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Abstract

Near infrared (NIR) emission from molecular materials is typically targeted by using more
extended conjugated systems compared to visible-emitting materials. But efficiencies usually
fall off due to the combined effects of increasing non-radiative and lower oscillator strengths
as the energy of emissive excited states decreases. Efficient NIR-emitting organic light
emitting diodes (OLEDs) are rare compared to the huge progress that has been made for
visible-light devices. For organometallic emitters that contain a heavy metal ion to promote
phosphorescence through the effect of enhanced spin-orbit coupling (SOC), the problem is
typically exacerbated by decreased metal character in the S, and T; excited states as the
conjugation in a bound ligand increases. Here we show how the use of a dinuclear metal
complex with an extended conjugated ligand allows such effects to be mitigated compared to
analogous structures with just one metal centre. The complex Pty(bis-dthpym)(dpm),
(complex 5) is readily prepared by a double N*C cyclometallation of 4,6-bis(dithienyl)-
pyrimidine (H;bis-dthpym), with the coordination sphere of each Pt centre being completed
by O"O-coordinating dipivaloylmethane (dpm). This new complex displays intense NIR
emission in solution, Amax = 725 nm, with essentially no “contamination” by visible light <
700 nm. The photoluminescence quantum yield of 0.17 in toluene at 300 K is vastly superior
to that of the analogous mononuclear complex, where reduced SOC leads primarily to ligand-
based fluorescence and only very weak phosphorescence. Computational results indicate that
a key reason for the superior performance of the dinuclear system is a doubling of the number
of higher-lying excited singlet states with which the T, state may couple, to promote the
formally forbidden phosphorescence process. Complex 5 has been evaluated as an NIR
emitter in solution-processed OLEDs. An external quantum efficiency (EQE) of 3.6 % is
attained using 5 doped into TBP:PBD at 5% w/w, with a turn-on voltage of 5.6 V (at 0.01
mW cm?). The maximum radiosity of 2.7 mW cm > for this device is particularly high

compared to most reported NIR-emitting phosphorescent OLEDs.



Introduction

Triplet-harvesting luminescent molecules incorporating heavy metals have found a profound
role in OLED technology as a successful way to obtain up to 100% internal quantum
efficiency (IQE)."” Iridium(III) and platinum(II) complexes have been intensively studied in
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this context” ~ and now feature as phosphorescent emitters in commercial electroluminescent

displays, such as those used in smartphones.'*?!

Platinum(II) phosphors have become a
centre of interest for OLED engineers designing emitters that operate in the red and near
infrared (NIR) regions of the spectrum. For example, the planar geometry of d® Pt(Il)
complexes may allow the formation of emissive excimers or aggregates through face-to-face
interactions:*>* their red-shifted emission has been shown to afford a promising strategy for
obtaining efficient deep red /NIR OLEDs.***  Such approaches do, however, require
appropriate intermolecular interactions to be present, typically necessitating somewhat higher

dopant concentrations. Unimolecular emission, yet involving two Pt(II) centres, is shown in

this contribution to offer an attractive alternative.

The classical strategy to tune the emission of cyclometallated complexes with
phenylpyridine-based ligands is by varying the pattern of substituents in the aromatic rings,
or using different carbocycles and N-heterocycles in place of benzene and pyridine
respectively. The strategy relies on the fact that the HOMO and LUMO are typically
localised largely on mutually different parts of the molecule, and so their energies can often
be modulated essentially independently of one another. For example, the use of a more
electron-rich thiophene in place of phenyl as the cyclometallating ring selectively destabilises
the HOMO, typically with little influence on the LUMO, thus causing a red shift.***' A red-
shift can also be achieved by expanding the conjugated m-system of the ligand, in line with

the anticipated narrowing of the HOMO-LUMO gap that occurs for organic molecules.



However, this strategy may not always translate well to organometallic emitters; for example,
benzannulation has been found to be accompanied by counterintuitive blue-shifts in emission

3931 Tndeed, in almost all

is some studies, reflecting the different structure of the T; state.
cases, the shifting of the emission to lower energy has detrimental effects on efficiency.
Firstly, the rate of non-radiative decay, ki, increases through the effects of Fermi’s Golden
Rule and what is commonly known as the ‘energy gap law’.”> Secondly, the reduction of
metal orbital character in the excited state leads to a decrease in the triplet radiative rate
constant k., making phosphorescence less competitive with non-radiative decay and thus
compromising efficiency. In OLEDs, it also facilitates undesirable triplet-quenching
processes.”> Thirdly, the rate of intersystem crossing kisc from singlet to triplet may also
decrease as the admixture of metal character in the pertinent excited states falls; in some

3436 These trends are all

instances, this can even allow notable ligand fluorescence to appear.
evident, for example, on moving from the simple platinum(Il) thienylpyridine complex
Pt(thpy)(acac) to its analogue with an additional thienyl group appended, Pt(dthpy)(acac)
(Figure 1; Hthpy = 2-thienylpyridine, Hdthpy = 2-(dithienyl)pyridine*). The former displays
intense yellow/orange phosphorescence (Amax = 554 nm, ®pr, = 0.36 in CH,Cl,) whilst the

latter shows only very weak red phosphorescence that is accompanied by stronger blue
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fluorescence.

The use of multinuclear complexes is emerging as an effective strategy to overcome some of
these problems. For example, deep red-emitting dinuclear platinum and iridium complexes
bridged by cyclometallating pyrimidine type ligands have been shown to display unusually

high triplet radiative decay rates and hence high phosphorescence quantum yields.”*

1 For simplicity, the naming system adopted here omits the aliphatic substituents appended onto the terminal
thienyl rings: C,Hys in dthpy and C¢H3 in bis-thpym and bis-dthpym. These substituents are incorporated into
the proligands solely in order to enhance the solubility of the resulting complexes.



Previously, in the context of thienylpyridine complexes, we showed that the dinuclear
complex Pty(bis-thpym)(acac), (Figure 1; bis-thpym = 4,6-bisthienylpyrimidine) displays red
emission (Amax = 612 nm in CH,Cl) but, far from being compromised in the usual way, the
quantum yield is improved (®p. = 0.85), thanks to a substantially higher k. than the

mononuclear analogue Pt(dthpy)(acac).

In this contribution, we report a new dinuclear platinum(II) complex, Pty(bis-dthpym)(dpm),
[Hobis-dthpym = 4,6-bis(dithienyl)pyrimidine; Figure 1], designed to combine the two
strategies of extended m-conjugation and dinuclearity in order to red-shift the emission even
further, into the NIR, without significant loss of efficiency. This novel complex — which can
be regarded as the dinuclear analogue of Pt(dthpy)(acac) that gave only weak
phosphorescence — shows intense luminescence in the NIR region. Its photophysical
behaviour has been investigated in detail and the complex shown to function successfully as

an efficient emitter in NIR-OLEDs.
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Figure 1. Structures of dinuclear platinum(Il) complexes featuring thienylpyridine-based
ligands, together with the new complex Pt,(bis-dthpym)(dpm), reported in this work,
hereafter denoted complex 5.



Results and discussion

Synthesis

The synthesis of the requisite ditopic proligand 3 and its platination to give the desired
dinuclear complex Pty(bis-dthpym)(dpm),, 5, is depicted in Scheme 1. The proligand was
prepared by Pd-catalysed Suzuki cross-coupling of the commercially available building
blocks 1 and 2. It was reacted with potassium tetrachloroplatinate in boiling acetic acid to
give a highly insoluble material. By analogy with the chemistry established for related
bridging cyclometalling ligands,** this compound was presumed to comprise of oligomeric
dichloro-bridged polynuclear species. The material was treated with DMSO at 130°C —
which has the effect of breaking up such dichloro bridges — to give complex 4, where a
monodentate chloride and sulfur-bound DMSO complete the coordination sphere of each
Pt(IT) centre. Complex 4 is sufficiently soluble for purification by column chromatography,
after which it was converted to the desired complex 5 by treatment with 2,2,6,6-tetramethyl-
3,5-heptanedione (also known as dipivaloylmethane, dpmH) in the presence of sodium
carbonate as a base. Complex 5 was purified by column chromatography and its identity and
purity confirmed by NMR spectroscopy, high resolution mass spectrometry, elemental
analysis, and X-ray diffraction (vide infra). The synthesis of the analogue with acac in place

of dpm was also attempted, but poor solubility frustrated its purification.



O/Pt’N Z N\Pt\

/\S\ \<\( >)’tBU
/ "0 0~ \

Scheme 1. Synthesis of the proligand 3 and its dinuclear platinum complex,
Pty (bis-dthpym)(dpm),, 5. Reaction conditions: i) Pd(PPh3)y, Cs;COs3, toluene, reflux; ii)
K>PtCly, AcOH, reflux then DMSO, 130°C; iii) 2,2,6,6-tetramethyl-3,5-heptanedione,
Na,CQOs, 2-ethoxyethanol, reflux.

Figure 2. (a) The molecular structure of § and (b) the packing of molecules in the
crystal, determined by X-ray diffraction. Key bond lengths (A) and angles(°): Pt—C1
1.965(3), Pt—N 2.0386(3), Pt-01 1.992(2), Pt—-02 2.084(3); C1-Pt-N 81.67(9),



O1-Pt-02 92.37(7); C2-C1-Pt-0O1 177.1(2), C3-N-Pt-02 174.3(2)°,
Cl1-C2-C3-N 3.0(2), C6-C7-C8-S2 11.9(3).
X-ray diffraction analysis

Dark red, needle-shaped crystals of S suitable for X-ray diffraction were obtained by slow
diffusion of methanol into a solution of the complex in dichloromethane. The molecular
structure in the crystal is shown in Figure 2a. Key bond lengths and angles are listed in the
caption: they are comparable to those found in C*N and O"O-coordinated mononuclear Pt(II)

. 8,34,43,44
complexes reported previously.™ "

The molecule features a C, principal axis through
carbon atoms C4 and CS5 of the central pyrimidine ring. The central, ditopic bis-thienyl-
pyrimidine coordinating unit is almost planar [the C1-C2-C3-N torsion angle is 3.0(2)°]
whilst the terminal thienyl rings are twisted only slightly out of that plane by 11.9(3)°
(torsion angle: angle C6-C7-C8-S2). The molecules pack in head-to-tail, face-to-face pairs
with an interplanar separation of 3.4-3.5 A, suggesting strong n-m interactions between the
aromatic cores, but no metallophilic Pt---Pt interactions are present (Figure 2b). On the
contrary, each Pt(II) centre is in a short intermolecular contact with a sulfur atom of the
dithienylpyrimidine of a neighbouring molecule, with a Pt---S(1) interatomic distance of

3.5751(6) A that is essentially the same as the sum of the van der Waals radii of Pt and S

atoms (1.75 and 1.83 A respectively, = 3.58 A).¥

Steady-state optical spectroscopy

The absorption spectrum of 5 measured in dilute solution in toluene at room temperature
(Figure 3) displays an intense lowest-energy band centred at 562 nm, with a higher-energy
shoulder at 527 nm that is probably vibrational in origin (i.e., transitions to the zeroth and
first vibrational levels of the S; state, respectively). The band is extraordinarily intense, € =
84100 M 'em™" at 562 nm, an order of magnitude higher than the extinction coefficients of

the lowest-energy bands in typical mononuclear Pt(Il) complexes like Pt(thpy)(acac). Data



for 5 and related complexes for comparison are compiled in Table 1. The strong absorption
probably arises, in part, from the symmetric structure resulting in the coupling of two
transition dipole moments that can give a 4-fold increase in oscillator strength (vide infra), as
recently elucidated in a series mono- and dinuclear copper(I) complexes*. There are a set of
higher energy absorption bands, around 400 nm, also of quite high intensity, in addition to the
anticipated ligand-based transitions further into the UV. The likely orbital parentage of the

transitions is discussed further below in the context of TD-DFT calculations.
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Figure 3. Absorption spectrum of 5 in toluene (107> M) at 300 K (blue line); emission
spectrum under the same conditions (solid red line) and at 77 K (dashed red line), arbitrary
intensity axis.

The complex is strongly luminescent in the NIR region of the spectrum. It displays a
vibrationally structured spectrum in toluene (Figure 3), with the 0,0 component at 725 nm
and a weaker vibrational shoulder at 805 nm. The measured luminescence lifetime in
degassed solution is 9 ps (at 300 K), an order of magnitude that is typical of bright, triplet-
emitting Pt(II) complexes. The emission quantum yield under the same conditions is 0.17, a
remarkably high efficiency for solution phosphorescence in the NIR. Similar data are

obtained for the complex doped at 1% by mass in a polystyrene film (Apax = 725, 815 nm; T =



9.4 us; ®pr. = 0.20). In a frozen glass at 77 K, the vibrational resolution is further improved,

and there is a small increase in the lifetime and quantum yield by a factor of about one-third

arising from a modest reduction in the rate of non-radiative decay (Table 1).

Table 1 Photophysical properties of Pt,(bis-dthpym)(dpm), 5 in toluene at 300 K and at 77 K,

with data for related mono- and dinuclear thienylpyridine-based complexes for comparison.

Pt(dthpy)(acac) @ Pty(bis-thpym)(acac), @ | Pty(bis-dthpym)(dpm),
5
Absorption at 300 K 443 (18300), 500 (53800), 562 (84100),
Aunax / NI 350 (32600), 470 (22400), 421 (31500),
(e/M ' cm™) 295 (16800) 400 (18700), 382 (40900)
347 (37600),
270 (19900)
Ammc /M| 706, 775 [F=495]7 610, 660sh 725, 805
T/ us 23 12 9.0
@ <0.002 0.85 0.17
Emission = 567 @ 7.1 1.9
at 300 K % 507! @ 13 9.3
Emission at A, / nm 693, 724, 767 607, 630, 660 720, 755, 800
77K [F=470, 505, 438]"
T/ us - 26 12¢

(a) From ref *°; data at 300 K obtained in CH,CL, and at 77 K in EPA. (b) From ref. **; data at 300 K are for
CH,Cl, solution. (c¢) The phosphorescence of this complex is accompanied by stronger fluorescence bands at

the wavelengths indicated in parenthesis labelled ‘F’. (d) Not determinable. (e) At 77K, ®p. = 0.23,

k=19x10*s " ky=64x 10*s".

It is important to compare 5 with the related predecessors in Figure 1 that were aimed at
obtaining red-shifted emission.”” As noted in the introduction, the appendage of a thienyl
ring onto the mononuclear Pt(thpy)(acac) complex to extend the ligand conjugation did
indeed red-shift the luminescence, but at huge expense of efficiency: the quantum yield falls
dramatically (Table 1) and intersystem crossing is slowed down such that higher-energy
fluorescence competes. In 5 — the new dinuclear version of Pt(dthpy)(acac) — the emission is

not only successfully red-shifted squarely into the NIR, but good efficiency is also retained
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that is comparable to Pt(thpy)(acac) (®pL = 0.36). Evidently, the dinuclear structure ensures
that spin-orbit coupling and intersystem crossing remain efficient.

The emission of 5 is substantially red-shifted compared to the previously studied dinuclear
complex Pty(bis-thpym)(acac),, for which A* = 605 nm, highlighting the influence of the
extension of the m-conjugated system through appendage of thienyl groups that are roughly
coplanar with the core. Despite the good efficiency of 5, there is a modest reduction in 4; by
a factor of just over 3-fold (Table 1). Calculations (discussed below) suggest that the
relaxation of the spin-selection rule through SOC is not quite so efficient in the new complex
due to reduced metal-character in the predominantly LC emissive state.” Complex 5 is more
susceptible to non-radiative decay (see k. values in Table 1), which is likewise to be
expected given that its emissive state is some 2600 cm ' lower in energy than that of

Pty(bis-thpym)(acac), and has a rather less rigid structure.*

Computations and theoretical considerations

DFT and TD-DFT calculations have been carried out on a model system for 5 — denoted 5' —
in which the terminal hexyl groups are replaced by methyl and acac is used in place of dpm,
in order to reduce computational demands. The geometry optimisations (at the ground state
So and lowest triplet state T;) and the time-dependent calculations were all conducted with
Gaussian 09%7, using the M06 functional®® and def2-SVP* basis sets, and with the C-PCM
solvation model™ for toluene. The calculated ground state geometric parameters agree well
with the experimental values from X-ray diffraction, aside from some slight deviations
probably associated with crystal packing (Table S2 in the SI), whilst the absorption spectrum
simulated by TD-DFT matches well with the experimental spectrum (Figure S1 in the
Supporting Information). These observations provide confidence in the suitability of the

level of applied theory to give reliable insight into the electronic structure of the complex.
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Figure 4. The iso-surface contour plots (iso-value=0.05) of the orbitals of the model
complex §' (optimized T, state geometry) contributing to the T, state and to excited singlet
states with which T; can undergo direct SOC. Hydrogen atoms are omitted for clarity.
Contributions of the orbitals to the excited states are given in Table S4 in the SI.

The T, state is the most relevant to phosphorescence and the TD-DFT calculations show it to
be predominantly HOMO—LUMO (77%) in character (Table S4 in the SI). The HOMO is
primarily localized on the aromatic (Ar) ligand with a small (10%) contribution from the
Pt(IT) centres (Figure 4 and Table S3 in the SI), whilst the LUMO represents an aromatic ©*
orbital with low metal contribution (6%). Overall, the T, state may therefore be formulated
as dp( | Tar — 7* 5 but with the ligand-centred *LC (Pmn*) character dominating over the
metal-to-ligand charge-transfer "MLCT (*dn*). The rigidity of the aromatic core (leading to
minimal excited state reorganisation and favouring emission efficiency) is highlighted by the
fact that even for the N-C3 bond, which is antibonding in the LUMO, the bond length

increases only marginally (from 1.385 to 1.396 A in the Sy and T} states, respectively).
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The relaxation of the formally spin-forbidden T;—S, phosphorescence process in transition
metal complexes arises through the influence of SOC promoted by the metal ion.”' The

oscillator strength £ of the T;—S, transition is expressed by equation (1)°*:

(T1|Hso|Sn)
f(Tl = So) = Zn [|m

xSy e S0 (1)

Here S, refers to an excited singlet state of energy E (S,,) and Hg, is the SOC operator. SOC
is a short-range, one-electron interaction that scales with 7 ;53 the SOC constant & of Pt is

%3 The T, state of 5' comprising an element of *d;7* can

large (4481cm ™' for atomic Pt).
undergo direct SOC with singlet states comprising an element of 'd;w*' character involving
the same metal centre but, by the El-Sayed rule,*® only when d; # d; and n*=n*'; i.e., the
states in question must involve d orbitals of different angular momentum, so as to conserve
the total momentum (orbital+spin) when the spin state changes. Extending the spin-orbit
coupling operator as Hso = GpSL (& is spin-orbit coupling constant, S is spin momentum
operator, L is orbital momentum operator), the SOC matrix element in formula 1 can be

rewritten as follows:>’ >’

(Ty|HsolSn) = Xujar as, cici{3d;imw*|,(POSL|*d;m*’) (2)
Here ar, and ag, are the normalized configuration interaction coefficients of state T, and state

Sn, respectively; c¢; and c; are the partial contribution coefficients of the metal atomic orbitals

d; and d;, respectively, in the molecular orbitals involved in transitions forming states T; and

Sn. The ¢; and ¢; coefficients reduce the SOC matrix elements (3din* Q(Pt)SL|1djn*’)
according to the dn* character contributions to state T; and singlets S,. This, for example,

shows the correlation between the extent of dn* character of T; and the phosphorescence rate

T1—>So.
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In the context of fulfilling the d; # d; and n*=n*' requirements, when the SOC matrix
element is not vanishing, analysis of the TD-DFT data (Table S4 in the SI) shows that the T,
state can undergo direct SOC with several higher-lying singlet states: S, (HOMO-1—-LUMO
92%), Se (HOMO-6—LUMO 72%, HOMO-4—LUMO 25%), S; (HOMO—-4—LUMO 72%,
HOMO-6—LUMO 25%), Sg (HOMO-7—LUMO 72%), S10 (HOMO-5—LUMO 77%), S11
(HOMO-11-LUMO 74%, HOMO-9—LUMO 19%) and S;3 (HOMO-11—-LUMO 74%,
HOMO-9—LUMO 19%). It is informative to note that HOMO-5 and HOMO-7 involve d-
orbitals of the same angular momentum but which differ in symmetry: symmetric and anti-
symmetric, respectively, with respect to C, rotation. These molecular orbitals are a result of
electronic coupling of the two sites of the symmetric dinuclear electronic structure of 5' and
they lead to two excited singlet states (So and S;¢) with which T, can undergo direct SOC, as
indicated above. Moreover, both Sg and Sio have a relatively large oscillator strength for
transition to the ground state [f(Seo«—>S¢) = 0.2770, f(S10<>So) = 0.2770, Table S4 in the SI],
which will facilitate the T;—S, transition rate through equation (1). Similar reasoning
applies to the orbital pairs HOMO-4 and HOMO-6, HOMO-8 and HOMO-10, and

HOMO-9 and HOMO-11.

Clearly, the extent to which these higher states are implicated will also be influenced by the
respective S,— T energy gap in the denominator of equation (1). But the key point here is
that the symmetric dinuclear design of 5' doubles the number of 'dt* character-contributed
singlet states that are electronically suitable for SOC with T, (*din*), thereby facilitating
phosphorescence and accounting for the much brighter phosphorescence of 5 over
Pt(dthpy)(acac). A similar conclusion has been reached recently for iridium(IIl) complexes
from a comparative study of mono- and dinuclear designs.*> The feature limiting the

phosphorescence rate in the present case, compared to the previously studied dinuclear
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Pty(bis-thpy)(acac),, is the relatively smaller metal contribution to several higher occupied
orbitals and hence weaker MLCT character not only of state T; but also of singlets
electronically suitable for SOC with T;. The metals’ contribution to the HOMO, for instance,

is 10% as opposed to 26% in Pty(bis-thpy)(acac),.*

OLED Devices and photoluminescence in solid films'

With emission well into the NIR region, almost no visible light contamination, and an
impressive ®pr, in solution, complex 5 clearly offers potential as an emitter to generate an
efficient NIR-OLED. It has sufficient solubility for it to be incorporated into an OLED by
solution-processing; notably it has good solubility in toluene, amenable to the preparation of
multilayer device structures. Blend, exciplex hosts were selected as host materials, having

previously been found to be very good candidates for use with metal complex phosphors.***"

2 Two such bi-component hosts were studied: TCTA:PO-T2T®, which is soluble in
chloroform:chlorobenzene mixture, and TPD:PBD* with good solubility in toluene. [The
motivation for considering the former lies in that it has been found to exhibit thermally
activated delayed fluorescence (TADF), though this property has been found not to be

relevant for its performance as an OLED host for 5; detailed discussion is provided in the

Supporting Information, Section 5.1].

The photoluminescence (PL) of 5 doped in these two materials was first evaluated (5 % w/w),
giving @pr, = 0.10 £ 0.01 in both hosts, and 1,y = 7.5 £ 0.9 and 7.4 + 0.5 ps in TCTA:PO-T2T
and TPD:PBD respectively. The somewhat lower ®pp and 1,y under these conditions,
compared to the values recorded in dilute solution (10> M) or in polystyrene (1% w/w),

probably arises from the effect of intermolecular interactions between emitter molecules

1 Acronyms used in this section for common OLED fabrication materials are defined or explained in the
Supporting Information, Section 7: OLED devices.
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when at the higher concentration. OLED devices were then fabricated using the two hosts
(Figure 5). Device 1 has the structure: ITO | HIL 1.3N (45 nm) | TCTA:PO-T2T (70:30) co
5% 5 (70+5 nm) | PO-T2T (50 nm) | LiF (0.8 nm) | Al (100 nm). Device 2 has the structure:
ITO | HIL 1.3N (45 nm) | PVKH (10 nm) | TPD:PBD (60:40) co 5% 5 (30+5 nm) | TPBi (50
nm) | LiF (0.8 nm) | Al (100 nm). The PVKH is incorporated as an additional hole transport /

6495 Unfortunately, neither of the

electron blocking layer to improve charge balance.
approaches provides complete elimination of host emission whilst increasing the emitter
loading was found to be detrimental to EQE: a compromise was achieved at 5% loading.

Residual host emission suggests that 5 does not effectively trap charge carriers and that the

bulk of charge recombination occurs within the host.
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Figure 5. OLED device characteristics: a) radiosity and current density vs. applied voltage
b) external quantum efficiency (EQE) vs. current density (inset: electroluminescence
spectrum), c) and d) structures of Devices 1 and 2, respectively.
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Both devices show strong electroluminescence (EL) with only very dim residual visible light
emission. The maximum [visible] luminance® of only 100-200 c¢d m > — barely visible in a lit
room — comprises only = 10 % of the total radiant power and < 8 % if the onset emission of 5
in the 680—700 nm region is excluded. The EL spectrum remains stable with increasing
voltage (Figure S10). The NIR emission onsets and maxima are essentially the same in both
devices, 680 and 731 nm respectively, and similar to the PL of 5 in solution or film. Device 2
outperforms Device 1 (max. EQE = 3.6 £ 0.5 % as opposed to 0.8 = 0.1 % in Device 1) and
shows a lower turn-on voltage (Von = 5.6 and 10.3 V respectively, at 0.01 mW cm ). The
difference may be attributed to the beneficial role of the PVKH layer for charge balance,
reducing the hole injection barrier from HIL 1.3N to the emissive layer and blocking electron
leakage to the anode. Device 2 shows a higher current density and thus, given its generally
higher EQE, is significantly more radiant (2.7 and 0.85 mW cm > for Devices 2 and 1
respectively). Roll-off, evaluated in terms of a J90% value™ (the current density at which the
EQE drops to 90% of its initial value), is = 10 mA ¢cm * in Device 1 and ~ 0.5-1 mA cm  in
Device 2. The former is fairly typical in phosphorescent devices, while the latter is
comparable to that reported in a solution-processed phosphorescent device, albeit for a visible
emitter.”’ The relative dearth of literature roll-off data for solution-processed NIR OLEDs

does not allow the roll-off values of our devices to be set in a broader context.

In general, vacuum-deposited OLEDs using Pt(II) complexes forming bimolecular NIR-
emitting excimers™ or dimers/oligomers™ outperform the maximum EQE achieved in this
work but, among solution-processed devices, the EQE here of 3.6 + 0.5 % with Agpser >
680 nm is perhaps the highest reported to date. Among the very few solution-processed NIR

OLEDs using Pt(II) complexes, the most notable are those with porphyrin ligands that exhibit

¥ Note that luminance is a photopic parameter and as such gives an indication of the amount of visible light in
electroluminescence. For NIR emission the luminance is thus by definition zero.
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electroluminescence in the 700850 nm region. Solution-processed OLED performance in
this case does not exceed 0.5 % EQE, though values up to 8 % EQE have been reported in
vacuum-deposited devices.®*®” In general, the best fluorescent NIR emitters show OLED
efficiencies around 1-2 %.°*%° Phosphorescent metal complex emitters, predominantly those
based on Ir(Ill), have been reported that show external quantum efficiencies in the range of
0.4-2.2 % for Amax > 690 nm,”*” or even up to 5.7% for Aonset = 650 nm and Amax = 690 nm.”
Yet the radiosity of these devices is limited, < | mW cm . The low radiosity is likely to be
caused by low charge mobility in the PVK co-host used in most studies.”” The combination
of PVKH layer and TPD:PBD host used in the present work, compared to usual PVK-based

host, helps to increase current density, leading to more radiant devices.

Concluding remarks

The results described here have shown how the use of a dinuclear complex provides a means
of side-stepping the usual problem of marked efficiency decrease that normally accompanies
the shift to deep red or NIR emission associated with extended m-conjugated ligands. The
phosphorescence of the new dinuclear complex 5 is promoted by its symmetric structure that
doubles the number of higher-lying singlet states which are electronically suitable for SOC
with the triplet state. This effect is also manifest in the remarkably intense lowest-energy
absorption band, where the symmetric structure results in the coupling of two transition
dipole moments that can give a 4-fold increase in oscillator strength. The complex emits
almost exclusively in the NIR region, behaviour that translates well into a solution-processed
OLED. The strategy of using two Pt(II) centres in an extended conjugated system to generate
low-energy unimolecular emission complements the increasingly researched approach of
exploiting bimolecular aggregates or excimers. Further increases in efficiency can
confidently be anticipated if future molecular design suppresses non-radiative decay

pathways, for example, through enhanced rigidity.
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Experimental

Full details of the synthesis and characterisation of 3, 4 and S are provided in the Supporting
Information, including '"H NMR spectra, mass spectral and elemental analysis data, and
crystallographic details for 5 (including unit cell parameters and equipment used). The
Supporting Information also includes full details of optical spectroscopy; computational
calculations and selected data output; electrochemistry; OLED fabrication, and further

discussion of photophysical measurements and properties in the host materials.
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