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Enhancement of thermally activated delayed
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We present an in-depth investigation of the influence of chloro-to-iodo exchange on the thermally
activated delayed fluorescence (TADF) of a dinuclear platinum(i) complex featuring monodentate halide
ancillary ligands. The complexes are constructed using a ditopic bis-NACAN-chelating ligand of the
form (NACAN-NACAN)Pt,X5. The initially formed chloro complex (X = Cl) is readily transformed into the
iodo analogue (X = I). The change is found to increase the radiative decay rate constant k, by around 3-
fold to 3-4 x 10° s~% This remarkably high value is comparable with the state-of-the-art iridium(i)
organometallic phosphors. The improved luminescence properties of the iodo compound are shown to
be due to a smaller singlet—triplet energy gap AEst compared to the chloro analogue. lodide reduces
the HOMO-LUMO overlap in a multiple resonance-like orbital structure of the complex. lodination is
therefore the first practical strategy shown to improve the TADF properties of diplatinum(i) complexes.
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more generally on the effect of iodo ligands on the triplet and singlet states and on spin—orbit coupling
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Introduction

Highly luminescent iridium(in) and platinum(u) organometallic
compounds have become widespread in OLEDs in recent years
due to their high stability and short phosphorescence
lifetimes."™ The triplet radiative rate constants (k) of such
complexes are generally four to five orders of magnitude higher
than those of metal-free organic phosphors.® Efforts towards
further accelerating their radiative decay, to reduce the influ-
ence of luminescence quenching processes in devices, have

“ Department of Physics, Durham University, South Road, Durham, DH1 3LE, UK.
E-mail: piotr.h.pander@durham.ac.uk
b Centre for Organic and Nanohybrid Electronics, Silesian University of Technology,
Konarskiego 22B, 44-100 Gliwice, Poland
¢ Department of Applied Sciences, Northumbria University, Ellison Building,
Newcastle upon Tyne, NE1 8ST, UK.
E-mail: valery.kozhevnikov@northumbria.ac.uk
dDepartment of Chemistry, Durham University, South Road, Durham, DH1 3LE,
UK. E-mail: j.a.g.williams@durham.ac.uk
1 Electronic supplementary information (ESI) available: Synthetic details and
characterisation of new materials; X-ray diffraction and crystal data; further
information on the equipment and methods for theory, photophysical character-
isation, electrochemistry, and OLED devices. Crystallographic data for complex 3.
CCDC 2121802. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d1tc05026e

This journal is © The Royal Society of Chemistry 2022

mostly focused on strategies that increase the metal character
of the excited states to enhance spin-orbit coupling (SOC)."”
Recently, it has been found that the use of dinuclear structures
- featuring two metal ions - may lead to larger SOC and
accelerated triplet radiative rate constants relative to structu-
rally comparable mononuclear complexes.®*° Meanwhile, the
decay rates of organometallic complexes may also be increased
if they exhibit thermally activated delayed fluorescence
(TADF).">"? This phenomenon relies on the up-conversion of
triplets into singlets (T; — S;) and thus benefits from the high
singlet radiative rates (S; — S,) rather than relying on the
promotion of the triplet radiative rate constant (T; — S)." It
results in radiative decay rates being less dependent on SOC
than those of conventional phosphorescent complexes. TADF
shows particular promise for promoting &, in red and near
infrared (NIR) organometallic emitters, where SOC is invariably
diminished due to increased ligand character to the excited
state upon extending the ligand conjugation, for example.'***

So far, TADF properties have been found in a plethora of
metal-free compounds'>'® as well as in organometallic com-
plexes of Cu(),"”™° Ag(1),”° Au())** and Pd(u),""**** but lesser
known examples involving other metal ions such as W(vi)** or
Sn(v)** also exist. The latest discovery of TADF properties in
dinuclear platinum(n)®® and of somewhat similar behaviour in
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Chart1 Top: Structure of the dinuclear Pt(i1) complex 1 recently discov-
ered to show TADF?® and of its mononuclear analogue 2, which feature
monodentate chloro ligands. Bottom: The structures of the iodo deriva-
tives 3 and 4 prepared and studied in the current work, being the
analogues of 1 and 2 respectively.

di- and mononuclear iridium(m)>’ complexes has demon-

strated that large radiative rates can be obtained without the
need for strong SOC from the metal. Further research has
indicated that dinuclear complexes of platinum(u) are
more likely to demonstrate TADF than their mononuclear
counterparts, as the former have smaller AEgr and larger
S; — So radiative rates — factors crucial for efficient delayed
fluorescence.”® There persists a need, however, to better under-
stand all the effects that lead to efficient TADF in this newly
emerged group of emitters. Having recently studied the first
example of a Pt(n) complex 1 involving a ditopic bis-N*C”N-
chelating ligand that demonstrates TADF under ambient con-
ditions, we sought possible ways to reduce AEgr and thus
further promote the radiative decay. In this contribution, we
show how such an effect can be readily achieved through
metathesis of the halide co-ligands from chloro to iodo (com-
pound 3) and we also probe the effect of iodo ligands more
generally by studying the mononuclear complex 4 (Chart 1).

Synthesis

The rationale behind the use of ditopic, bis-N*C"N-
coordinating ligands has been discussed in our earlier
work.?® Briefly, N*C*N-coordinating ligands - especially those
based on 2,6-dipyridylbenzenes - have been shown to form
cyclometallated complexes with metal ions such as Pt(u) (e.g., 2)
and Ir(m).>” The short M-C bonds coupled with the strong o
donation properties of the metallated ring ensure signficant
metal character to the lowest-energy excited states, and hence
efficient spin-orbit coupling.”® The synergy between such o
donation and n* acceptor character of the heterocycles mean-
while ensures that potentially deactivating d-d states are kept
high in energy. Finally, the rigidity associated with such struc-
tures helps to minimise non-radiative decay pathways.*® The
coupling of two such N*C”N units together through a mutually
common pyrimidine ring offers an attractive route to dinuclear
complexes where these desirable features are not only retained,
but are also accompanied by significant lowering of the
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emissive excited state energy and enhancement of the radiative
rate constant.*’

The synthesis of the derivative incorporating fluoro, hexoxy,
and tert-butyl substituents (enhancing solubility of the ensuing
complex) has been described in our earlier work, together with
its metallation with two Pt(u) ions. In the present work, the
resulting dinuclear complex 1 featuring monodentate chloro
ligands has been transformed to the diiodo derivative 3 upon
treatment with an excess of sodium iodide in acetone under
reflux (see Section S2, ESIt). The mononuclear model 4 was
similarly obtained from 2. The identity and purity of the two
new complexes were confirmed by 'H, *C, 'F NMR spectro-
scopy and by elemental analysis. Crystals of 3 suitable for X-ray
diffraction analysis were obtained from several separate crystal-
lisations. Although the data could not be refined to a level
sufficient for in-depth consideration of bond lengths and
angles, the identity of the complex is unequivocally confirmed
(see Section S3, ESIt).

Results and discussion
Solution state photophysics

Steady-state absorption and emission spectra. The absorp-
tion and photoluminescence spectra of 3 and 4 in dilute
solutions are shown in Fig. 1 while the photoluminescence
properties of both complexes are summarised in Table 1. It
immediately becomes apparent that the photoluminescence of
dinuclear complex 3 is red-shifted compared to 4, which is due
to the larger m-conjugated system in the former. Both com-
plexes demonstrate very weak effects of solvent polarity on their
photoluminescence (Fig. 2), which indicates that the emissive
excited states do not involve net shifts in electron density with
respect to So.

Most strikingly however, the photoluminescence and
absorption spectra of 3 clearly overlap, indicating that the
emissive state might be associated with a radiative transition
possessing large oscillator strength (¢ ~ 10° M~* cm ™), such as
of singlet and not triplet character."">**>*® On the other hand,
4 presents a typical picture of a phosphorescent transition
metal complex with a relatively large apparent Stokes shift
and no overlap of the emission spectrum with transitions of
high oscillator strength. As this behaviour of complex 3 is in
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Fig.1 Comparison of absorption and photoluminescence spectra of
complexes 3 and 4 in toluene, ¢ = 10~> M for absorption and ¢ =
5 x 1077 M for emission spectra.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of spectroscopic properties of 3 and 4 in degassed solvents at room temperature

Jem’ ! Yk kadl
Complex Solvent Jabs“nm (e/M ™" em ™) nm &p° pus 10°s 10°s7H

3 Toluene
339 (30400), 318sh (35 800), 309 (36 700)
Chlorobenzene 571 (
311 (31300)

575 (10300), 536 (8800), 509 (8400), 475 (8700), 443 (10 800), 415 (18 800), 368sh (22 300), 628

10100), 538 (8200), 511 (7900), 473sh (7500), 411 (16 800), 363sh (23 400), 337 (27 000), 633

0.43 1.0 4.3 5.6

0.57 1.7 3.3 2.5

CH,Cl, 555 (9800), 528 (8700), 503 (8200), 463 (7300), 439sh (8700), 402 (16 500), 374sh (22 000), 353 635 0.27 1.5 1.8 5.0
(26 400), 332 (27 800), 309 (32 900)
4 Toluene 478 (200), 411sh (7300), 388 (11 400), 370sh (6400), 336sh (5700), 300sh (22 000), 285 498 0.825.11.6 04
(25700)
Chlorobenzene 479 (200), 412sh (5900), 387 (10 600), 368sh (6000), 336 (5700), 299sh (21 500) 510 0.83 5.6 1.5 0.3
CH,Cl, 475 (200), 404sh (6300), 381 (11 300), 361sh (7000), 333 (7500), 288 (29 600), 259 (35100) 511 0.83 6.0 1.4 0.3

“ Absorption maxima and molar absorption coefficients.  Emission maxima. ¢ Photoluminescence quantum yield recorded against rhodamine 6G
(®pr, = 0.91%%) or coumarin 153 (Pp; = 0.53%%) in air-equilibrated absolute ethanol solutions. ¢ Photoluminescence lifetime at room temperature.

¢ Observed radiative rate constant, k; = ®p;/7./ Observed non-radiative rate constant, k,, =
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Fig. 2 Absorption and photoluminescence spectra of complexes (a) 3 and
(b) 4 in the three solvents indicated in the figure legends, ¢ ~ 107> M for
absorption and ¢ = 5 x 10~/ M for emission spectra.

common with other
26,28

recently discovered diplatinum(u)
complexes that demonstrate TADF properties, we have
studied the temperature-dependent behaviour of its photolu-
minescence in toluene solution (Fig. 3 and 4). The photolumi-
nescence intensity of 3 increases by ~25% upon decreasing the
temperature from 300 to 230 K, which is attributed to the
suppression of non-radiative decay pathways affecting
the triplet state. At temperatures below 230 K we note a strong
decline in photoluminescence intensity and an associated
change in the spectrum, which becomes more clearly visible
at temperatures close to 160 K. Further analysis allows the
emission to be deconvoluted into the sum of two separate
emission spectra: energetically higher, attributed to TADF
(Aem = 627 nm), and lower, attributed to phosphorescence
(Aem = 671 nm) (Fig. S5.4, ESIT). Having made this analysis we
observe a significant decline in the TADF intensity and a small

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Photoluminescence spectra of 3 in toluene at various tempera-
tures from 230 to 160 K, ¢ = 107> M.

associated increase in phosphorescence intensity upon cooling
from 230 K to 160 K. The ratio of TADF to phosphorescence
shows a trend consistent with the models used in early studies
of the phenomenon®? which allows the activation energy for the
process to be estimated as E, = 116 + 2 meV. We also note the
TADF-to-phosphorescence ratio does not follow the trend in
the temperature range above 230 K - where non-radiative
processes strongly affect the T, state. Although the photolumi-
nescence spectrum of 3 at 300 K is clearly dominated by TADF,
phosphorescence still contributes to ~7% of the total photo-
luminescence intensity (Fig. S5.4, ESIY).

Time-resolved photoluminescence. Photoluminescence
decay properties of 3 and 4 at room temperature are sum-
marised in Table 1. The photoluminescence lifetime and quan-
tum yield @p;, of 4 do not show any significant variation with
solvent polarity, and the radiative rate constant remains at
k = 1.4-1.6 x 10° s~ ' in all three solvents used in this study.
On the other hand, 3 shows a significant variation of ®p;, and k&,
with solvent polarity, despite the solvatochromism in photo-
luminescence being insignificant, with only a 7 nm shift in ey,
between toluene and CH,Cl,. This can be attributed to a fine
tuning of the AEgr due to weak solvatochromic shifts in S; and

J. Mater. Chem. C, 2022, 10, 4851-4860 | 4853
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Fig. 4 Photoluminescence of complex 3 in toluene solution (c = 107> M)
as a function of temperature: (a) intensity of TADF, intensity of phosphor-
escence and their sum (total intensity); (b) ratio of TADF to
phosphorescence.

T, energy (calculated dipole moments for complexes 3 and 4 are
presented in Table S4.11, ESIt). The shortest photolumines-
cence lifetime and largest decay rate constant were observed in
toluene, hence the selection of this solvent for the temperature-
dependent studies of the TADF complex 3. We note that, in
toluene, the k; of 3 is up to 3-fold larger than that of 4, which is
the consequence of the TADF mechanism being at work in the
former. The divergent behaviour of 3 and 4 agrees with earlier
findings which suggest diplatinum(u) complexes are more
likely to show delayed fluorescent behaviour.?®

The photoluminescence decay of 3 was studied as a function
of temperature in toluene (Fig. 5). At each temperature, the
decay lifetime recorded at 630 nm is identical with the values
registered at 650 and 700 nm (Fig. S5.6 and S5.7, ESI{) (note
phosphorescence maximum at ey, = 671 nm), which suggests
that the two emissive states involved in the luminescent
process, S; and Ty, remain in equilibrium.”** This behaviour
of the photoluminescence decay,® together with the other
experimental features presented in this work, provide an
unequivocal confirmation for the TADF mechanism being at
work. The dependence of the observed lifetime with tempera-
ture is well fitted using the model described by Eqn 1'*® in
Fig. 5, Fig. S5.6 and S5.7 (ESIt), where 7,,5(7) is the observed
emission lifetime (s); E, is the activation energy of the reverse
intersystem crossing process in J mol™'; tpy is the phosphor-
escence lifetime (s); & is the radiative rate constant
of the singlet state (s™'); R is the universal gas constant,

4854 | J. Mater. Chem. C, 2022, 10, 4851-4860
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Fig. 5 Photoluminescence decay lifetime as a function of temperature in
3 at 635 nm and the best fit according to Egn (1). Note that experimental
data points at higher temperature are excluded from the fit, as they are
found from the steady-state experiments to be affected by changes in
non-radiative decay.

8.314 J mol ' K'; and T is the temperature in K. The model
yields E, = 101 £ 4 meV which is close to the value obtained
from the energy difference between S; and T, measured from
the onset of the deconvoluted steady state emission spectra.

Ey
34+ e RT
Tobs(T) = 55 (1)
— + kSe™RT
TPH

With the experimental picture presented by complex 3, the
energetically higher state is associated with a transition demon-
strating faster radiative decay to the ground state than the
lower-energy luminescent state. Thus the former is attributed
to a singlet and the latter to a triplet state. Such attribution of
the emissive state multiplicity justifies the use of the term
delayed fluorescence in the description of the experimental
findings.

Solid state photophysics

Solid films are a convenient medium for studying luminescent
complexes at cryogenic temperatures as they do not undergo
phase transitions (freezing/melting) in the 300-80 K tempera-
ture window. Therefore, to further confirm the TADF properties
of complex 3, we have studied the photoluminescence decay, as
well as the steady-state and time-resolved photoluminescence
spectra as a function of temperature in polystyrene films (Fig. 6
and Fig. $5.9-S5.12, ESIt). A similar analysis was made for the
phosphorescent complex 4 and is presented in the ESI}
(Fig. S5.13 and S5.14).

The photoluminescence behaviour of 3 in polystyrene matrix
is in agreement with that in toluene solution. In this case,
however, the E, = 58 &+ 3 meV (obtained by fitting photolumi-
nescence lifetime as a function of temperature with Eqn (1)) is
significantly smaller than in toluene. This also leads to the
phosphorescence and TADF having very similar spectra so that
the change in contribution of both components observed in
function of temperature is less striking than in toluene

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Photoluminescence of 3 in polystyrene matrix at 0.1% (w/w).
(a) steady state spectra recorded at temperatures from 300 to 180 K.
(b) photoluminescence decay lifetime at temperatures from 300 to 80 K,
showing the experimental data points and the best fit according to Egn (1).

solution. The radiative rate of the singlet state, k¥ =1 x 10" s,

obtained from the fit is nearly an order of magnitude smaller
than that reported in 1.%%

Table2 Comparison of experimental luminescent properties of Pt—NACAN-
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Explaining the role of the ancillary halogen ligand using DFT
and TDDFT calculations

Density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations at the B3LYP/def2-TZVP/ZORA level of
theory were employed in order to explain the divergent beha-
viour between complexes 1 and 2, and their iodo-analogues 3
and 4. First of all, we recognise that iodine, being a heavier
halogen than chlorine, should introduce additional SOC to the
complex. It is widely recognised that heavier halogens, Br and I,
in metal-free organic molecules are often implicated in the
room temperature phosphorescence (RTP) properties of such
compounds and numerous examples are known.**™*' Heavy
halogens, however, induce relatively long-lived RTP in compar-
ison with typical platinum(u) or iridium(m) organometallic
compounds, which can be attributed to differences in electron
structure favouring the mixing of p orbitals into the excited
state in halogens rather than d orbitals as with transition
metals. Interestingly, efficient emission from a di-iridium(u)
complex has been interpreted recently in terms of the strong
SOC of T, with singlets, associated with the change from
chloride to iodide co-ligands.*” Such an effect is favoured by
increasing halide to heterocycle charge-transfer character,
as observed previously for Re(N"N)CO3;X complexes (where
X = halide), for example.*>**

We first simulate the electronic properties of the phosphor-
escent monoplatinum(u) analogues 2 and 4 as a control group
for the TADF complexes 1 and 3. Given the good correlation
between simulated and experimental properties obtained
earlier®® for 1 and 3, we again follow the approach of Younker
and Dobbs*® to study molecules at their ground state geometry.
The analysis of excited states is performed at two levels of
theory: routine time-dependent density functional theory
(TDDFT) and TDDFT including spin-orbit coupling (SOC-
TDDFT). We will refer to the former as TDDFT or zero-order
states (S, T,), and to the latter as SOC-TDDFT states (I',,), where

X complexes 3 and 4 and their analogues 1 and 2. Experimental values for 1

and 2 were reported in earlier work?®
1 3 2 4

Chlorobenzene Jabs /nm (onset) 574 607 431 443
Jem’/Nm 578sh, 635 633 514 510
Dp, 0.51 0.57 0.85 0.83
us 5.0 1.7 5.7 5.6
kno® st 1.0 3.3 1.5 1.5
knd710° 571 1.0 2.5 0.3 0.3

Polystyrene Jem>/mMm 579sh, 640 618 498 502
Jus 5.3 2.5 41 4.1
¢/us (80 K) 12.3 14.3 41 4.1
Ehs 9 x 107 1 x 107 — —
E,'leV 0.159 =+ 0.020 0.058 =+ 0.003 — —
S{lev 2.30 2.20 — —
T,*/eV (80 K) 2.10 2.14 2.68 2.67
AEg'lev 0.20 0.06 — —

“ Absorption spectrum onset. > Emission maxima. ¢ Photoluminescence quantum yield. ¢ Photoluminescence lifetime at room temperature.
¢ Observed radiative rate constant, k, = @py /7. Observed non-radiative rate constant, k,, = (1 — ®p)/z. ¢ Photoluminescence lifetime at 80 K.
" Singlet radiative decay rate.  Activation energy of the TADF process.” Singlet energy recorded from fluorescence (TADF) spectrum onset at room
temperature. ¥ Triplet energy recorded from phosphorescence spectrum onset at 80 K. ' Singlet-triplet energy splitting. Figures for complexes 1
and 2 are reproduced from earlier work.”® Some of the values for complexes 3 and 4 are reproduced from Table 1.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 4851-4860 | 4855
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I’y denotes ground state. The single point energy calculations of
TDDFT and SOC-TDDFT states have been performed using the
ground state (S,) geometry optimised at the B3LYP/def2-TZVP
level of theory. Further details are given in Section 1. General of
the ESL.{

We have not observed any significant differences in lumi-
nescent properties between 2 and 4 (Table 2), nor in the
calculations (Table S4.1, ESIt). We note however that complex
4 displays slightly lower experimental energy gap than 3, while
the triplet energy from the phosphorescence spectrum remains
virtually the same. At first, we consider the effect of the
ancillary halogen on the molecular orbital structure. To mini-
mise the number of orbitals in consideration, we chose HOMO,
HOMO-1, LUMO, and LUMO+1, being the most relevant
orbitals to the two lowest singlet and triplet excitations
(Fig. 7, Tables S4.3 and S4.5, ESIt). Iodine as a stronger electron
donor than chlorine affects mostly HOMO and HOMO-1,
reducing the relative contribution of the m-conjugated N*C"N
ligand to the molecular orbital. As a consequence, HOMO and
HOMO-1 are localised mostly at the central atom and the
ancillary iodide (Pt-I axis). Apart from that, the respective
orbital contours in both 2 and 4 are nearly identical in each
case. HOMO and HOMO-—1 are visibly destabilised in 4 while
LUMOs are stabilised, which leads to a narrower HOMO-LUMO
gap in 4 than in 2 (Fig. S4.1 and S4.2, ESI}). However, SOC-
dependent properties, such as zero-field splitting (ZFS) or the
reciprocal triplet radiative rate k; ', are comparable, and the
latter is in good agreement with experimental figures. Based on
these results, we conclude that iodine per se does not introduce
any significant SOC into the complex due to it being a heavier

LUMO+1,_}

-5.98 eV

Fig. 7 Molecular orbital contour plots at the B3LYP/dev2-TZVP/ZORA
level for monoplatinum(i) complexes 2 and 4.
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atom than chlorine. It appears that the HOMO-LUMO overlap
in 4 is smaller than in 2 leading to the AEgr in the former being
nearly half the value of the latter (Table S4.1, ESIY).

Having the above in mind, we now analyse the properties of
1 and 3. In this case we look into HOMO to HOMO-2 and LUMO
as being most relevant to the lowest three singlet and triplet
excitations (Fig. 8, Fig. S4.1, S4.2 and Tables S4.2 and S4.4,
ESIT). We first note the orbital geometry is divergent between 1
and 3 with the HOMO in 3 being of similar geometry to the
HOMO-2 in 1. At the same time HOMO—1 and HOMO-2 in 3
resemble HOMO and HOMO-1 in 1, respectively. The HOMOs
in 3 exhibit a decreased contribution of the n-conjugated ligand
to the molecular orbital than in complex 1 due to the presence
of the ancillary iodide, which is similar to behaviour of com-
plexes 2 and 4. The LUMO remains overall very similar in both
dinuclear complexes and is located mostly on the electron-
deficient pyrimidine linker. The HOMOs in complex 3 are
significantly destabilised in respect to analogue 1 - consistently
with behaviour of 2 and 4. Destabilisation of HOMO together
with stabilisation of LUMO in 3 leads to a narrower energy gap
than in the chloro analogue 1. The iodo-complex 3 shows a
significantly smaller A Egy than its chloro analogue (Table S4.1,
ESIt). The ancillary iodide contributes to further reduction in
HOMO-LUMO overlap, resulting in near orthogonality of the
frontier molecular orbitals (MOs) and leading to reduction of Sy
and S, energy without affecting the energy of the T; state. The
frontier MO pattern of 3 resembles that presented by B-N
multiple resonance TADF emitters,’®™® yielding an excited
state presenting a combination of small orbital overlap and
negligible solvatochromic effects. We note that simulated ZFS
is larger in 3 than in 1 and so is the kf . According to the
simulation (Table S4.1, ESIf), ZFS in 3 is larger than in its
monoplatinum(u) analogue 4 while the opposite can be said

Fig. 8 Molecular orbital contour plots at the B3LYP/dev2-TZVP/ZORA
level for diplatinum(i) complexes 1 and 3.
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about 1 and 2. So far, simulation appears to be consistent with
the experimental data (Table 2).

In all three complexes, 1, 2, 4, we find that both the S; and T,
have a dominant HOMO — LUMO character while in 3, the T,
is dominated by the HOMO—1 — LUMO transition involving d
orbitals that are different from those of the S; (HOMO —
LUMO). Thus, the S;-T; SOC matrix element (SOCME) in 3,
2276 cm ', is at least 100-fold larger than in the other three
complexes. A large S;-T; SOCME and small AEgr should lead to
a very high k;. However, the oscillator strength f(T; — So)
scales with that of the strongly coupled S; with an extremely
small f(S; — So) =6 x 10, thus this mixing does not provide a
significant promotion of the radiative rate of T;.*°>" The small
S1 — Sy oscillator strength in 3 is a result of the near
orthogonality between HOMO and LUMO in 3. The value of
f(S1 = So) in 3 suggests a natural S; decay lifetime of ~100 ps
which is not only slower than the calculated natural phosphor-
escence decay rate of ~60 ps but would render the molecule
non-emissive through the S; due to incurring non-radiative
processes. This contradiction demonstrates that a simple
TDDFT calculation does not give a full picture of molecule 3
and SOC has to be taken into account.

SOC causes mixing between singlet and triplet states which
often leads to equivocal spin character to the excited states in
organometallic complexes. We identified that S; contributes
in 45% into triplet state I'; which, however, retains small
f(I's = I'y) =1.6 x 107" due to the low f(S; — S,) as discussed
in the previous paragraph. In this case, the lowest SOC-TDDFT
state with singlet-like properties, such as large oscillator
strength f, is I'y which comprises 25% S,, 59% T,, and 12%
T;, among other states. I'y is a singlet state with a strong
contamination by triplet states, due to SOC. The oscillator
strength f(I'; — I';) = 0.018 gives & " = 560 ns, which is of
the same order of magnitude as the experimentally derived
value in polystyrene k¥ ' = 100 ns (Table 2). Further to that, the
AEgr calculated as I';-I'y = 0.072 eV is also close to the
experimental figure 0.058 eV in the same host. This demon-
strates that the model used in this work correctly describes the
excited state properties of complex 3.

The theoretical picture of excited states in organometallic
compounds, especially those with strong SOC, is consistent
with a loss of unequivocal state multiplicity.”> For example,
complex 1 undergoes radiative decay through an excited state
with ~70% S, character, whereas in 3 it is only 25% S,. In this
case the luminescence arising from the energetically upper
state, attributed to the S; in metal-free systems, cannot always
be identified as conventional fluorescence. However, due to the

View Article Online
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similar experimental picture of organometallic emitters to
classical TADF molecules, we consider the term to be also
applicable to the former and thus the unequivocal attribution
of state multiplicity, i.e. S; and Ty, to still be helpful in the
description of experimental results. In this case, the emissive
states with substantially larger transition oscillator strength
f(I'n = I'y) than the lowest emissive triplet states I'y_; and clear
admixture of singlets can be treated as singlets despite being
strongly contaminated by triplet state admixtures.

The conclusions presented in this section strengthen the
view that the profound luminescence properties of many
dinuclear platinum(u) complexes do not necessarily come from
the increased metal contribution to the excited state. Instead, it
appears that the two metals benefit the complex by provision of
additional singlet states involving metal d orbitals that are
different from those of T;, while also bringing them closer
together.>*** The ancillary iodide acts in a similar way in
complex 3, by destabilising HOMOs and reducing energy
difference between HOMO and HOMO-—1 etc. In extreme situa-
tions, this also leads to re-ordering of orbital patterns, which
promotes even stronger SOC.

OLED devices

Complex 3 shows a lesser tendency to form NIR-emitting
excimers than its chloro analogue 1. It is therefore more
amenable to application in an OLED, taking advantage of its
efficient monomolecular luminescence through TADF. The
complex is highly soluble in toluene, in contrast to 1 which
only shows negligible solubility in this solvent. This has
allowed more complex OLED structures to be explored, incor-
porating high molecular weight poly(N-vinylcarbazole) (PVKH)
as the hole transport and electron blocking layer (Devices 1 and
2 in Table 3). The device structures used are shown in the ESIT
(Table S7.1). The electroluminescence spectrum of Devices 1
and 2 with 5% emitter doping is dominated by the red (CIE
0.62, 0.36) monomolecular emission of 3 (/g = 612 nm) with a
shoulder of a NIR-emitting excimer at 800-900 nm (Fig. 9). The
luminescence at Ag; = 612 nm shows a more narrowband
(FWHM = 89 nm) distribution than that of typical charge-
transfer red TADF emitters,'® thanks to the multiple
resonance-like orbital pattern in the complex 3. The shoulder
at 450-550 nm in the electroluminescence spectrum of Device 1
is attributed to the exciplex formed at the interface
between PVKH and PO-T2T>® {2,4,6-tris[3-(diphenylphosphi-
nyl)phenyl]-1,3,5-triazine} from the mCP:PO-T2T>* host
{mCP - 1,3-bis(carbazol-9-yl)benzene}. Device 2, which uses a
different electron transport material in the blend namely PBD

Table 3 Characteristics of OLED devices fabricated with 3 as an emitter. Device structures are shown in the ESI (Table S7.1)

Device x,° % Jet,? NM % /. > 700, nm Dy EQEmax,’ % Max. luminance, cd m™2 Max. radiosity, mW ¢cm™>
Dev 1 5 612 22 0.13 + 0.04 3.11 1820 2.94
Dev 2 5 612 21 0.11 £ 0.05 2.29 1840 2.86
Dev 3 33 782 69 0.04 + 0.02 0.36 160 0.82

“ Weight doping concentration of 3 in the emissive layer. ? Electroluminescence maxima. ¢ Percent of spectral power at wavelengths above 700 nm.
4 photoluminescence quantum yield of the emissive layer in nitrogen. ¢ Device maximum external quantum efficiency.

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Characteristics of devices 1-3: (a) electroluminescence spectra; (b) external quantum efficiency (EQE) vs. current density; (c) radiosity—voltage

characteristics; (d) luminance-voltage characteristics.

{2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole}, does not
show any electroluminescence in this region. The OLED produced
with higher, 33% emitter load (Device 3) demonstrates strong
contribution from an NIR excimer (lg, = 782 nm), although the
higher energy electroluminescence band at Ag;, = 612 nm does
remain significant. We have also fabricated a non-doped device with
the complex used neat as the emitting layer (Fig. S7.2, ESIt), but the
electroluminescence was too weak to be fully characterised. This
OLED shows excimer electroluminescence peaking at 824 nm, a
longer wavelength than the value of 805 nm reported for the chloro
analogue 1. Interestingly, a small contribution from the monomo-
lecular emission can still be noticed in the electroluminescence
spectrum of the non-doped device.

The device external quantum efficiency agrees with the @y,
in film in each case (Table 3). We note that the long-wavelength
excimer formed from 3 has very low emission efficiency and
acts as a luminescence quencher in solid film, significantly
reducing the ®pp from the high yields reported in solution.
Therefore, there is still a need for further improvement of
complexes such as 3 towards reducing intermolecular interac-
tions in solid film, if highly-efficient multiple resonace-like
TADF OLEDs are to be achieved.

Conclusions

We report a relatively simple practical strategy for enhancing
the TADF properties of diplatinum(u) complexes via substitu-
tion of the ancillary ligand. The newly reported, delayed
fluorescence di-Pt(u) complex 3 shows a very small E, = 58 +

4858 | J Mater. Chem. C, 2022, 10, 4851-4860

3 meV in polystyrene and a large radiative decay rate in toluene,
k. = 4.3 x 10° s7', comparable with those of state-of-the-art
iridium(m) complexes.>® Thanks to the TADF mechanism, a
simple substitution of the ancillary ligand with iodide results in
a radiative decay rate ~ 3-fold larger than in the chloro analo-
gue 1. We identify that, although the ancillary iodide does
improve luminescent characteristics of complex 3 thanks to the
TADF mechanism, it also leads to somehow greater SOC in the
dinuclear complex. However, the role of iodine does not relate
to its intrinsic SOC constant, but rather to its role in destabilis-
ing the highest occupied molecular orbitals in the molecule.
Such a situation leads to a better mixing of singlet character
into the triplet states as there is a large number of S, states
energetically close to the T; in complex 3.

To demonstrate potential applicability of this group of
complexes in OLEDs, we have produced solution-processed
devices demonstrating relatively narrow-band red electrolumi-
nescence (Ag;, = 612 nm, FWHM = 89 nm), with EQE of 3.11%.
Some improvements are clearly necessary in order to prevent
the occurrence of luminescence-quenching through aggrega-
tion and/or excimer formation in the solid state, in order to
achieve highly efficient OLEDs.
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