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The Role of Dinuclearity in Promoting Thermally Activated
Delayed Fluorescence (TADF) in Cyclometallated, NACAN-
coordinated Platinum(ll) Complexes

Piotr Pander,** Andrey V. Zaytsev, Amit Sil,© J. A. Gareth Williams,*c Pierre-Henri Lanoe,¢
Valery N. Kozhevnikov *® and Fernando B. Dias ®

In this work we present synthesis and an in-depth photophysical analysis of a di-Pt(ll) complex with a ditopic bis-NACAN
ligand. The complex exhibits a dual luminescent behaviour by emitting simultaneously delayed fluorescence and
phosphorescence. By comparing with the mono-Pt(ll) analogue, we demonstrate that thermally activated delayed
fluorescence (TADF) is turned on in the di-Pt(Il) complex due to the occurrence of three main factors which are not verified
in the mono-Pt(ll) analogue: a larger singlet radiative rate (k°), a smaller singlet-triplet energy gap (AEs;) and a longer
phosphorescence decay lifetime (tp4). We observe similar trends among other di-Pt(ll) complexes and concluded that
bimetallic structures promote conditions favourable for TADF to occur. The diplatinum(Il) complex also shows a long
wavelength-emissive excimer which yields near infrared electroluminescence, A, = 805 nm, in a solution-processed OLED
device with EQE,., = 0.51 %. We believe this is the highest efficiency reported to date for an excimer Pt(ll) emitter with A

> 800 nm in a solution-processed OLED device.

Introduction

The high phosphorescence quantum yield associated with
appropriately designed cyclometallated iridium(lll) and
platinum(ll) complexes has led to their widespread

incorporation into OLED devices.’™ The triplet radiative rate
constants (k,”) of such complexes are four to five orders of
magnitude higher than those of typical conjugated organic
molecules, thanks to the spin-orbit coupling (SOC) interactions
induced by the metal.l° Yet for red and near-infrared (NIR)
emitting molecular materials, the strategy of incorporating
heavy metal ions with high SOC constants is compromised by
the diminished metal character in the excited states as
conjugation increases. This leads to lower k.7 and hence to
reduced quantum vyields and exciton-quenching processes in
OLED devices, causing increased efficiency roll-off.1? The
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problem is compounded by the effect of the well-known
“energy gap law”, whereby non-radiative decay processes that
involve electronic to vibrational energy transfer are enhanced
as the excited electronic states fall in energy.’? There is,
therefore, a strong case for seeking ways to accelerate k. in
narrow energy-gap emitters. Recently, a number of results have
shown that the incorporation of a second metal centre into such
cyclometallated complexes seems to enhance k,” with respect
to mononuclear analogues.’3-17 Nevertheless, the radiative rate
still remains heavily dependent upon the SOC induced by the
metal centres.

Chart 1. The structure of the dinuclear Pt(ll) complex 1 recently discovered to
show TADF,'® and of the dinuclear bis-tridentate complex 2 reported in this work
as well as its mononuclear analogue 3.

Meanwhile, an alternative approach for harvesting of triplet
states in OLED devices has become increasingly popular, namely
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Scheme 1. Synthetic route to the di- and mononuclear complexes 2 and 3 studied in this work.

the thermally-activated delayed fluorescence (TADF) that can monometallic analogues.l83436 However, this and other

be brought about by using molecules with small gaps (4AEs7)
between their S; and T states. Such a scenario allows the triplet
states to re-populate the singlets — which then emit — rather
than relying on promotion of the direct T;—Sq rate constant.
The phenomenon is widely studied in purely organic molecules
with charge-transfer (CT) states.'®~23 A number of examples that
contain metals have also been studied in recent years, including
Cu(1),2* Ag(1),%> Au(1)?® and Pd(11)?7-2° complexes. Amongst the
vast number of phosphorescent Ir(lll) and Pt(ll) complexes,
however, there are almost no reported examples of TADF: they
are normally considered exclusively phosphorescent.
Photophysical behaviour reminiscent of TADF was recently
reported in mono- and dinuclear Ir(lll) complexes3°, whilst a
single case of a Pt(0) delayed fluorescent complex was
described before the area had become of such contemporary
interest.3! In a recent study of dinuclear cyclometallated Pt(ll)
complexes, we discovered what appears to be the first example
of a Pt(ll) that emits through TADF at ambient temperature
(Chart 1).18

TADF complexes are less reliant on the heavy atom effect, such
that large radiative rates can be obtained without strong SOC
from the metal. For example, the dinuclear Pt(ll) complex 1
mentioned above that emits through a TADF mechanism (Chart
1) shows a radiative rate constant that is comparable to that of
state-of-the-art phosphorescent Ir(lll) complexes.1®31 We
believe that in the particular case of 1, the rates of intersystem
crossing (ISC) and reverse intersystem crossing (RISC) are
several orders of magnitude larger than the observed radiative
rate. Such an assumption is general to many organometallic
delayed fluorescence emitters.3233 The definitive limit for
radiative rates is governed by the singlet (S;—> So) decay rate,
which is a spin-allowed process, often orders of magnitude
larger than the rate of the spin-forbidden phosphorescence
(T1=> So)-

In this work we address the critical role of di-nuclearity as a
strategy to induce TADF in platinum(ll) complexes by comparing
a newly prepared dinuclear complex 2 with its mononuclear
analogue 3 (Chart 1). It has already been observed that
bimetallic structures may show smaller AEsy than their

2| J. Name., 2012, 00, 1-3

aspects concerning the TADF phenomenon in this group of
organometallic compounds have not been fully explored. The
new dinuclear Pt(ll) complex 2 of a ditopic, bis-N*C~AN-chelating
ligand shows a small AEsr and yields TADF properties as a result
of decreasing HOMO-LUMO overlap through a hybrid CT
state!?23 and the so-called multiple resonance3’ orbital pattern.
Interestingly, in addition to TADF, 2 also forms emissive
excimers, a property in common with mononuclear Pt(ll)
complexes of related NAC~N ligands.38 In this case, the excimer
emits in the near infrared (NIR) with an emission maximum of
810 nm in the solid state.

Results and discussion
Synthesis

Given the impressive luminescence characteristics of many
mononuclear Pt(ll) complexes of NACAN-coordinating ligands,
based on 1,3-di(2-pyridyl)benzene, we sought to prepare a
ditopic, bis-NAC~N-coordinating proligand in which the two
NACAN units are rigidly linked via a shared pyrimidine ring, i.e.
of the form NACAN-NACAN (Scheme 1). Such a proligand,
similar to Il but lacking the tert-butyl groups, was described
previously by some of the current authors.3® However, the
reaction of that proligand with potassium tetrachloroplatinate,
in the hope of obtaining the corresponding dinuclear Pt(ll)
complex, gave a very insoluble product. The low solubility
prevented the unequivocal confirmation of the identity and
purity of the material and its photophysical characterisation. In
order to improve the solubility, we introduced two tert-butyl
groups into the para-positions of the pyridine rings. Thus,
proligand Il was prepared in 46% yield by the Suzuki reaction of
the known MIDA-protected boronic acid 1*° with 4,6-
dichloropyrimidine. The desired dinuclear platinum complex
was then prepared in 34% yield by heating under reflux the
mixture of the proligand and two equivalents of potassium
tetrachloroplatinate in acetic acid. In a similar manner, the

This journal is © The Royal Society of Chemistry 20xx
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model mononuclear complex 3 was prepared in 75% yield from
the known3? proligand lll. The identity and purity of the
complexes were confirmed through the combination of 'H and
19F NMR spectroscopy, mass spectrometry, elemental analysis
and, for 2, X-ray crystallography.

The molecular structure of 2 in the crystal (Figure 1) confirms
the presence of two Pt(ll) ions in roughly square-planar
geometries, each coordinated by a tridentate NAC”AN unit and a
monodentate chloride ligand. The entire structure (barring the
substituents) is close to planarity. The platinum-ligating atom
bond lengths are very similar for both Pt(ll) centres. The
molecules pack in the crystal in off-centre, head-to-tail slanted
stacks, with no significant intermolecular metal-metal
interactions. The shortest intermolecular Pt---Pt distance is
4.464(2) A. Planar cores of the adjacent complexes in stacks are
separated by a distance of 3.970 A, typical for aromatic -7t
interactions.

Figure 1. Molecular structure of the dinuclear complex 2 in the crystal, with
hydrogen atoms omitted for clarity. Selected bond lengths (A), bond angles (°)
and torsion angles (°): Pt1-N1 2.019(2), Pt1-C7 1.866(2%, Pt1-N2 2.052(2), Pt1—
Cl1 2.381(7), Pt2-N4 1.996(2), Pt2—C17 1.906(2), Pt2-N3 2.043(2), Pt2—Ci2
2.367(6); N1-Pt1-N2 159.5(7), C7-Pt1-CI1 177.2(5), N3-Pt2-N4 160.8(7), C17-Pt2-
E|ZI.261C7§713(§%3)’;)Nl-cs-cs-cj 4(2), C7-C8-C12-N2 0(2), N4-C22-C18-C17 9(23, N3-C14-

HOMO and LUMO orbital contour plots at the B3LYP/dev2-
TZVP/ZORA/CPCM(CH,Cl,) level for 2 and 3.

Figure 2.

DFT and TD-DFT calculations

Density functional theory (DFT) calculations leading to
optimised ground state geometries were carried outon 2 and 3
using B3LYP#142 functional and def2-TZVP*3 basis set while time-
dependent DFT (TDDFT) single point calculations were
performed using zeroth-order regular approximation
(ZORA*45)-corrected def2-TZVP*34¢ basis sets and the same
functional (details of the methods used are described in the

ESI). Their optimised ground-state geometries are found to be

This journal is © The Royal Society of Chemistry 20xx
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roughly planar, favoured by the preferred square grrangemeant
of the Pt(ll) centres with d8 electron configlifatiem/ PThe fowest
singlet excitation (Sq—=>S;) has HOMO->LUMO character in 2
(Figure 2) and is associated with a shift of electron density from
both of the CI-Pt axes into the bridging pyrimidine ring. The
transition is of mixed character, with significant contributions
from the Pt dy, orbitals and Cl p, orbitals: dpt1|pr2 + Pcinjciz + Tph =
Toyrim*. Such orbital parentage implies a charge-transfer (CT)
character to this transition. Interestingly, there is very little
overlap between the frontier MOs in 2, which is attributed to
the presence of a strong electron withdrawing pyrimidine unit
in the middle, which consequently makes little contribution to
the HOMO. The HOMO-LUMO patternin 2 is thus a combination
of multiple resonance3’ and charge transfer orbital geometries.
In the mono-Pt(ll) analogue 3, a very similar HOMO pattern is
observed but the LUMO is more uniformly distributed over the
1t system of the tridentate ligand. The HOMO-LUMO overlap is
larger due to the absence of the electron-withdrawing
pyrimidine.

Younker and Dobbs* have demonstrated that a good
correlation exists between experimental and theoretical singlet
and triplet energies, and other excited state parameters,
calculated from the ground state (Sy) geometry instead of the
excited state. We believe such an approach to be appropriate in
rigid structures such as 2 and 3, and it is therefore used in this
work. Results obtained for the T, geometry are supplemented
in the SI for reference. The excited state parameters are
analysed at the two theory levels: routine time-dependent
density functional theory (TDDFT) and TDDFT including spin-
orbit coupling (SOC-TDDFT). In the description of the excited
states the former will be referred to as TDDFT or zero-order
states (Sn, Tn), while the latter as SOC-TDDFT states (I'r).

The calculated excited state properties of 2 and 3 are
summarised in Table 1. TDDFT and SOC-TDDFT calculated
excited state energies in 2 and 3 are close to the experimental
values recorded in CH,Cl, (Table 2). However, the SOC-
corrected energies show better correlation with the
experimental values. The calculated AEsr in 2 is approximately
half of that in 3, which correlates well with the larger HOMO-
LUMO overlap of the latter. In contrast, the zero-field splitting
calculated as an energy difference between triplet excited
states I'3 and I'1 in the mono-Pt(ll) 3 complex is double that of
the di-Pt(ll) analogue 2. Note the SOC-TDDFT excited states
I'1 _3 refer to the three substates of the lowest triplet state (T;)
observed experimentally in metal complexes.3348 The oscillator
strength of the lowest triplet transitions (I'1, 'z, I's = I'g) is also

-1

overall larger in 3, leading to a calculated kI =97 us as
-1 -1 1

opposed to kI = 28 ps for 2. We use kI =7 so the

reciprocal radiative rate as a representation of the natural
triplet lifetime if all non-radiative processes are neglected. The
very low S;-T; SOCME values in both cases do not fully explain
the predicted phosphorescent properties of these complexes. A
closer analysis indicates that a strong coupling between T, and
upper singlet states influences the triplet oscillator strength in
both compounds, i.e. S3-Sg in 3 and S,-S; in 2 (Figure S4.4).
Overall the mononuclear complex 3 is predicted to show
superior phosphorescent properties than its di-nuclear
analogue 2 due to a larger calculated k,” of the former (if non-

J. Name., 2013, 00, 1-3 | 3
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radiative processes were neglected). This can be explained with
the increased role of the extended ditopic ligand in the excited
state in 2, despite the introduction of a second metal centre.
Importantly, 2 shows a larger singlet oscillator strength than 3
which stands in an apparent contradiction with the HOMO-
LUMO overlap being larger in the latter. However, results (Table
S4.4) suggest a significant loss of singlet character of the excited
states in 3 due to the strong SOC from the metal, which results
in lower oscillator strength despite larger frontier molecular
orbital overlap. These findings are in agreement with those
presented in our earlier work.18

Considering RISC/ISC in 2, where it is more relevant due to the
smaller S-T gap, the SOC matrix was analysed for possible strong
S4-T,, couplings, as the direct S;-T; coupling is relatively weak (13
cm?l). The SOCME for S;-T, and S;-T; combinations are
significantly larger, 345 cm™ and 847 cm}, respectively (Figure
S4.5). The T, state involves HOMO-1->LUMO transition while
the T3 HOMO-2-LUMO, with the latter involving different d
orbitals of Pt(ll) centres from those of S;, thus explaining the
very large SOC constant in this case (Figure S4.1). The T, (2.25
eV) and especially T3 (2.47 eV) states are located energetically
relatively close to the S, state (2.40 eV). These findings strongly
support the RISC/ISC process being mediated through upper T,,
T; states rather than being direct T;¢>S; exchange, i.e.
T1€>(T,,T3)€>S;. In this respect the mechanism is similar to the
three-state model proposed for RISC/ISC in metal-free
systems. 49,50

Table 1 Summary of calculated properties of 2 and 3 in CH,Cl, at 295 K.

2 3
s,/ eV (nm)® 2.404 (516) 3.142 (395)
T./ eV (hm)® 2.115 (586) 2.679 (463)
AEg; [ eV© 0.289 0.463
TDDFT
£(S,)¢ 0.21 5.8 x 102
K /se 9.5 x 107 (9.5 ns) 2.0x 107
(200 ns)
I'1 (triplet) / eV (nm)f 2.102 (590) 2.727 (455)
I'n (singlet) / eV (nm)¢ | 2.338(530) [['] '
AEg; / eVh 0.236 ’
soc. AE(T3-T'1), (ZFS) / cm't 42.7 80.1
$,-T, SOCME / cm'1i 13 13
TDDFT
f (T'n) (singlet) 0.14 [T'/] *
kK /s 1.5 x 10° (15 ns) .
Kl " /sm 2.8 x 10 (28 ps) 9.7 x 10%
(9.7 us)

a singlet TDDFT state (S;) energy; ® triplet TDDFT state (T;) energy; ¢ energy
difference between lowest TDDFT singlet and triplet states; 9 oscillator strength of
lowest TDDFT singlet state; © reciprocate decay rate of the lowest excited TDDFT
singlet state; f lowest triplet SOC-TDDFT state energy (equivalent of the energy of
the lowest substate of the T, state); & energy of lowest SOC-TDDFT state with
dominant S; character; " energy difference between SOC-TDDFT states attributed
as lowest singlet and triplet; ' energy difference between the first and third lowest
SOC-TDDFT triplet states also referred to as zero-field splitting (ZFS); | S;-T; spin-
orbit coupling matrix element (SOCME); ¥ oscillator strength of the lowest singlet
SOC-TDDFT state; ' reciprocate decay rate of the lowest excited SOC-TDDFT singlet
state; ™ reciprocate average triplet state lifetime at 295 K calculated using methods
reported earlier.>152 * Properties of the lowest singlet SOC-TDDFT state are not
shown for 3 due to a low singlet character.

4| J. Name., 2012, 00, 1-3
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Figure 3. Comparison of absorption and photoluminescence spectra of 2 and 3 in
CH,Cl,, c = 10" M for absorption and ¢ = 5x107 M for emission spectra.

Solution state photophysics

Steady-State Absorption and Emission Spectra. The absorption
and photoluminescence spectra of 2 and 3 in dilute solutions
are shown in Figure 3 and Figure 4. A summary of the two
compounds’ spectroscopic data is shown in Table 2. It is
apparent that 2 exhibits red-shifted emission and absorption
onsets when compared with 3. This is a consequence of the
larger m-conjugated system of the di-Pt(Il) complex compared
to the mono-Pt(lIl) derivative. The lowest absorption band in 2,
= 520 nm (g = 15000 M cm) shows about 50% stronger
absorption than the respective band in 3, = 380 nm (g = 10000
M cm), in agreement with calculations, indicating a larger
oscillator strength for the So—>S; transition in the former. The
photoluminescence of 2 shows positive solvatochromism as
opposed to 3. This is consistent with the HOMO-LUMO
distributions of the respective complexes and indicates a
charge-transfer character to the transition in 2. The
photoluminescence spectrum of 2 consists of two bands: Apx =
617-641 nm (varying with solvent) and a shoulder at 570-580
nm. Notably, the high energy shoulder of the
photoluminescence spectrum overlaps with the low energy part
of the absorption spectrum, leading to some self-absorption at
higher concentrations, as observed in CH,Cl, at ¢ = 5x10% M
(Figure S5.1). Such overlap and consequent self-absorption are
highly indicative of the high energy photoluminescence
shoulder originating from the S;->S, transition, thus attributed
to fluorescence and not to phosphorescence as would normally
be anticipated in purely phosphorescent emitters. Indeed, the
photoluminescence spectrum of 3 shows a pronounced Stokes
shift with no self-absorption at high concentrations (Figure
S5.1).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Absorption and photoluminescence spectra of 2 a) and 3 b) in the three
solvents indicated in figure legend, c = 10 M for absorption and ¢ = 5x107 M for
emission spectra.

In general, Pt(ll) complexes show large ISC rates to the triplet
manifold, such that examples of fluorescent complexes are
rare.3* On the other hand, organometallic complexes may
exhibit delayed fluorescence properties when AEs; is small
enough to allow sufficient re-population of S; states in thermal
equilibrium with the T, state. The calculated AEsr in 2 is larger
than the value of =70 mV in the previously reported complex 1
(Table 1), thus it is reasonable to expect a lesser contribution of
TADF to the overall emission, so that delayed fluorescence and
phosphorescence may both be contributing to the
luminescence spectrum. With this in mind, we have recorded
photoluminescence spectra of 2 at temperatures above the
ambient in two solvents of high boiling point: chlorobenzene
(Figure 5) and toluene (Figure S5.2). It is evident that the high
energy photoluminescence band at 570-580 nm is favoured
over the band at A = 617-641 nm (varies with solvent) at higher
temperatures. The ratio of these two bands follows the well-
known relation proposed by Parker and Hatchard in the early
studies of TADF, then referred to as E-type fluorescence.>3 This
allows the activation energy to be determined: E;=157 + 4 meV
in toluene and E,=195 +* 3 meV in chlorobenzene. The
photoluminescence spectra obtained from this experiment in
chlorobenzene show a clear iso-emissive point at 685 nm
(Figure S5.13) indicating that the two emissive bands emanate
from the same population of T, excited states or species formed
from them. This finding is indicative of the TADF mechanism
being at work. Similar experiments conducted with 3 in
chlorobenzene reveal the absence of any thermally activated
fluorescence bands up to 364 K (Figure S5.5). Such behaviour
indicates a significantly larger AEsr of the mono-Pt(ll) complex.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. a) Photoluminescence spectra of 2 in de-oxygenated chlorobenzene,
c = 10" M, at various temperatures above ambient. b) TADF-to-phosphorescence
ratio as a function of temperature. The short vertical lines indicate the
experimental range used for fitting of the data.

Time-Resolved Photoluminescence. 2 and 3 show
monoexponential luminescence decay in solution in all three
solvents used in this study. The lifetime of the fluorescence
(TADF) and phosphorescence bands in 2 are identical in each
case (Figures S5.8-5.10) which satisfies the definition of TADF as
set out by International Union of Pure and Applied Chemistry
(IUPAC).>* Both molecules show self-quenching in a CH,Cl,
solution with comparable quenching constants of = 5x108 M s
1for 2 and = 6x108 M s for 3. A lesser but still noticeable self-
quenching has been observed in toluene and chlorobenzene.
Lifetimes recorded in a diluted (5x107 M) solution are in
agreement with the estimated lifetimes at c>0 in CH,Cl,,
therefore the former are shown in Table 2 as representative
figures for the unquenched complex in all three solvents. While
3 shows clear excimer formation (Anax = 639 nm, Figure S5.1),
typical of other mononuclear Pt(NAC~N) complexes,>>°° 2 does
not show any signs of excimer emission in solution (Figure S5.1).
This suggests either that the observed collisional quenchingin 2
does not yield emissive excimers or that their luminescence
yield is negligible. The photoluminescence lifetime and ®p, of 2
slightly vary with the solvent in a general trend of k, increasing
towards lower solvent polarity (note that we use k,as a general
symbol for the observed radiative rate, regardless of the nature
or origin of the photoluminescence). This is consistent with the
calculations (Table S4.1) and steady-state measurements
(Figure S5.3) which suggest that the AEsr is smaller in toluene
than in CH,CI, or chlorobenzene, thus promoting faster TADF
decay in the former. The significantly lower ®p in toluene is
likely related to aggregation due to the complex’s low solubility
in this solvent, only =8x10® M in a saturated solution. In this
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case, non-emissive aggregates are formed in the ground state
and artificially reduce ®;..1® In 3, the k, is not significantly
affected by solvent polarity, with k, ~1.1-1.6x10> s in all
solvents. This rate is also similar to the rate of the di-Pt(ll)
derivative in toluene and only slightly larger than figures in
other solvents. Note, however, that in both cases the radiative
rates remain relatively similar to each other. What effectively
causes the @p_ to be lower in 2 than in 3 is the larger non-
radiative decay constant, likely caused by the effects of the
energy gap law given the low energy of emission of 2. Most
strikingly, the experimental k, of 3 is very close to the calculated
value of 1.0x10° s, while in the case of 2 it is almost an order
of magnitude larger than the calculated value of 3.6x10% s,
Both calculated figures refer to phosphorescence rates, while
the decay rate of 2 determined experimentally is significantly
faster due to the effect of the TADF mechanism. Behaviour of
the radiative rate of 2 shows the beneficial role of the TADF
mechanism on accelerating overall radiative rates. This is
further discussed in the next section (vide infra).

Solid state photophysics

Solid films of 2 dispersed in polystyrene matrix, and similarly
neat films, (Figure 6) show clear contributions from a NIR-
emitting excimer, Aem = 810 nm, with the monomolecular
emission band, A.,=640 nm, only present at lower
concentrations. This is in contrast with the behaviour in
solution, where no excimer emission was detectable. The
reason for this behaviour is likely related to the suppression of
non-radiative processes affecting the excimer emission in the
NIR — in this way, the excimer lifetime lengthens and the

emission becomes visible in the photoluminescengg, specteum.
Moreover, concentrations of the Pt(l1)PebrHplexdinl P SGte
significantly larger than in solution, facilitating intermolecular
interactions, allowing more excimer states to be produced. The
®p, in film is significantly lower than in solution, decreasing
from 0.11 + 0.02 at 0.1% load to only 0.03 + 0.01 in neat film.
Such photoluminescence quenching is directly related to the
larger ability of 2 to produce low-emissive excimers in solid film.
The photoluminescence decay lifetime of the A, = 640 nm band
is significantly longer than that of the excimer band at A, = 810
nm (Figure S5.20). As demonstrated before, the kinetic
relationship  between  bimolecular and  unimolecular
photoluminescence lifetimes in solution is not preserved in
solid film (Figure S5.13).>7 This is likely due to molecules
showing a significantly lower mobility in solid film than in
solution. Such behaviour results in only those excited molecules
that are located at relatively close distance to a nearest
neighbour being able to form bimolecular excited states, while
molecules emitting unimolecular luminescence are “isolated”,
and in principle unable to come into contact with any of the
other molecules. This situation results in a static-quenching like
behaviour, as opposed to the dynamic quenching observed in
solution. Static quenching might be also an indication of dimer
formation in the ground state but, in the case of 2, the
excitation spectra recorded in solid film not only agree for both
the 640 nm and 810 nm bands but are also very similar to the
absorption spectra in solution (Figure S5.19). It is, therefore,
likely that some molecules remain at close distances in solid
matrix, sufficiently so to migrate and form excimers, but too far
apart for clear ground-state interactions to be present.

Table 2 Summary of spectroscopic properties of 2 and 3 in degassed solvents at room temperature.

Aabs / PM k. /10°s* | k, /10°

Complex Solvent (e/ M-em) 2 Aem / NMP ®p© t/ps¢ . oy

522 (15000), 403 (16800), 350 (23100), 337
Toluene 579sh, 617 0.16 1.2 1.3 7.1

(22600), 306 (33200)

525 (15200), 450 (7600), 401 (16300), 373

2 Chlorobenzene 578sh, 635 0.51 5.0 1.0 1.0
(17100), 351 (25500), 336 (23400), 306 (31800)

515 (15200), 443 (8200), 393 (16500), 370

CH,Cl, 568sh, 641 0.34 3.9 0.9 1.7
(23400), 345 (29200), 329 (25400), 303 (34900)

478 (200), 406sh (5900), 381 (9900), 366sh

Toluene 495sh, 514 0.82 53 1.6 0.3
(6100), 329 (5800)

478 (200), 406sh (5400), 379 (10000), 362sh

3 Chlorobenzene 514 0.85 5.7 1.5 0.3
(6300), 331 (6800)

478 (100), 398sh (5000), 375 (9000), 358sh

CH,Cl, 512 0.73 6.4 1.1 0.4
(6100), 329 (7600), 317 (7300)

2 Absorption maxima and molar absorption coefficients; ® Emission maxima; ¢ Photoluminescence quantum yield recorded against rhodamine 6G (®p.=0.91%) or
Coumarine 153 (Dp=0.53%) in air-equilibrated absolute ethanol solutions. Details of the experimental procedure for determination of photoluminescence quantum
yields are given in the ESI.; ¢ Photoluminescence lifetime at room temperature; © Observed radiative rate constant, k, = ®p/T; f Observed non-radiative rate constant, k-

nr= (1'(DPL)/T~
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Figure 6. Photoluminescence spectra of 2 dispersed in polystyrene at the various
concentrations shown in the figure legend, 100% denotes neat film.

The photoluminescence spectrum of the lowest concentration
film (0.1 % w/w) resembles those recorded in solution,
featuring two bands: the main one at A.,, = 640 nm and a
shoulder at 580 nm. The shoulder at 580 nm diminishes at lower
temperatures, from 300 to 160 K (Figure 7a). The high energy
band at 580 nm behaves in a similar manner to the shoulders in
the solution photoluminescence spectra (Figure 5). The
photoluminescence lifetime increases from 5.3 us at 300 K to

7.5 us at 160 K. Such simultaneous change in
photoluminescence spectrum and lifetime is typical of
organometallic TADF emitters.>®
Eq
3+e T
Tobs(T)z 3 Eq (1)
O
TPH
The variation of the photoluminescence lifetime in the

temperature region from 300 to 160 K can be described by
equation 1,3233 where t,(T) is the observed emission lifetime
(s); Es is the activation energy of the reverse intersystem
crossing process in J mol™; tpy, is the phosphorescence lifetime
(s); k/° is the radiative rate constant of singlet state (s71); R is the
universal gas constant, 8.314 J mol™? K, and T is the
temperature in K. Eg. 1 is wused for fitting the
photoluminescence lifetime as a function of temperature giving
E, = 159 + 20 meV and k5 = 9x107 s1. Note the latter figure is
very close to the calculated value of =108 s™X. The energy barrier
E, in polystyrene is very close to the singlet-triplet gap AEst =
199 + 23 meV determined from the onsets of the
phosphorescence and fluorescence bands and identical to the
E, value determined in toluene, 157 + 4 meV. Further increase
in the photoluminescence lifetime at temperatures below 160
K is attributed to suppression of non-radiative processes
affecting the T, state. This is in agreement with the behaviour
of phosphorescence spectra in this temperature range, which
show a simultaneous blue shift and spectral narrowing as the
temperature decreases (Figure S5.15). Time-resolved
photoluminescence spectra recorded at various temperatures
(Figure S5.16) indicate the TADF and phosphorescence bands

This journal is © The Royal Society of Chemistry 20xx
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have the same decay lifetime. This is consistent with the.TARE
mechanism as S; and T; remain in an equiliBriGrH)39/D1TC02562G
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Figure 7. Photoluminescence of 2 in polystyrene matrix at 0.1% (w/w).
a) emission spectra at temperatures from 300 to 160 K. b) photoluminescence
decay lifetime at temperatures from 300 to 80 K, showing the experimental data
oints and the best fit according to Equation (1). Note the AEs; figure is obtained
rom o)nsets of phosphorescence at 160 K (T; energy) and TADF at 300 K (S;
energy).

Effect of Kinetic Parameters on TADF. As demonstrated above,
the dinuclear Pt(ll) complexes can show larger singlet radiative
rate constants, ks, smaller AEsr (and hence smaller E,) and may
even show longer phosphorescence lifetime, tpy than their
monometallic analogues. Our findings are also supported by
recent literature data.l7.18343660 These parameters directly
affect TADF and therefore it is crucial to understand their role
in the mechanism.

AEgr: Figure 8a shows simulations of the luminescence lifetime
obtained using eq. 1 as a model for different values of the
energy barrier E,. It is shown that the reduction of E, favours
TADF and reduces 1,5 at room temperature. With £, > 0.3 eV,
TADF is not present at room temperature and its effect remains
negligible up to 400 K. Such a situation is found in 3 (Figures
S5.5, S5.17 and S5.18). Reducing the energy barrier for RISC
T1->S; increases the population of singlet states in equilibrium
with the T;.

k;: Engineering a low AEst has been a long standing design
target for metal-free TADF molecules where the RISC rate is
important for the overall delayed fluorescence lifetime.®! In
organometallic emitters, the RISC rate may no longer be
considered a limiting factor and the S; radiative rate becomes
the important aspect.3?33 The model (Figure 8b) shows that
increasing ki helps TADF in a less straightforward way. In this
case an increase in k3 leads to a greater contribution of TADF
and shorter decay lifetime despite E, being maintained
constant.

J. Name., 2013, 00, 1-3 | 7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc02562g

Open Access Article. Published on 16 July 2021. Downloaded on 7/22/2021 11:57:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal of'Materials' Chemistry/C

a) 10
Larger E, T 295K
8+ _ 03eV
02eV
2 & \
C \
0.12eV
2] 048V .y
0 Smaller E, l S
50 100 150 200 250 300 350 400
T/IK
b) 10
205 K
8- Smallerk?T
=
e \W
E x05
4’ \xﬂ
Larger k3 »
. N
0

50 100 150 26T01f<é0 300 350 400

c) 25 :
) 56 285 K Larger 1 T
s
20 .
@154
=1t
: | 10 pus Small l
10 7.6 us e
5 s \\
—
2ps m

0 . . T T T ‘
50 100 150 201(_)/%50 300 350 400

Figure 8. Modelled photoluminescence lifetime characteristics of hypothetical emitters,
showing how the observed lifetime varies according to a) AEsr, b) singlet radiative rate,
and c) phosphorescence lifetime (radiative rate). Values smaller or larger than that of 2
in polystyrene (black line in all graphs) are considered, with the non-variable parameters
fixed at the experimental values. Note the effect of ZFS on decay lifetime is not included
in the model. Due to a negligibly small calculated ZFS = 4 meV (= 40 cm™) compared to
AEsr = 100-200 meV, the former is not relevant to the model in this case.

Tpy: Longer phosphorescence lifetime, tpy may increase the
overall decay lifetime, but will also increase the contribution of
TADF due to the T;—>Sp transition being slower, thus allowing
TADF to out-compete triplet decay (Figure 8c). However, in
cases where E, is small, vide infra, longer tp; does not have a
significant effect on the overall luminescence lifetime. This is
the case in the previously reported delayed fluorescent complex
1, where 15y does not seem to affect the luminescence lifetime
given the fact that the TADF complex exhibits a small AEsr. In

Eq
fact, it can be demonstrated that if 7—>0 (so that the Boltzmann

Ea

R A

term e 1), the observed decay lifetime is independent of
E, and only depends on the decay rates of the S; and the T,

state. Since, often tpy! << kf, therefore Tops(T—0) = Y ~
T
4k - (lower limit for t,ps). In practical terms this means that an
emitter with a very small AEsr will show photoluminescence
lifetime approaching the value of four times the S; decay

lifetime around room temperature. We find therefore no need

8| J. Name., 2012, 00, 1-3

for the SOC to be very strong in the TADF complex in order, to
obtain a large radiative rate and hence ashiort rpzo/Wedveliexe
even a weak effect of the metal centre and the associated
increase in SOC interaction is sufficient for sufficiently fast RISC
and ISC processes to occurr.34

Given the analysis based on Figure 8, it is clear that dinuclear
Pt(Il) complexes are significantly more likely to exhibit TADF
than their mononuclear Pt(ll) analogues. Their excited state
properties move in exactly the right direction to promote the
phenomenon.

OLED devices

2 forms a NIR-emitting excimer, A¢rn = 810 nm in solid film. Given
the scarcity of solution-processed OLEDs with
electroluminescence Ay, > 800 nm we decided to produce
devices taking advantage of the excimer’s long emission
wavelength. Since 2 is only marginally soluble in toluene at
room temperature (=10 pg mL1), but much more so in
chloroform (=10 mg mL1), the most feasible is a simple OLED
device structure based on a single emissive layer deposited
directly onto PEDOT:PSS. In such a case, it is desirable to control
the charge balance in the emitting layer and to increase the
device current by using two-component hosts comprising a
hole-transport and electron-transport material.®2%5> The OLED
device structure used in this work is based on a previously
reported architecture using a mCP:PO-T2T host (1,3-
bis(carbazol-9-yl)benzene and 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine, respectively) that
was optimised for excimer-forming mono-Pt(Il) complexes with
pyridyltriazole ligands.>” For the use of 2 as an emitter, the
device structure ITO | PEDOT:PSS Al4083 (30 nm) | mCP:PO-T2T
(n:m) cox % 2 (y nm) | PO-T2T (50 nm) | LiF (0.8 nm) | Al (100
nm) comprises commonly used PEDOT:PSS Al4083 as a hole
injection layer and a solution-processed emissive layer based on
mCP:PO-T2T host (Figure 9). A thermally-deposited layer of PO-
T2T serves as the electron transport layer, while LiF/Al serve as
electron injection layer and metallic contact. Note the
proportion of mCP and PO-T2T (n:m) in the blend as well as
doping concentration (x) are presented in Table 3. Devices 1 and
2 were produced with an emissive layer of 65 + 5 nm thickness.
Thick emissive layer accounts for the simplicity of the OLED
structure, minimising recombination on layer interfaces. Due to
limited solubility of 2, device 3 was fabricated with a slightly
thinner emissive layer of , 40 £+ 5 nm. Given the electrical
behaviour of 2 in OLED, it is reasonable to believe it acts as an
electron transport material. Therefore, in device 3 the
contribution of hole-transporting mCP was increased in the host
to compensate for the added electron transport ability in the
emissive layer. Thinner emissive layer in device 3 increases
device current, thus effectively reducing the optical turn-on
voltage, Von at 0.1 mW cm2, to = 9 V while Vgy = 15-16 V in
devices 1 and 2 with the thicker emissive layer.

The electroluminescence spectra of devices 1-3 show the typical
increase of excimer contribution to the electroluminescence at
higher complex concentrations. At 5 % complex load (device 1),
there is a clearly noticeable contribution of single molecular
emission of 2, with the maximum at 637 nm attributed to

This journal is © The Royal Society of Chemistry 20xx
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phosphorescence and a shoulder at 570 nm attributed to TADF.
On the other hand, NIR (Agz. = 805 nm) excimer
electroluminescence dominates in device 3, with 33 % complex
load. We recognise that many organometallic complexes show
limited solubility in organic solvents and therefore OLED devices
benefiting from excimer/aggregate electroluminescence of
Pt(ll) complexes are preferentially produced using vacuum
thermal evaporation.®6=7! Examples of such emitters in solution-
processed devices are scarce.’’”’? Efficient NIR emitters are
generally rather uncommon in solution-processed OLEDs and
only a very small number of examples exist.”>78 Thanks to
alkoxy- and fluoro- substituents in 2, the complex shows
extraordinary solubility in chlorinated solvents. In conjunction
with the long wavelength excimer electroluminescence, this
allows NIR OLEDs to be prepared with EQE,.x = 0.51 % and Ag >
800 nm. The device reported is among the most efficient
solution-processed OLEDs with such long wavelength
electroluminescence maxima (see Table S7.1 in the ESI) being
inferior only to a Pt(ll) porphyrine complex’® with EQE of 0.75 %
and Ag. = 898 nm.8-82 Notably, device 3 is the first example of
an excimer Pt(ll)-based solution-processed OLEDs with A, > 800
nm.

Conclusions

In this work we have presented an in-depth study of a TADF
diplatinum(Il) complex which we believe to be only the second
known example of a Pt(ll) complex emitting through this
mechanism. We demonstrate that the mononuclear analogue 3
is a conventional phosphorescence emitter, as opposed to the
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diplatinum(ll) complex 2 which exhibits delayed fluorescense
from the singlet state. The study confirm¥OtHatL BFAGEIERP 2P EAN
complexes appear to have smaller AEsr and larger singlet
oscillator strength than their mononuclear analogues. Larger
S1—>So oscillator strength in 2 than in 3 appears to be due to a
larger ligand contribution to the excited state in the former,
leading to more defined multiplicity of excited states. These
parameters are found to be among the key factors for
promoting TADF in Pt(Il) complexes. It is also shown that larger
phosphorescence (T;—=>S,) lifetime will make it more likely that
TADF will be observed when AEsris larger, i.e. > 0.1 eV, while as
AEsr > 0 the value of tpy is no longer important if tpy >> kf_l.
Future design strategies should, therefore, probably focus more
attention on reducing the S-T gap rather than to increasing the
SOC pathways from the metal.

RISC/ISC in 2 appears to be mediated through an upper triplet
state rather than occurring directly between S; and T4, given the
small SOCME between states of the same orbital geometry. We
believe the occurrence of a T, state involving different d orbitals
than those of S;/T;, and energetically close to the latter, is of
paramount importance in the design of efficient TADF emitters
based on Pt(ll) complexes. This strongly indicates that there is
no escape from the three-state model proposed?® for metal-
free TADF emitters, even in organometallic compounds. Strong
singlet-triplet coupling is the key for facilitating large RISC/ISC
rates which are shown to be essential in the prospective
development of TADF emitters based on organometallic
compounds. However, SOC necessary to obtain large RISC/ISC
rates is likely to occur even in phosphors demonstrating low
metal contributions to the excited state and generally slow
triplet radiative decay.3*

b) 24
Dev 1-3 [meP . .,

LiF/Al

ITO
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52

- Dev 1
-&- Dev 2
Dev 3

102 T "
10° 10 10?
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Figure 9. Characteristics of devices 1-3: a) electroluminescence spectra; b2 devices architecture; c)
current-voltage and radiosity-voltage characteristics; d) external quantum efficiency (EQE) vs. current

density.
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Table 3 Characteristics of OLED devices fabricated with 2 as an emitter. Device structure: ITO | PEDOT:PSS Al4083 (30 nm) | mCP:PO-T2T (n:m) co x % 2 (y nm) [\RQyT2TidROmwvm)d

LiF (0.8 nm) | Al (100 nm).

DOI: 10.1039/D1TC02562G

. %> ‘ Max.
Device n:m? X, % ° y, nm¢ Ag, N @ Op f EQE o % 8 radiosity, mW
700 nm ©
cm?
Dev 1 70:30 5 65+ 637,730 54 0.19£0.02 2.64 3.21
Dev 2 70:30 20 65+ 651, 787 66 0.10+0.01 0.99 1.22
Dev 3 80:20 33 405 805 87 0.07 £0.01 0.51 1.04

2 ratio of mCP to PO-T2T (w/w) in the emissive layer; ® weight doping concentration of 2 in the emissive layer; ¢ thickness of the emissive layer; 9 electroluminescence
maxima; © percent of spectral power at wavelengths above 700 nm; f photoluminescence quantum yield of the emissive layer in nitrogen; & device maximum external

quantum efficiency.

Finally, 2 forms an NIR excimer with an emission maximum of
810 nm in solid state. When incorporated into a solution-
processed OLED, it produces long wavelength
electroluminescence, A, = 805 nm. The EQE of the NIR OLED
reaches 0.51 % which is, to the best of our knowledge, the
second highest efficiency among Pt(ll)-based solution-
processed devices with such long wavelength
electroluminescence > 800 nm and the only OLED with a
solution-processed emissive layer using NIR platinum(ll)
excimer emitter.
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