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ABSTRACT

The light-emitting efficiency of luminescent materials is invariably compromised on moving to the red
and near infrared regions of the spectrum, due to the transfer of electronic excited state energy into
vibrations. We describe how this undesirable “energy gap law” can be side-stepped for phosphorescent
organometallic emitters through the design of a molecular emitter that incorporates two platinum(II)
centres. The dinuclear cyclometallated complex of a substituted 4,6-bis(2-thienyl)pyrimidine emits
very brightly in the red region of the spectrum (Amax = 610 nm, @ = 0.85 in deoxygenated CH,Cl, at
300 K). The lowest-energy absorption band is extraordinarily intense for a cyclometallated metal
complex: at A = 500 nm, € = 53800 M"' cm'. The very high efficiency of emission achieved can be
traced to an unusually high rate constant for the T, — Sy phosphorescence process, allowing it to
compete effectively with non-radiative vibrational decay. The high radiative rate constant correlates
with an unusually large zero-field splitting of the triplet state, which is estimated to be 40 cm™' by
means of variable-temperature time-resolved spectroscopy over the range 1.7 <7< 120 K. The
compound has been successfully tested as a red phosphor in an organic light-emitting diode (OLED)
prepared by solution processing. The results highlight a potentially attractive way to develop highly

efficient red and NIR-emitting devices through the use of multinuclear complexes.
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INTRODUCTION

Phosphorescent metal complexes continue to attract huge interest as emitting materials for organic
light-emitting diodes (OLEDs) due to the high emission efficiencies that they may offer."*>* High
spin-orbit-coupling (SOC) associated with the metal ion promotes emission from the otherwise wasted
triplet states — formed upon charge recombination in a device in ratios of up to 3:1 relative to singlets.’
Phosphorescent iridium complexes are now routinely used as green and orange/red emitters in many
mass-produced consumer devices. Other strategies for increasing efficiency have also emerged
recently, such as the use of E-type or thermally activated delayed fluorescence (TADF), whereby a
small S;—T; energy gap allows repopulation of the emissive singlet state from a normally non-emissive

triplet.>”®

Although purely organic molecules can then be used, triplet-emitting metal complexes
remain attractive, particularly in terms of stability (to favour long device lifetime) and the ability to
tune emission wavelengths through rational structural modification. Meanwhile, such molecular metal
complexes are proving to be of interest in other areas where intense emission is required, for example,

. . . . [ . . 910.11.12
as probes suitable for time-resolved detection in bio-imaging and sensing.” ™

The vast majority of complexes explored to date are mononuclear, i.e., they feature one metal ion per
molecule. However, multinuclear metal complexes — featuring two or more metal ions linked via rigid

13,14
’ In

bridging ligands — have begun to emerge as a distinct class of phosphorescent molecules.
particular, dinuclear Ir(IlT) and Pt(IT) complexes bridged by cyclometallating, pyrimidine-based ligands
display unusually high phosphorescence quantum yields, apparently due to unusually high triplet

radiative decay rate constants ke, 1 1617.18,19

This property of enhanced £; is especially attractive for the
development of deeply red-emitting systems, since the efficiencies of visible emitters normally fall off
at long wavelengths. The non-radiative decay of electronic excited states increases as the energy gap

decreases, since coupling with higher vibrational levels of the ground state is facilitated — the so-called

energy gap law.”® Since the photoluminescence quantum yield depends on the relative magnitudes of
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the radiative k; and non-radiative Xk, decay rate constants, it is clear that systems with enhanced &; are
essential if efficient deep red emitters are to be obtained.”' Ironically, in mononuclear complexes, k;
typically falls off for red phosphors, because the strategy for red-shifting normally involves increasing
conjugation within the ligand, which is accompanied by a decrease in metal character in the excited

state and hence by a decrease in the efficiency of SOC.”**

Despite growing experimental evidence that multinuclearity increases the rate of spin-forbidden
transitions (S,—T, intersystem crossing and T—S, phosphorescence), very few studies have sought to
probe the origins of this effect, by coupling detailed spectroscopy with computational work for
instance. Moreover, in terms of device testing, OLEDs that incorporate multinuclear complexes have
been largely limited to iridium systems,** and only a few isolated examples of OLEDs with polynuclear

Pt(IT) complexes have been demonstrated.>*%*’

In this contribution, we describe the synthesis, photophysical and electrochemical properties of the new
dinuclear complex Pt,L.(acac), (Figure 1). A detailed examination of the emission properties at
cryogenic temperatures (7 down to 1.7 K) has been carried out in order to shed light on the influence of
the second metal ion on the SOC process. These results are interpreted with the aid of calculations
employing time-dependent density functional theory (TD-DFT). A preliminary evaluation of the

complex as a phosphorescent red dopant in a solution-processed OLED is also made.



Pt(thpy)(acac) Pt(dthpy)(acac) Pt,L(acac),

Figure 1 The structure of the new dinuclear Pt(Il) complex Pt:L(acac); studied in this work, together

with related mononuclear complexes incorporating thienylpyridine ligands.

RESULTS AND DISCUSSION
(i) Strategy and choice of target molecule
The most successful and most widely investigated phosphorescent metal complexes are those based on

C"N-cyclometallating aryl-heterocycle ligands, of which 2-phenylpyridine (ppy) is the archetypal

28,29,30,31,32

example. For example, fac-Ir(ppy); is one of the most brightly luminescent metal complexes

3334 whilst Pt(ppy)(0”0) and Pt(ppy)(N"O) complexes are also strongly luminescent (where

known,
0"O and N™O represent bidentate anionic ligands such as acac or picolinate and their derivatives
respectively).”> Such complexes of ppy generally emit in the green region of the spectrum. The
emissive excited state is typically formulated as *[du/mtypy —> T*ppy] (or mixed *LLCT/MLCT), with the
participation of the metal in the HOMO ensuring an element of SOC to promote the formally forbidden

36,37,38,39,40
phosphorescence process.*®> "%

In targeting red emission, a common strategy has been to use C"N ligands that incorporate more

41,42,43,44 45 .
AETEEE They serve to raise the

electron-rich aryl groups, such as thiophene and benzothiophene.
HOMO energy, thus lowering the HOMO-LUMO gap and red-shifting emission, but this effect comes
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at the expense of metal participation in the excited state, and 4 values are reduced. Previously, we
studied the complex Pt(thpy)(acac) (Figure 1) and derivatives carrying one or two 2-thienyl
substituents in the 5-position of the thiophene ring.* Pt(thpy)(acac) is an orange emitter with &, =
1.7 x 10% s', as compared to a higher value of 5.8 x 10* s™' for the green-emitting Pt(ppy)(acac). In the
current work, we chose to target Pt;L(acac), as a dinuclear analogue of Pt(thpy)(acac), in order to
explore whether a red-shift could be achieved relative to the ppy complex without compromising ;.
The hexyl substituents were included in order to promote the solubility of the complex, which would

otherwise be disfavoured by the extended planar core.

(ii) Synthesis

The target complex can be prepared readily in few steps and in high yield. The requisite ditopic bis-
bidentate proligand H,L was synthesised in 84% yield by a palladium-catalysed Suzuki cross-coupling
of 4,6-dichloropyrimidine with the pinacol ester of 5-hexyl-2-thiopheneboronic acid (Scheme 1a).
Upon treatment of the proligand with PtCl,(NCPh), or K,PtCly (2.2 equiv.) in refluxing acetic acid
(conditions frequently used for cycloplatination reactions), a highly insoluble precipitate was obtained.
The low solubility prevented the unambiguous identification of this material. Based on the fact that
N"C-cyclometallating ligands like 2-phenylpyridine and 2-thienylpyridine invariably give chloro-
bridged dimers of the form [Pt(N"C)(u-C1)]> under such conditions,” coupled with the unambiguous
identification of the products subsequently obtained from this material, an oligomeric formulation
[Pt,L(u-Cl),]n as represented in Scheme 1b seems most likely. Refluxing this material briefly in
dimethylsulfoxide led to its solubilisation through cleavage of the chloro bridges, with DMSO acting as
a neutral, S-bound ligand, as exploited in our earlier work with mononuclear Pt(I[) and Ir(III)
complexes.***” The DMSO complex Pt,LCly(dmso), was isolated as a deep red solid by precipitation;

subsequent treatment with sodium acetylacetonate in acetone gave the target dinuclear complex



PtL(acac), in 43 % overall yield from H,L.* The identity and purity of the complex were
characterised by a combination of '"H NMR spectroscopy in solution, mass spectrometry, elemental

analysis and X-ray crystallography (see Experimental section and the Supporting Information).
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Scheme 1 (a) Synthesis of the proligand H,L from 4,6-dichloropyrimidine. (b) Synthesis of the
dinuclear complex Pt:L(acac), from H,L, showing a possible formulation of the initially formed highly

insoluble material from which the final product is subsequently obtained.

(iii) Structure in the solid state

Crystals of Pt,L(acac), suitable for X-ray diffraction analysis were obtained by slow diffusion of
methanol into a solution of the complex in dichloromethane. The molecular structure determined is
shown in Figure 2. Metal-ligating atom bond lengths for the two Pt(II) centres are listed in Table 1; a

comprehensive list of bond lengths and angles and comparison with calculated data are provided in
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Table S1 of the Supporting Information. It can be seen that corresponding platinum-ligating atom
bond lengths are the same (within about 2 standard deviations) for the two metal centres, and in all
cases similar to those in related mononuclear Pt(N"C),(O"O) complexes that have been structurally
characterised.”* As in such mononuclear cases, the Pt—C bonds are slightly shorter than the Pt-N
bonds, whilst the Pt—O bonds that are trans to the cyclometallated carbon are elongated relative to
those that are tranms to the pyridines, reflecting the high #rans influence associated with
cyclometallation. The core of the complex is close to being planar, with just a small twist of one of the
acac ligands out of the pyrimidine plane: the C4-N2-Pt2-O3 torsion angle is 7.0(3)° {as opposed to

0.4(3)° for the C3-N1-Pt1-O2}.

Figure 2 Left: Molecular structure of Pt:L(acac); in the crystal at T = 123 K including the atom

numbering scheme for the data in Table 1. Right: Crystal packing structure of the complex. Thermal
ellipsoids are shown at 50% probability level and hydrogen atoms are omitted for clarity.

Table 1 Metal-ligating atom bond lengths for the two Pt centres in Pt;L(acac);

Ptl-ligating atom | Bond length /A | Pt2-ligating atom | Bond length / A
Cl 1.957(4) c6 1.960(4)
NI 1.989(4) N2 2.006(4)
01 1.990(4) 04 2.003(4)
0?2 2.061(3) 03 2.069(3)




(iv) Electrochemistry

The electrochemistry of Pt;L(acac), was examined by cyclic voltammetry in dichloromethane solution
in the presence of BuyN'BF, as the supporting electrolyte. The complex shows chemically reversible
first oxidation and first reduction cycles, E,>* = 0.15 and E,;* = —1.84 V, with corresponding onset
potentials of 0.06 and —1.77 V respectively (Figure 3). Reversible reduction of cyclometallated
complexes featuring aryl-N-heterocycle ligands (e.g., ppy) is commonly encountered, with the
reduction process being centred largely on the N-heterocyclic ring with its relatively low-lying
LUMO.” The reduction potential is somewhat less negative than related mononuclear complexes with
either pyridine or pyrimidine rings, for which the corresponding values are typically between about
—2.0 and —2.2 V, which may be attributed to a stabilisation of the LUMO through coordination of the
second metal centre to the pyrimidine ring. On the other hand, it is unusual for the oxidation of Pt(I)
complexes to be reversible, since the resulting d” Pt(III) species are susceptible to attack through the
axial positions of the square planar system.’’ The observation of a reversible first oxidation implies

that the HOMO may be heavily localised on the ligand with little contribution from the metal atom(s).

Current / pA

04 -02 00 02
Potential vs. Fc/Fc' /V
-3 T ———— — ———— ——
2.0 -1.5 -1.0 -0.5 0.0

Potential vs. Fc/Fc™ / V

Figure 3 Cyclic voltammogram of Pt:L(acac); in CH,Cl, (1 mM) in the presence of BusN' BF (100
mM) at 295 K. Potentials are relative to the Fc | Fc' redox couple half-wave potential. The inset

shows three consecutive cycles of the first oxidation process.
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Two further quasi-reversible oxidations are readily resolved at more positive potentials, at £, = 0.43
and approximately 0.64 V respectively (Figure S1 in the Supporting Information). These processes
may be associated with oxidation of the Pt(Il) centres, but again, the observation of three as opposed to
two oxidations, together with their reversible nature, implies a substantial degree of covalency and

extensive delocalisation of the higher occupied orbitals over the metals and ligand.

(v) UV-visible absorption

The UV-visible absorption spectrum of Pt,L(acac), is shown in Figure 4; corresponding numerical data
are compiled in Table 2 together with data for Pt(thpy)(acac) for comparison. A striking feature of the
spectrum is the remarkably high intensity of the lowest-energy absorption band (Amax = 500 nm), with
an extinction coefficient >5 x 10 M ' ecm'. It exceeds in intensity all other bands in the region
investigated (down to 230 nm), a highly unusual observation for cyclometallated metal complexes,
where bands in the UV region are normally significantly more intense than those in the visible region.
This band is evidently due to charge-transfer transitions that arise as a result of cyclometallation, since
the absorption spectrum of the proligand H,L shows no bands in the visible region: its lowest-energy
band is centered at 355 nm (Figure S2 in the Supporting Information). An element of metal-to-ligand
charge transfer (MLCT) character might seem likely. However, the planarisation of the organic unit
that accompanies the binding of the two metal ions, coupled with an increase in electron density in the
phenyl rings upon metallation and the coordination of the heterocycle to two Pt(Il) cations, may result
in significant intraligand charge transfer (ILCT) character. Such an assignment is supported by the
reversibility of the first oxidation process described above, and further discussion follows in Section
(vii) in the context of TD DFT results. The lowest-energy band in the dinuclear complex Pt;L(acac); is
not only substantially red-shifted but also hugely augmented in intensity compared with that of the

mononuclear analogue Pt(thpy)(acac), for which Apax = 421 nm, & = 4640 M em™. Close inspection
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of the low-energy tail of the spectrum of Pt;L(acac), also reveals a weak band at 590 nm (¢ = 360 M~
"em™), which is attributed to the direct So — T, transition promoted by the spin-orbit coupling

associated with the metal centres.””

1

-1
-cm
a1 »

300K

Molar absorptivity € / 10*M
N

300 400 500 600 700 800

Wavelength / nm

Figure 4 Absorption spectrum of Pt;L(acac); in CH,Cl, at 300 K (solid green line), including an
expansion of the low-energy region highlighting the spin-forbidden Sy — T transition (dotted green
line); emission spectra of the complex under the same conditions (solid red line) and at 77 K (dashed

red line) on an arbitrary intensity axis.
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Table 2. Photophysical properties of Pt,L(acac), in CH,Cl, except where stated otherwise

Pt;L(acac); Pt(thpy)(acac) “
Absorption 300 K 500 (53800), 470 (22400), | 421 (4640), 403 (5210),
Mmax /nm (e /M em ™) 400 (18700), 347 (37600), | 359 (7480), 332 (18000,
270 (19900), 235 (27900) | 316 (17300), 286 (17700)
Amax / NM 610, 660sh 554, 556, 602, 654
T/us 12 21
Emission Dp ¥ 0.85 0.36
at300 K 07T 71 17
Sk /107 s 13 30
Amax / M 607, 630, 660 549, 571, 596, 622, 652
Emission T/ us 267 73
at77K Dpp 0.759 n/a

(a) Data from ref. 11. (b) The quantum yield of luminescence were measured using an integrating sphere; see
Experimental Section for details. (¢) In toluene. (d) For corresponding data in toluene at 300 K, T=10 us
and ®p. = 0.80. (e) In diethyl ether / isopentane / ethanol (2:2:1 v/v).

(vi) Photoluminescence

Pt;L(acac), is intensely luminescent in the red region of the spectrum in deoxygenated solution at
ambient temperature, Amax = 610 nm, tailing into the near infrared (NIR) (Figure 4 and Table 2). The
spectrum shows evidence of some vibrational structure, and the 0,0 component is displaced by only
about 550 cm™' from the triplet absorption band, suggesting little distortion in the T excited state
relative to the Sy. Consistent with this conclusion is the observation that the 0,0 component of the
spectrum at 77 K is blue-shifted by only a few nm relative to that at 300 K, the only significant

difference at the lower temperature being that somewhat more vibrational structure is resolved.

The photoluminescence quantum yield at 300 K is remarkably high for a red emitter, ®pp. = 0.85. Such
a high efficiency is rarely encountered for Pt(II) complexes, even when emitting in the green region,

and appears to be unprecedented for such a deep red Pt(Il)-based emitter.”> The lifetime of the
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luminescence is 12 us. Assuming that the emitting triplet state is formed with unitary efficiency upon
light absorption, the rate constants of radiative, &, and non-radiative decay processes, Xk, can be
estimated through the relationships k; = ®@pr /T and ky = (1/T — k;) (Table 2). It may be noted that the
value of Zky of 1.3 x 10* s' is less than half that of the corresponding mononuclear complex
Pt(thpy)(acac), even though the emissive excited state of the former lies some 1700 cm™ lower in
energy than the latter. Normally, within a family of structurally related systems, non-radiative decay
rates are expected to increase, as the probability of intramolecular energy transfer into vibrations

increases in line with the energy gap law.''™*

Apparently, the dinuclear design of Pt;L(acac), —
wherein the pyrimidine core of the ligand is coordinated to two metal centres — rigidifies the molecular
structure, thus suppressing the non-radiative relaxation. The importance of rigidity in optimising the
luminescence efficiency of Pt(II) complexes has emerged from numerous studies, for example, on the
superior performance of complexes with tri- and tetradentate ligands compared to analogues with

bidentate ligands.”>%7%

Perhaps even more striking is the observation that the value of k; of 7.1 x 10* s™' is over 4x higher than
that of Pt(thpy)(acac). In our earlier work, we found that an increase in conjugation of the
chromophoric ligand from Pt(thpy)(acac) to Pt(dthpy)(acac) (Figure 1), in an effort to red-shift the
phosphorescence, was accompanied by a significant slowdown in both intersystem crossing and
phosphorescence, reflecting decreased efficiency of SOC as the excited state became more ligand-
localised.* In contrast, in Pt,L(acac),, SOC clearly remains highly efficient, since there is no ligand
fluorescence and &, for phosphorescence is very high. This observation suggests that the presence of a
second metal centre allows the T; state to couple effectively with higher-lying states of the singlet

manifold via SOC, promoting emission. In order to elucidate the pathways by which this may occur,
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detailed studies using cryogenic spectroscopy have been carried out along with TD-DFT calculations,

as discussed in the sections that follow.

(vii) Cryogenic spectroscopy

The relaxation of the AS = 0 spin-selection rule that is necessary to promote the T;—S,
phosphorescence process is brought about through coupling with higher-lying singlet states by SOC.
The three substates of T, are non-degenerate and may couple with different efficiencies to the singlet
states. Empirically, from studies on a large number of systems, it has been found that the radiative
decay rate correlates with the magnitude of the zero-field splitting (ZFS), namely, the difference in

5:60.61.62 1 was therefore of interest to

energy between the highest- and lowest-lying triplet substates.
measure ZFS for Pt;L(acac),. In some cases, the substates can be directly resolved from high-
resolution emission spectra obtained at liquid helium temperatures in Shpol’skii matrices. In the
present case, the spectra recorded at 1.7 and 10 K feature more well-defined vibrational structure than
at 77 K, but there is too much broadening for the substates to be resolved (Figure S3 in Supporting
Information). However, despite the insufficient spectral resolution, the energy gaps between the
substates can instead be estimated from a global fitting of the temperature dependence of the emission

. . 63,60
decay time over a wide temperature range.”™

The variation of T with 7 reflects the thermal population
of the individual substates — determined by their relative energies — and their individual emission decay

times.

In the present study, the temperature dependence of the emission decay time in toluene was
investigated over the range 1.7 <7< 120 K. Representative emission decay plots are shown in Figure
S5a, and the plot of T against 7 in Figure 5b. The decay time at 7= 1.7 K is 280 us. At this temperature,

the emission is essentially exclusively from triplet substate I (Figure 6). The value decreases steeply
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with increasing temperature up 7 = 5 K, as substate II becomes thermally populated, opening up
IT — Sy as an additional radiative pathway. The decrease in T subsequently slows down: at T=6 K, Tt =
253 us, which probably represents the average decay time of substates I and II. Subsequently, increase
in temperature causes T to drop by an order of magnitude (e.g., at 7= 77 K, T = 26 us), as a result of

thermal population of substate III and opening up of the III — S, radiative channel.

The thermally averaged decay time t(7) at a given temperature 7 can be expressed by Equation (1),
which takes into account the thermal population of the higher-lying substates through a Boltzmann

relationship.

1+ exp_Aig;_I)e X _Ai(;TI_D
() = 3 _ 1 _—AB(I-D). 1 ___ —AB(I-D) (1)
M D P kgT  TTaI) P kgT

Here, t(I), T(Il), and T(IIl) are the decay times of the three substates I, II, and III of the lowest-lying
triplet state T, respectively; AE(II-I) and AE(III-I) are the energy gaps between the substates I and 11
and between I and III, respectively; and kg is the Boltzmann constant (1.38 x 10> J K''). The
experimentally determined data points of Figure 5b were fitted to Equation (1) by fixing t(I) as 280 us
(namely the value at 1.7 K). The best fit is shown by the red line in Figure 5b, leading to T(II) = 200 us
and ©(III) = 6 us, and values of AE(II-I) = 4 cm ™' and AE(III-I) = AE(ZFS) = 40 cm ' (as illustrated in
Figure 6). The ZFS value of 40 cm' is remarkably high for a complex of a d® metal ion. For
comparison, Pt(thpy)(acac) has ZFS = 4.3 cm ' and the bright-green emitting Pt(dfdpyb)CI (one of the
brightest known mononuclear Pt(IT) complexes) has a ZFS value of 11.3 cm ™' (dfdpybH = 4,6-difluoro-
1,3-dipyridylbenzene).®® Only for complexes of third-row d® metals {Ir(III) and Os(II)} have ZFS

values in excess of 50 cm! been found.>*® The large ZFS is consistent with efficient SOC of the T,
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state with states of the singlet manifold, which leads to the observed high rate constant &; of the T; —

Sy phosphorescence process.

T T T T T T T .I. *
0 300 600 900 1200 0 200 400 600 0 30 60 20 120

Time / ps Time / ps Time / us
(b)
T(1.7K) =280 ps
(2] o
=
< 250 -
g (1) = 280 ps
S 200 4 fit:
< ] (Il) = 200 ps
(8]
3 150 Tlih=6ps
c . AE(I-)=4cm™
2 100 4 AE(II1-1) = 40 cm
@ l
£
U 50 -

0 20 40 60 80 100 120
Temperature / K

Figure 5 (a) Representative emission decay traces (logarithmic y axis) of Pt.L(acac); in toluene
(10° M) measured at T=1.7 K, 16 K, and 77 K. (b) Plot of the experimentally measured emission
decay times as a function of temperature (black dots) together with the best fit of the data points to

Equation (1) (red line).
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Figure 6. Schematic energy level diagram of the emitting triplet state and individual emission decay

times of the T substates I, I, and 11l of Pt;L(acac); in toluene (not to scale).

(viii) Density functional theory calculations

Calculations were carried out on a model structure closely related to Pt;L(acac), but in which the hexyl
chains were truncated to methyl groups — denoted Pt,LM(acac),. The electronic structure was analysed
using Gaussian 09 ®* at the M06/def2-SVP level, with a CPCM model for dichloromethane as the
solvent. The optimized geometry determined for the Sy ground state is consistent with the X-ray
diffraction data (Table S1 in the Supporting Information), whilst TD-DFT calculations at the Sy
geometry give transition energies and oscillator strengths that agree well with the profile of the
experimental absorption spectrum (Table S2 in the Supporting Information). The S; state has almost
exclusively HOMO — LUMO character (Table S4 in Supporting Information), and the corresponding
orbitals (Table S6) are delocalised over both of the thienyl rings and the central pyrimidine, accounting
for the low energy of the lowest-energy absorption bands in Pt;[.(acac),. Moreover, the oscillator
strength of the Sy — S; transition in Pt,LM%(acac), is seen to be remarkably large, f= 0.6023 at the Sy
geometry (Table S2), which is consistent with the unusually high intensity of the experimentally

observed band at Amax = 500 nm in Pt;L(acac), (Figure 4). The calculations show a strong spatial
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overlap of the orbitals involved in the So— S; transition (i.e., of the HOMO and LUMO) yet which
have major contributions from different atoms, two key requirements for a strong transition dipole

moment and high intensity of absorption.

In seeking insight into emission properties, the lowest triplet state T; must be considered (the geometry
parameters for which are given in Table S1; note that unlike S;, the T, geometry is slightly
asymmetric). TD-DFT calculations at the T; geometry show that the state has predominantly
HOMO — LUMO character (82%) with minor contributions from HOMO-1 — LUMO (6%),
HOMO — LUMO+1 (3%) and HOMO-3 — LUMO (2%) (Table S3 in the Supporting Information).
Inspection of the pertinent orbitals confirms that the excited states can be viewed as being primarily
ligand-centred, with admixtures of MLCT character (Figure 7; population analysis in Supporting
Information). It may be noted that the orbitals HOMO, HOMO-1 and HOMO-3 involve Pt d orbitals
of different m, value; in other words, T, differs from S; in terms of the participating d orbitals. As
noted above, the S; state — the closest-lying singlet with which T; could mix through SOC — is almost
exclusively HOMO — LUMO. A key requirement for effective SOC in metal complexes is that the
triplet state can mix with a '"MLCT state that involves different d orbitals — a requirement that is
evidently fulfilled here.’”*® 1In Pt,L(acac),, both of the Pt(II) ions contribute to HOMO, as well as
HOMO-1 and HOMO-3, which may further facilitate SOC between T, and S;. Moreover, as noted
above, the oscillator strength of the S; — Sy transition is particularly high, even at the T, geometry (f =
0.5736, Table S3), and so a high T; — Sy phosphorescence rate could be anticipated, as is indeed

observed experimentally.
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Figure 7 Contour plots of molecular orbitals contributing to the T; state of Pt2L""(acac); calculated at

the T; geometry (iso value = 0.05).

(ix) OLED devices

Using Pt;L(acac), as a phosphorescent dopant, we fabricated solution-processed multilayer OLED
devices (Figures 8 and 9). The complex has sufficient solubility for spin-coating from a toluene
solution containing the host materials N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD) and 2-
(4-biphenyl)-5-(4-tert-butylphenyl)-1,2,4-oxadiazole (PBD). They function to improve charge
injection, acting as hole- and electron-transport materials respectively, with IP = 5.3 eV and EA = 2.7
eV respectively. These values match well the respective parameters of the dopant (IP =5.16 eV, EA =
3.33 eV). High molecular weight poly(N-vinylcarbazole) (PVK) was used as an electron-blocking

6566 The overall structure of

layer in order to improve device efficiency by reducing current leakage.
the device was: ITO | HIL 1.3N (45 nm) | PVKH (10 nm) | TPD:PBD (60:40) co 5% Pt,L(acac), ( 30
nm) | TPBi (50 nm) | LiF (0.8 nm) | Al (100 nm) (Figure 8). The device shows red electroluminescence
with a high maximum brightness (4450 cd m ) and radiosity (7.2 mW cm?), attaining 9.9 % EQE with
AeL = 612 nm (CIE coordinates: x = 0.64, y = 0.34) (Figure 9). The ®pr=0.30 £ 0.04 (Aexc = 500 nm) of

the Pt;L(acac),-doped TPD:PBD blend, measured in a nitrogen atmosphere, is consistent with the
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maximum EQE achieved in the OLED, assuming a light out-coupling limit of 30 to 40%. The lower
PLQY of emission from the film compared to degassed solution is most likely due to intermolecular
interactions, either in the ground or excited state or both, as often found for other triplet emitters in
films albeit normally at higher doping concentrations. Such interactions may be facilitated here by the

extended planar nature of the molecules.

-2.3
TPD [-2.7 -2.7
PBD
LiF/Al
-3.33 /
= < =
m |2 8
ITO - ° TPB
T £
-5.16
-5.2
— 53
-5.6
-6.3 -6.3

Figure 8 Structure of the OLED device. TPBi = 1,3,5-(benzinetriyl)-tris(1-phenyl-1-H-benzimidazole);
HIL 1.3N is a propietary form of poly(3,4-ethylenedixoythiophene) polystyrene sulfonate (PEDOT);

ITO = indium tin oxide, other abbreviations are given in the text.
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Figure 9 Device characteristics of the solution-processed OLED prepared using Pt,L(acac); as the
phosphorescent dopant: (a) EQE and current efficiency vs current density (inset: electroluminescence

spectrum), (b) brightness and current density vs bias (inset: radiosity vs bias).
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To put the device results in context, it is important to note that the vast majority of efficient
phosphorescent OLEDs employ iridium-based emitters, rather than those based on platinum; e.g., the
red-emitting Ir(mphq),(acac) and Ir(piq).(acac) {mphq = 2-(3,5-dimethylphenyl)quinoline, piq = 1-

phenyl-isoquinoline} *"**%

and Ir(Ill) complexes with more esoteric ligands such as spirofluorene-
quinoxalines.” Inevitably, it is in devices prepared by vacuum sublimation that the highest efficiencies
are achieved, but an impressive EQE of 19.3% has been reported recently for a solution processed red-
emitting OLED based on an iridium complex.”' Some impressive results have also been obtained
reccently using purely organic emitters.”> Amongst Pt(Il)-based devices, on the other hand, vacuum-
deposited OLEDs have recently reached an EQE of around 20% in the red / NIR,” but, for a solution-

processed deep-red-emitting Pt(Il)-based device, the EQE of almost 10% obtained here renders it

amongst the highest reported.’”*”>’¢

CONCLUSION

In summary, this study shows how the use of bis-cyclometallating ligands to generate dinuclear
complexes offers an appealing strategy to obtain molecular materials that emit with high efficiency in
the red region of the spectrum. The high efficiencies arise from the combination of suppressed non-
radaitive decay pathways and an enhanced radiative rate constant. The former may be associated with
the highly rigid nature of the structure arising from the binding of two metal ions. The origin of the
latter has been probed through temperature-dependent studies down to 1.7 K, which have revealed an
unusually large zero-field splitting of the triplet state for a Pt(II)-based complex, suggesting very
efficient spin-orbit coupling pathways. TD-DFT results indicate that the triplet state can mix with a

'MLCT state that involves different d orbitals, satsifying a key requirement for effective SOC.
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The results point towards an effective approach for essentially circumventing the troublesome trend to
lower phosphorescence efficiencies as excited-state energy decreases, and hence to superior red and
NIR-emitting phosphors, for example as demonstrated here for OLEDs. The augmentation in emission
efficiency is accompanied by unusually intense low-energy absorption, with € values in the visible
region at 500 nm higher even than those in the far-UV. Thus, the resulting “brightness” (defined as
¢ x ®pr) is exceptionally high for a visibly-excited phosphorescent molecule. Such attributes are of
particular importance in the application of light-emitting molecules to other areas of science. For

example, in bio-imaging, long-wavelength excitation coupled with emission in the red or NIR — in

which regions biological tissue is most transparent to light — is especially desirable.”"

EXPERIMENTAL SECTION

(i) General

Commercially available reagents were used as received from suppliers without further purification
unless otherwise specified. Reactions were monitored by TLC using silica gel with UV254 fluorescent
indicator. NMR spectra were recorded on a JEOL ECS400FT Delta spectrometer (399.78 MHz for 'H
NMR, 100.53 MHz for °C NMR). Chemical shifts are reported in parts per million (ppm). Coupling
constants (J) are measured in Hertz. High resolution mass spectra were obtained on a Thermo
Scientific™ LTQ Orbitrap XL™ spectrometer using nano-electrospray ionisation at the EPSRC

National Mass Spectrometry Service, Swansea.

(ii) Optical spectroscopy

UV-Vis absorption spectra were measured using a Varian Cary 300 double beam spectrometer with the
sample held in a quartz cuvette of pathlength 1 cm. Spectra were recorded against pure solvent in an
optically matched cuvette. Emission spectra were measured with a Jobin Yvon Fluorolog 3 steady-
state fluorescence spectrometer. For variable-temperature measurements, the sample was deposited in
a helium cryostat (CryoVac KONTI IT) in which the helium gas flow, gas pressure, and heating were
controlled to allow the temperature to be regulated between 1.6 and 300 K. Photoluminescence
quantum yields were determined with a Hamamatsu C9920-02 system equipped with a Spectralon®

integrating sphere. For decay time measurements, a PicoBright PB-375L pulsed diode laser (A = 378
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nm, pulse width 100 ps) was applied as the excitation source. The emission signal was detected with a
cooled photomultiplier attached to a FAST ComTec multichannel scalar card with a time resolution of

250 ps.

(iii) Electrochemistry

Cyclic voltammetry was conducted in three-electrode, one-compartment cell. All measurements were
performed at room temperature in dichloromethane (ExtraDry AcroSeal®, Acros Organics) in the
presence of BuyNBF,4 (0.1 M, 99%, Sigma Aldrich, dried). Solutions were nitrogen-purged prior to
measurements. A Pt disc working electrode (1 mm?) and Pt wire counter electrode were used, with a
Ag|AgCl reference electrode (calibrated against ferrocene); measurements were recorded at a scan rate
of 50 mV s'. The ionization potential (IP) and electron affinity (EA) were determined from the
respective onset potentials using a well-established relationship: IP = Egne™ + 5.1; EA = Egpeet™ +

5.1.7

(iv) Computations

All calculations were carried out with the Gaussian 09 package utilizing DFT approach with M06
functional and def2-SVP basis set including ECPs for Pt(II) ion. Geometry optimizations were
conducted with “very tight” criteria. The CPCM solvation model was applied with solvent parameters

for dichloromethane.

(v) Device fabrication and evaluation

OLEDs were fabricated by spin-coating / evaporation hybrid method. The hole injection layer
(Heraeus Clevios HIL 1.3N), electron blocking/hole transport layer (PVKH), and emitting layer
(TPD:PBD + dopant) were spin-coated, whereas the electron transport layer (TPBi) and cathode
(LiF/Al) were evaporated. Devices of 4 x 2 mm pixel size were fabricated. TPD - N,N’-bis(3-
methylphenyl)-V,N’-diphenylbenzidine (sublimed, LUMTEC), PVKH — poly(9-vinylcarbazole) (MW
=1 100 000, Sigma Aldrich), PBD - 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (99%,
Sigma Aldrich), TPBi - 2,2'2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (sublimed,
LUMTEC), LiF (99.995%, Sigma Aldrich), and aluminium wire (99.9995%, Alfa Aesar) were
purchased from the suppliers indicated in parentheses. OLED devices were fabricated using pre-
cleaned indium tin oxide (ITO)-coated glass substrates after ozone plasma treatment, with a sheet
resistance of 20 Q cm * and ITO thickness of 100 nm. Heraeus Clevios HIL 1.3N was spun-coated and
annealed onto a hotplate at 200°C for 3 min to give a 45 nm film. The electron blocking / hole
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transport layer (PVKH, 3 mg/mL), was spun from a chloroform:chlorobenzene (95:5 v/v) mixture and
annealed at 50°C for 5 min to give a 10 nm film. The emitting layer was spun from a toluene solution
of TPD:PBD (60:40 w/w) with total concentration of 10 mg/mL. The dopant was dissolved in the host
solution to give a final concentration of 5% in the emitting layer. This solution was spun onto the
PVKH layer and then annealed at 50°C for 5 min giving a 30 nm film. All solutions were filtered
directly before application using a PVDF syringe filter with 0.45 pm pore size. All other organic and
cathode layers were thermally evaporated using Kurt J. Lesker Spectros II deposition system at 10°°
mbar. Organic materials and aluminum were deposited at a rate of 1 A s™', whereas the LiF layer was
deposited at 0.1-0.2 A s™'. Characterisation of OLED devices was conducted in a 10-inch integrating

sphere (Labsphere) connected to a Source Measure Unit.

(vi) Crystallography

A clear orange plate-shaped crystal with dimensions 0.22 x 0.16 x 0.08 mm’ was mounted on a
MITIGEN holder with inert oil. X-ray diffraction data were collected using a SuperNova, Single
source at offset, Eos diffractometer equipped with a low-temperature device, operating at 7 =
123.08(13) K. Data were measured using scans of 0.5° per frame for 25 s using MoK, radiation
(micro-focus sealed X-ray tube). The total number of runs and images was based on the strategy
calculation from the program CrysAlisPro (Agilent). The maximum resolution achieved was 29.224 .
Cell parameters were retrieved and refined using CrysAlisPro (Agilent) on 15632 reflections, 29 % of
the observed reflections, and data reduction was performed using the same software, correcting for
Lorentz polarisation. The structure was solved in the space group P2;/c (# 14) by intrinsic phasing
using the ShelXT (Sheldrick, 2015) structure solution program and refined by least squares using
version 2014/7 of ShelXL (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding model. Formula =
C34H4aN,O4P1,S,; formula weight = 999.01; colour = clear orange; crystal system = monoclinic; space
group = P2,/c; Z = 4; unit cell parameters: a = 21.3046(3) A, b = 7.7920(1) A, ¢ = 20.9345(2) A, o =
90°, B =94.210(1)°, y = 90°; final R indices: R1 = 0.0335, wR2 = 0.0709. Goodness-of-fit = 1.088.
The crystallographic data are available in cif format as Supporting Information and have been

deposited at CCDC, under the code 1863253.
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(vii) Synthetic procedures and characterisation data

4,6-Bis(5-hexylthiophen-2-yl)pyrimidine H,L

A mixture of 4,6-dichloropyrimidine (0.392 g, 2.61 mmol), 5-hexyl-2-thiopheneboronic acid pinacol
ester (1.96 g, 6.80 mmol), Pd(PPhs)4 (0.183 g, 0.157 mmol), an aqueous solution of K,CO; (2 M, 7.80
mL, 15.6 mmol) and 1,4-dioxane (20 mL) was deoxygenated by bubbling argon through the mixture
for 10 min. The mixture was then stirred at 95°C under argon for 24 h. Upon cooling to room
temperature, toluene (15 mL) was added and the solution was washed with water (3 x 10 mL). The
organic phase was dried over anhydrous MgSOy, the solvent was removed under reduced pressure, and
the residue was recrystallised from ethyl acetate to give the product (0.908 g, 84%). 'H NMR (CDCl;,
400 MHz): oy 8.98 (d, 1H, J=1.2), 7.68 (d, 1H, J = 1.2), 7.65 (d, 2H, J = 3.8), 6.86 (d, 2H, J = 3.8),
2.87 (t, 4H, J = 7.4), 1.76-1.69 (m, 4H), 1.41-1.30 (m, 12H), 0.89 (t, 6H, J = 7.2); >*C NMR (CDCl;,
100 MHz): § 159.1 (CH), 158.97 (C), 151.71 (C), 139.3 (C), 127.4 (CH), 125.8 (CH), 107.9 (CH), 31.5
(CH), 31.4 (CH»), 30.5 (CH>), 28.7 (CH»), 22.6 (CH>), 14.1 (CHs).

Pt;L(acac);

A mixture of the proligand H,L (0.134 g, 0.325 mmol) and PtCI,(NCPh), (0.338 g, 0.714 mmol) in
acetic acid (80 mL) was heated to reflux under argon for 17 h. Upon cooling to room temperature, the
solvent was removed under reduced pressure, and the dark red residue — of probable composition
[Pt,L(u-Cl),2]n (Scheme 1) — was filtered and washed successively with methanol (10 mL), water (15
mL) and more methanol (10 mL). The solid was transferred into a round-bottomed flask; DMSO (5
mL) was added and the mixture was heated at reflux under argon for 5 min. The resulting solution was
allowed to cool to about 50-60°C, at which point methanol (40 mL) was slowly added. The precipitate
that formed was separated by filtration and washed with methanol to give Pt,L.Cl,(dmso), (Scheme 1)
as a dark red solid. This dmso complex (0.198 g, 0.192 mmol) was placed in a round-bottomed flask,
to which was added acetone (100 mL) and sodium acetylacetonate (0.235 g, 1.92 mmol). The mixture
was heated at reflux under argon for 6 h. Upon cooling to room temperature, water (100 mL) was
added and the dark red solid that formed was filtered off, washed with water and acetone, and purified
by column chromatography on silica using DCM as the eluent to give the target complex Pt;L(acac), as
a red solid (82 mg, 43%). ('"H NMR (CDCls, 400 MHz): 5y 9.37 (d, 1H, J = 1.8), 6.87 (s, 2H), 6.70 (d,
1H, J=1.8), 5.45 (s, 2H), 2.91 (t, 4H, J = 7.6), 1.75-1.67 (m, 4H), 1.42-1.29 (m, 12H), 0.88 (t, 6H, J =
6.8); HRMS (FTMS"): for [M]" calculated 998.2027, found 998.2031. Elemental analysis: calculated
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C 40.88, H 4.44, N 2.80%; found C40.93, H 4.37, N 2.77 %. HRMS (NESI): for [M]" calc’d
998.2027, found 998.2031.
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