the general assessment of the molecular
orbital landscape in the studied systems. The orbital iso-sur-
faces relevant to the S; and T, states are presented in Fig. 7
and 8 for 2-6, 3-Ir,I,, 6-A5, and 6-B1, and in Fig. S1-S6 for the
remaining complexes. First of all, it may be noted that the
presence of a transition metal ion, iridium(u) for example,
creates sufficient spin-orbit coupling to relax the spin selec-
tion rules, allowing not only accelerated T; — S, transition,
but also intersystem crossing (ISC) as well as the reverse ISC
(RISC) between S; and T, states directly, without the necessary
participation of assistant states as is usually the case in metal-
free TADF (Table $27).°® That being said, we observe no par-
ticular state nature to be relevant to TADF in the discussed
systems. What appears to be relevant are the numerical indi-
cators, such as the three key constants describing TADF: k5,
AEgr and kT, and how orbital pairing affects them. The orbital
nature of S; and T; states is summarised in Table S25, while
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Fig. 7 Molecular orbitals involved in the S; and T, states in complexes
2-6 and 3-Ir,l,. In both cases the S; and T, states can be described as a
HOMO — LUMO transition.

Fig. 8 Molecular orbitals involved in the S; and T, states in complexes
6-A5 and 6-B1. In both cases, the S; can be described as a HOMO —
LUMO transition. The T, in 6-B1, like S;, can be described as a HOMO —
LUMO transition, but the T, in 6-A5 is of HOMO-1 - LUMO nature. MO
pairing for other complexes can be found in the SI, Fig. S1-S6.

the pertinent spin-orbit coupling matrix elements (T, |Hso|S1)
are collected in Table S27.

The nature of the S; and T, excited states spans from
strongly CT, like MXLCT (metal-halogen-to-ligand charge-
transfer) in complexes 2-6, 3-Ir,I,, 6-Al to 6-A4, 6-B1 and 6-C1,
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to a mixed MLCT-LC (ligand-centred) in 5-3 and 5-5. This dis-
tinction is visible in the experimental data through the stron-
ger S, — S; absorption, hence larger fys.(So — S1) in the latter
two. Therefore, the distinction between TADF and phosphor-
escence becomes more apparent for excited states with more
LC admixture and likewise less apparent for stronger charge-
transfer character of the excited state.

Our calculation returns SOC states which are the electronic
states identifiable at the level of theory involving SOC and they
are represented as a linear combination of TD-DFT states (i.e. S,
and T,). The assessment of the nature of the electronic states is
made by analysing the contributions of the Ty, S;, and S,
TD-DFT states into each of the SOC states and the said contri-
butions are collected in Tables S6-S24. The picture of the elec-
tronic excited states generally is very clear, with the Ty, T,, and
S: being easy to identify within SOC states 1 to 7 (the T; and T,
states split into 3 SOC states each, therefore we are taking into
consideration 3 + 3 + 1 = 7 SOC states). Example excited-state
diagrams are presented in Fig. 9 for complexes 2-6, 3-Ir,I,, and
6-A1, and in Fig. S17-S23 for the other complexes. In all cases
SOC states 1-3 constitute the quasi-degenerate sublevels of T,
while state 4 displays a substantial (albeit variable) singlet char-
acter. The remaining states 5-7 constitute the quasi-degenerate
sublevels of T,. In the exceptional cases of 4-TCNIr and 6-A5, S;
character can be attributed to state 7 instead of 4, with T, consti-
tuting SOC states 4-6 instead of 5-7. The energy difference
between SOC state 1 and the lowest singlet state is often of the
order of 100 meV or significantly less, small enough for the S;
state to be re-populated at RT and thus to be involved in the
luminescent process. To improve our understanding of this
behaviour and model the luminescence of our complexes as a
function of temperature, the Boltzmann ratios between SOC
state 1 and states 2-7 are calculated at 295 K (see Table S4 for
Boltzmann coefficients). In most cases, the S, state is in equili-
brium with the T, sublevels at RT, leading to a relevant singlet
population, indicating that phosphorescence and TADF both
contribute to the effective radiative decay rate constant at this
temperature. This situation is, however, far from a pure TADF
emission in iridium(m) complexes (although one would always
expect trace contributions of phosphorescence according to the
relative rate constants in a given case), but it demonstrates that
the PL of these luminophores is a mixture of the two, compris-
ing both singlet and triplet contributions.

Fig. 9 Excited state energy diagram for complexes 2-6, 3-Ir,l, and 6-A1 showing vertical transition energies at T, geometry.
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We first consider 2-6 and 3-Ir,I, as they differ only in the
identity of the monodentate halide ligand X = Cl or L. Their cal-
culated AEgy values are 57 and 14 meV respectively, consistent
with a previously identified trend in related complexes that X =
I leads to a smaller AEgr compared to the X = Cl analogue.>®
This is due to the stronger electron-donating properties of I
versus Cl affecting the electron-donor properties of the Ir-X
moiety. Complexes incorporating an electron-rich halide
ligand X display stronger electron-donor properties of the
metal centre by introduction of the halide p electrons. These
two complexes, along with 6-A1 to 6-A5, 6-B1 and 6-C1, rep-
resent a group showing MXLCT excited states, i.e., those where
the Ir-X (X = Cl, I) is the dominating donor moiety. In such
cases, the electron-donating or -withdrawing character of the
attached auxiliary halide ligand significantly modulates the
electronic properties of the complex. The ZFS values are 20
and 7 meV for 2-6 and 3-Ir,I,, respectively, while the calculated
kT is smaller in the latter. Clearly, the luminescence properties
of 3-Ir,], reported in the original work®® should be associated
with the smaller AEsy, and thus a more significant contri-
bution of TADF. The contribution of halide p orbitals to the
HOMO of both complexes (Fig. 7) does not significantly con-
tribute to the overall heavy-atom effects, as these are domi-
nated by the Ir(m) centre, as found in dinuclear complexes of
the Pt(NCN)-X type.*®

We now consider the case of complexes 5-3 and 5-5, for
which a TADF-like behaviour has previously been reported, by
demonstrating that a fourth excited state is involved in the
luminescence at RT.*® Our computational analysis shows that
one can determine the said 4™ state (SOC state 4) to be of S;
character. The AEgy is smaller in 5-5 than in 5-3 which may be
attributed to the presence of the strongly electron-deficient
pyrimidine in the former. The presence of two Ir(u) centres
linked with a common pyrimidine bridge may also be the
cause for lower AEgy and larger fos(So — S;) in 5-5 than in 5-3
- an effect which we are yet to fully understand. Although the
AEgr obtained from our calculations (Table S3) is visibly larger
than the gap obtained experimentally, the other calculated
characteristics clearly point to the S; and hence TADF being
involved. Hence, we believe that this earlier example does, in
fact, demonstrate a TADF mechanism, mediated through an
excited state with a predominant S; character. We note that an
earlier computational study conducted solely on 5-3 came to
the same conclusion.”’

Complexes 6-Al to 6-A5, as well as 6-B1 and 6-C1, structu-
rally resemble 2-6. They are of the Ir-Cl type and display AEgr
< 70 meV, except for 6-A5 where AEsy ~ 260 meV. We ascribe
the generally small AEgy in this group of complexes to the
presence of X = Cl and to the MXLCT nature of the excited S,
and T, states, as detailed above. In 6-A5, the phenyl-pyrimidine
moieties are replaced by thienyl-pyrimidine groups which
leads to the introduction of a low-energy T, state. The frontier
molecular orbitals reveal that the new triplet state involves the
thienyl groups and shows a different orbital pairing from that
of S; (Fig. 8). From this behaviour of 6-A1 and that of the other
complexes in the same work, one may conclude that the smal-
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lest AEgy is attained for the S; and T, states with the same,
rather than different, orbital pairing. The same is not usually
considered optimal in the context of conventional metal-free
TADF emitters as, there, the (T1|FISO|SI) ~ 0 due to the near-
identical orbital nature of the respective *CT and 'CT
states.>® ®! In this case a second triplet state must be involved
to introduce sufficient SOC, allowing a fast pathway for ISC
and RISC. However, in the context of iridium(ur) complexes,
the (Ty|Hso|S1) is usually sufficient to allow direct RISC and
ISC between the said states, without the necessity for other
states being involved (Table S27).

Complexes 1-rac and 1-meso also contain the Ir-Cl moiety;
AEgy ~ 100 meV is relatively high, while f (S; - S,) ~ 0.01 is
limited, which results in only a relatively modest effect of
TADF, at least from the computational standpoint. We aim to
study this group of complexes in a follow-up work to gain
some further insight.

Interestingly, the mononuclear complexes 7-B1 to 7-B3
display AEgy that is sufficiently small for the S; excited state to
be populated at RT, but the relatively insignificant singlet
oscillator strength f,s.(S1 = So) renders TADF of little effect in
enhancing the effective radiative rate constant. This finding
highlights the point raised in our earlier work,> namely that
for heavy metal complexes, it is necessary for there to be not
only a small AEgr but also a substantial fos.(S; = So) for TADF
to be relevant.

To sum up this part of the section, we find that the coordi-
nation pattern of the complex has the most significant effect
on parameters promoting TADF, while there is currently little
evidence for any important effects of the particular substitu-
ents on the cyclometallating ligands. However, the introduc-
tion of thiophenes generally lowers the T, energy of the
complex, increasing the AEg;. Dinuclear vs. mononuclear
design of the complex also offers a very different behaviour,
with the TADF-facilitating properties being promoted in the
former.

To test the reliability of our results and assumptions, we
verify whether the calculated & values match the SPk° figures.
We expect them to match, as they should in principle represent
the same physical quantity. The & obtained from the calcu-
lations do generally agree with the 5%k values (Fig. 10). These
matching results demonstrate that, overall, the assumptions
made for calculating %43 are correct; ie., the studied absorp-
tion band in question is indeed associated with the S, — S;
excitation rather than something else. We believe that the &} of
3-Ir,I, is underestimated by the calculation due to the strong
charge-transfer nature of the S; state. This issue is further dis-
cussed and resolved later in this section. In the case of 4-CNIr
and 4-TCNIr the mismatch is directly related to these two vari-
ables - ®®% and & - representing different physical quantities.
In other words, the computed &% is representative of the S,
state, while the Ska is calculated from what is actually the S,
— T, absorption band (and hence has little physical meaning
on its own). This agrees with the conclusions made solely from
the Strickler-Berg analysis earlier in the text that the lowest
absorption bands in complexes 4-CNIr and 4-TCNIr should
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Fig. 10 Comparison of the singlet radiative decay rate constants S'Bk,S
(dark grey squares) with the computed radiative decay rate constants k3
(red circles), shown on an exponential scale.

represent direct triplet absorption, demonstrating how the
computational and Strickler-Berg approaches agree with each
other.

We now model the decay rate constant k. of the studied
complexes using methodology described previously (Fig. 11
top).”" Pertinent radiative decay rate constants and other para-
meters can be found in the SI, Tables S1-S5. For most of the
cases, radiative rate constants solely reliant on phosphor-
escence decay are underestimated: the inclusion of TADF is
necessary to account for the experimentally observed values.
Complexes 6-Al1 to 6-A5, as well as 6-B1 and 6-C1, show that
our computational approach correctly predicts the effects of
TADF on effective PL decay rate constants at RT. The calcu-
lations well match the experimental data as to the involvement
of TADF: small AEgy values are found for complexes 6-A1 to 6-
A4, 6-B1 and 6-C1, which show fast radiative decay, while 6-A5
displays a large AEgy such that TADF is minimal and the decay
is slow. The potential effect of TADF on the k; is less evident in
7-B1 to 7-B3 and in 1-rac and 1-meso due to the combination
of a relatively small f,s.(S; — So) and a larger AEgy =~ 100 meV.
In 5-3 and 5-5, the AEgy is likely to be overestimated, hence the
calculated effects of TADF appear negligible. Perhaps most
interesting is the comparison between 2-6 and 3-Ir,I,, where
the effect of TADF on k; is evident in the former but negligible
in the latter, with the computed k, significantly underesti-
mated with respect to the experimental value. In this case, the
computation underestimates fy..(S; — So) to be 2.4 x 1073,
compared to fos.(S1 = Sp) = 0.036 from the SB method. For
comparison, the computed f,s.(S; — So) = 0.038 for 2-6 is
much closer to the SB-calculated S; — S, value of 0.046.

We now replace the &5 obtained from the calculation with
SBES and once again calculate the effective radiative rate con-
stants k; including TADF (Fig. 11 bottom). The results are
similar overall to those using the &° obtained from compu-
tations. We focus on the examples of 2-6 and 3-Ir,],, for which
the computation accurately predicts the %, in the former but
not the latter. The prediction of k, becomes accurate for both
complexes once the %*% is introduced instead of &% obtained
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Fig. 11 Comparison of calculated radiative rate constants at 295 K with
the experimental radiative decay rate constants (dark grey squares):
phosphorescence only (red circles); phosphorescence + TADF (blue tri-
angles). Top: All decay rates obtained computationally; bottom: Ska
obtained from the Strickler—Berg (S; — Sg) method.

from computations. This demonstrates a weakness of the com-
putational approach related to the underestimation of the
Sfose(S1 = So) for strong MXLCT states. It also offers a simple
solution, as the said value may be obtained more accurately
experimentally using the Strickler-Berg approach. Overall, the
modelled k; values for all complexes are in a rough agreement
with the experiment, while an excellent match can be claimed
for a handful of complexes. We believe this to be a very good
result overall as calculation of the k, requires seven computed
parameters and it is hard to expect that all of them will give a
perfect match for every complex.

Finally, we use the example of the complex 6-B1 to model
the expected behaviour of the PL lifetime as a function of
temperature 7, with and without TADF. Fig. 12 top shows the
decay lifetime 7 as a function of T in these two scenarios. This
relationship demonstrates that changes in 7 at 7> 50 K can be
ascribed both to the thermal equilibrium between the gquasi-
degenerate T; sublevels and to TADF, due to a relatively small
AEgr = 42.2 meV and the ZFS being only slightly smaller at
30 meV. TADF gradually grows in significance with increasing
T, with the onset at ~50 K, reaching a 50% contribution at
~200 K and 58% at 295 K (Fig. 12 bottom). TADF is the most
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Fig. 12 Top: Comparison of the modelled variation of the PL lifetime of
complex 6-B1 with temperature, considering phosphorescence only
(black line) and phosphorescence together with the TADF mechanism
(red line). Black circles indicate experimental data points. Bottom:
Relative contributions of phosphorescence and TADF as function of
temperature. The values highlighted in the figure refer to T = 295 K.
Note that the uncertainty on the experimental data points was not
determined in the original study.**

significant component of the emission, but phosphorescence
is nevertheless present. This picture is fully consistent with the
behaviour demonstrated in the earlier account of TADF in Ir
(m) complexes,® but the onset of TADF appears at lower temp-
eratures due to the relatively small AEgr.

6. TADF in 6-Al1

We selected complex 6-A1 as the most suitable candidate to
experimentally demonstrate TADF behaviour as it is represen-
tative of structurally related complexes of the 6-series as well as
3-Ir,I, and 2-6. Complex 6-A1 was obtained as described pre-
viously.*® Due to the small Stokes shift and the resultant spec-
tral overlap, the best conditions to study TADF complexes are
when using dilute polymer films. The complex was studied in
thin polystyrene films at a concentration of 0.2% w/w. Steady
state absorption and PL spectra of 6-Al are presented in
Fig. 13. The spectra recorded in toluene and polystyrene are
similar, with the former being slightly red shifted with respect
to the latter. The ¢py, = 0.57 in toluene, while a similar value of
¢pr, = 0.56 has been recorded in polystyrene. We recorded
steady-state PL spectra as a function of T using a narrow wave-
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Fig. 13 Absorption and PL spectra of 6-Al in toluene (c = 10~° M) and
polystyrene (0.2% w/w).

length range, allowing for improved spectral resolution, see
Fig. 14 left. The PL spectra present the typical temperature-
dependent behaviour seen in previous TADF complexes.’’®
They gradually shift from one spectral shape, seen at higher
temperatures and associated with TADF-dominated PL, to the
other one, seen at lower temperatures and associated with
phosphorescence. The spectra remain virtually invariant in the
90-295 K temperature range, while a faint rigidochromic blue
shift can be observed upon cooling (see Fig. 15 right). This
rigidochromic shift®” has been observed previously and it may
pose a significant obstacle in studies of TADF of both plati-
num(u) and iridium(ur) complexes, as it potentially inhibits the
direct measurement of AEgr. The most significant spectral
changes can be observed over the range 20 < 7' < 90 K, indicat-
ing that no significant TADF occurs at 20 K. The very subtle
spectral change to both the onset and the two vibronic
maxima suggests that TADF likely dominates the PL at T >
90 K and the spectral features observable in 6-A1 at RT are
associated with the emission originating from S;.
Photoluminescence decay of 6-A1 in polystyrene remains
monoexponential at all studied temperatures. The pertinent
decay traces are collected in Fig. 15 left.

From the PL spectra onsets of 6-A1 (Fig. 14 left) we calculate
AEgr = 31 + 5 meV. Fitting of the decay lifetimes using eqn (7)
gives a similar value AEgr = 28 + 5 meV, and ZFS = 16 + 1 meV
(129 + 8 em™") and &5 = (2.0 + 0.3) x 107 s™". These values are
in a good agreement with the computational results presented
earlier, i.e. ZFS = 17.8 meV and AEgy = 31.1 meV, confirming
the accuracy of our computational approach at least to this
complex and perhaps to the other complexes of the 6-series.
The calculated &5 = 5.06 x 10° s™" is slightly underestimated,
but generally in line with the experimental data. The SB-calcu-
lated rate constant 5*k% = 1.6 x 10" s™" is in an excellent agree-
ment with the experimental &% value. These results confirm
the reliability of both our computational and SB-based
approaches in determining certain constants describing the
luminescent decay of 6-A1. Given the close similarity between
6-A1 and other complexes of the 6-series, except for 6-A5, one
can clearly conclude that all share the same principal charac-
teristics as the former.

Complex 6-A1 displays a roughly two-fold reduction in its
radiative decay lifetime due to TADF, as shown in Fig. 16 left.
This is a similar magnitude to that reported earlier for Ir-
TADF?' and expected from the computations. The contri-
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Fig. 14 Left: Normalised steady-state PL spectra recorded with 100 ns delay and 20 ps integration time. Top: All spectra recorded in the tempera-
ture range from 20 to 295 K; bottom: spectra recorded at temperatures from 20 to 90 K, highlighting the spectral change due to TADF quenching.
Right: Schematic of the electronic excited states and radiative lifetimes in 6-Al.
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Fig. 15 Variable temperature study of photoluminescence in 6-Al. Left:
Photoluminescence decay traces recorded at temperatures indicated in
figure legend; right: PL lifetimes and PL peak position as a function of
temperature. Dotted line indicates the best fit according to eqn (7).

bution of TADF to the PL of 6-A1 is ~60% at 295 K (Fig. 16
right). The role of TADF in this group of luminophores is corre-
lated with a shortening of the PL lifetime by a factor of 2 or
more in comparison to the purely phosphorescent mecha-
nism, but perhaps not more than by an order of magnitude.
This highlights the importance of TADF in cases where the
metal character is low, such as in NIR-emitting complexes that

R T 2.2
= e F2.0
6- "
o) fe)
3,] F1.6 2
e / 4,4 =

—— with TADF
—— without TADF |

0 100 200 300 400
TIK

rely on n-extended ligands. Nevertheless, it becomes clear that
the emission of some, if not many, iridium(m) complexes is
significantly affected by TADF and it proves incorrect to con-
sider their properties without evaluating the possible thermal
population of singlet states.

7. ldentification of other TADF
emitters using reported experimental
data

We study the reported temperature dependence of PL lifetime
for some of the complexes discussed above - 2-6, 3-Ir,l,, 5-3,
and 5-5 - to identify whether there is any evidence for the sus-
pected TADF behaviour (Fig. 17 and 18). The luminescence
decay of 2-6 and 3-Ir,I, can be explained with two models
which give similar fit, but they involve a different number of
variables. The model including three (Fit 1, eqn (7)) or two (Fit
2, eqn (11)) luminescent states can describe the experimental
data very well, but we prefer the former. It gives two lifetime
components that can be attributed to the two T; sublevels and
a fast (<50 ns) component attributed to S; emission.

1.0
—— Phos.
0.84 — TADF
5061 58%TADE,
= |
8
‘50-4' 42%Phos. 1
©0.24
0.0 T T T
0 100 200 300 400
T/K

Fig. 16 Left: Line of best fit according to egn (7) from Fig. 15 right (dark grey line) and the same fit but with the terms in eqn (7) associated with
emission from the singlet state deleted (red line). The black dashed line is the ratio between the red and the dark grey lines, highlighting the signifi-
cance of the TADF mechanism for the luminescent decay lifetime at T > 50 K. Right: Phosphorescence and TADF contributions calculated using eqn
(8) and (9) with the vertical line indicating T = 295 K.
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Fig. 18 Photoluminescence spectra of 3-Irpl, at 1.7 K and 77 K as
reported in the original work.*°

Considering the relative energy and radiative decay rate con-
stant of this last state, it is clearly the singlet state predicted
through the computational approach presented above and not
a triplet state. Finding the fastest, third component attributed
to the remaining T; sublevel is not possible due to the lack of
data points at T > 120 K. We expect this component to display
a lifetime of ~100 ns, in line with calculations and the behav-
iour of 6-A1, analogous to 2-6 and 3-Ir,I,. From these fits we
obtain AEgr values of 25 meV and 21 meV for 2-6 and 3-Ir,I,,
respectively.

sy
3k?3 + ke ®l

1-4
kr - _ ABgp
3+e BT

(11)

Furthermore, the original work featuring the 3-Ir,I,
complex displays PL spectra at 77 K as well as at 1.7 K. The
behaviour observed in Fig. 18, where the PL at 1.7 K is red
shifted to that at 77 K, resembles that observed in 6-Al,
Fig. 14, and can thus be interpreted in the same way. Based on
our assessment of the photophysical properties of this
complex and their similarity to 6-A1 we are certain that the PL

Inorg. Chem. Front.

spectrum at 77 K is most likely dominated by TADF (as occurs
at 90 K for 6-A1) and thus the spectrum at 1.7 K is associated
with phosphorescence. The optical energy gap between the
onsets of the two spectra is 24 + 8 meV, which is in a good
agreement with the experimental result obtained with eqn (7)
(AEsy = 21.1 = 0.2 meV) as well as the computed AEg; =
14.0 meV for this complex. The energy gap between the two
lowest T; sublevels in 3-Ir,I, is only ~1 meV, hence clearly not
interfering with the observed AEgy value discussed above.

For 5-3 and 5-5 the authors of the original work have
reported emission contributions from states higher than T,
(Fig. 19). This has later been computationally demonstrated to
be TADF by Gao and Cui for 5-3.*” The behaviour of both com-
plexes involving TADF is in line with our computational predic-
tions, which demonstrate an unequivocal S; state above the
three T, sublevels. Fitting of the data up to 120 K for 5-3 and
5-5 allows identification of the three decay components of the
split T, sublevels (Fit 1, eqn (4)). Addition of the term describ-
ing the S; contribution accounts for the further shortening of
the decay lifetime at RT to 7 = 6.67 ps in 5-3 — a value projected
assuming ¢pp, = 1 — and 7 = 1.31 ps in 5-5 (Fit 2, eqn (5)). Fit 2
is more of a guess than a proper fit. In this case we fix all vari-
ables at their values from Fit 1 except for z°, which is obtained
from the SB approach above, and AEgr — the only new variable
we obtain from this guess. Nevertheless, the obtained AEgry
values are in line with the expected figures in this case, at
125 meV for 5-3 and 102 meV for 5-5.

The summary of the model experimental parameters
obtained in this section is presented in Table 1, alongside
computational predictions. One may note that the compu-
tational k% values roughly agree with the experimental data,
except maybe for 3-Ir,I,, as explained before. A better match

This journal is © the Partner Organisations 2025
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Table 1 Comparison between experimental constants and computational predictions for the five iridium(il) complexes discussed in this section

6-A1 2-6 3In,l, 5-3 5-5
Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
K,10°571¢ 5.1 20+3 14.2 22+1 0.6 33+1 95.8 21° 149.3 58°
AE,_; (ZFS), meV® 17.8 16 + 1 20.4 — 6.8 — 2.6 6.6 £0.3 4.8 12.3+0.5
AEgy, meV* 311 28+5 56.8 24.7+0.3 14.0 21.1+0.2 380.9 125 + 33 278.3 102 + 14

“Singlet radiative decay rate constant. ” Zero-field splitting. °S,-T; energy gap. “Not obtained from the model. ®Value assumed from the SB

methodology.

can generally be obtained from the experimental SB values
SBKS at 16 x 10° 57, 21 x 10° s7*, and 16 x 10° s™* for 6-A1, 2-6,
and 3-Ir,I,, respectively (Table S2). The computational AEgy
values do not directly match the experiment, but a clear trend
may be found (Fig. 20). The relationship between the experi-
mental (y) and computational AEgr (x), both values in meV,

150

2 y =0.29x+15
E 2=0.98 053
#1004 /9,43.5
<
3
T 504 A1
£ oy,
5 o2
3 ~—3-Ir212
3 0
m T T T T
0 100 200 300 400

Calculated AEgr, meV

Fig. 20 Relationship between the calculated and experimental AEst.

This journal is © the Partner Organisations 2025

can be described by the equation y = 0.29x + 15. These types of
linear relationships are common between experimental and
computational data obtained using TD-DFT methods.®* The
meaning of the a and b in the y = ax + b relationship depends
on the intricate settings of the functional and basis set used
and they have no physical meaning. However, we expect this
approach to be useful for estimating computational AEgr
values of iridium(ur) emitters studied in the future.

8. OLED devices with 6-Al

TADF iridium(m) complex 6-A1 was tested as a luminescent
dopant in solution-processed OLEDs. The architectures feature
those successfully applied in a di-platinum(u) TADF complex
reported earlier.®® As 6-A1 displays a pronounced concen-
tration quenching in the solid state, we employed doping con-
centrations of 1 and 3% w/w in two different OLED structures:

ITO | A14083 (30 nm) | PVKH (10 nm) | mCP:PO-T2T
(70:30) co. 6-A1 (1 or 3%) (~30 nm) | PO-T2T (50 nm) | LiF
(0.8 nm) | Al (100 nm) - Device 1 (3%) and Device 2 (1%); ITO

Inorg. Chem. Front.
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Fig. 21 Characteristics of electroluminescent devices using 6-Al in the emissive layer: (a) EL spectra; (b) luminance vs. applied voltage; (c) external
quantum efficiency (EQE) vs. current density; (d) current density vs. applied voltage.

| A14083 (30 nm) | PVKH (10 nm) | mCP:PBD (60 : 40) co. 6-A1
(1 or 3%) (~30 nm) | TmPyPB (50 nm) | LiF (0.8 nm) | Al
(100 nm) - Device 3 (3%) and Device 4 (1%).

The acronyms used to describe OLED architectures are
defined in the Experimental section in the SI. The results are
displayed in Fig. 21 and S24 and summarized numerically in
Table S29 in the SI.

The OLEDs display behaviour akin to the similar structures
used before, with the Von = 5.5-7 V at 10 cd m™2 and
maximum luminance of up to 17 000-18 000 cd m~> in Devices
1 and 3. Devices 2 and 4 display slightly lower maximum lumi-
nance at ~13 000 cd m~>. OLEDs 1 and 3 (3% loading) display
maximum EQE at ~10%, while 2 and 4 (1% loading) give
slightly lower values of ~8-9%. This general behaviour can be
explained by the emitter being unable to efficiently trap charge
carriers at 1% loading, leading to some recombination occur-
ring at the host molecules, and hence to energy losses. This is
evident in Device 2 where a shoulder at 450-500 nm is associ-
ated with emission of the exciplex host mCP:PO-T2T.
Electroluminescence spectra of Devices 1-4 are similar to the
PL spectra in film or solution but display some variability that
can be explained, on the one hand, with slightly different host
polarity between mCP : PO-T2T and mCP:PBD (1 vs. 3 and 2
vs. 4) and, on the other, with small Stokes shift and the resul-
tant PL self-absorption (1 vs. 2 and 3 vs. 4). A pronounced self-
absorption in solution PL is common to other TADF platinum
() or iridium(m) complexes while it is not generally observed
for phosphorescent analogues.

9. Conclusions

It is clear that the overall understanding of the electronic
excited states of iridium(u) complexes has not been complete.
We as researchers have been misled by the simplicity of the
three-state triplet-only model, which does not take singlet
states into account, and by an a priori assumption that one
cannot distinguish singlet and triplet states in all of these

Inorg. Chem. Front.

luminescent complexes. We therefore demonstrate a new and
more complete model for studying luminescent iridium(u)
complexes that necessarily includes S; states and TADF. Have
we been wrong all along then? It does indeed appear that the
failure to include TADF when considering the PL properties of
iridium(m) complexes may lead to significant shortcomings in
the analysis, leading to a danger of misinterpreting the behav-
iour. It may also lead to underestimation of their radiative
decay rate when using computational modelling.

We have used computational methods to screen through a
selection of Ir(m) complexes, identifying one of them as a
potential candidate for an experimental study. The calcu-
lations accurately predict the electronic properties of complex
6-A1, and we have proceeded to use this material as an exem-
plar luminescent dopant in OLEDs. With AEgy = 28 + 5 meV,
and hence significant TADF, it displays excellent behaviour in
solution-processed OLEDs, with maximum EQE and lumi-
nance values of ~10% and ~18 000 cd m™>, respectively.

In conclusion, we have demonstrated that many Ir(m) com-
plexes may emit through TADF, and provided a methodology
for an easy identification of potential Ir(m) TADF emitters
using only the most basic photophysical data. Our results
confirm the hypothesis that TADF contributes to the PL in
most of the studied iridium(m) complexes. In this work we
have demonstrated that some established iridium(m) com-
plexes display TADF, by using both new and earlier experi-
mental results and computational modelling. We believe that
recognising iridium(m) complexes as potential TADF emitters
constitutes a significant breakthrough in understanding this
group of transition metal compounds. As their use is wide-
spread among many research fields, our findings will have a
significant impact where the nature of the emitting state -
singlet or triplet - is particularly important, such as in OLED
applications.*>**®> The principal molecular design leading to
TADF relies on an architecture where the metal centre acts as a
donor, while the heteroaromatic ligands act as acceptors. In
this respect the strongly electron-accepting pyrimidine is
clearly an important component of a TADF Ir(m) complex. It
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appears that dinuclear designs somewhat favour TADF or at
least make it easier to be observed. Nevertheless, there remain
many unknowns in the structure-property relationships gov-
erning TADF in iridium(ur) complexes.
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