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Double decker NHC-cyclometallated Pt
complexes for highly-efficient vacuum-deposited
green OLEDs and NIR emission

® Antonio Martin, 22 Piotr Pander, (2 <
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Fernando B. Dias,

The dinuclear compound [Pt'(CAC*)(u-NAN)},] (HNAN: diphenylformamidine; HCAC* = 3-methyl-1-
(naphthalen-2-yl)-1H-imidazol-2-ylidene, 3) was obtained as a pure single anti-isomer, with a Pt—Pt dis-
tance of 2.8645 A. Under UV light, 3 reacted with haloforms to obtain the corresponding oxidized
species [{Pt"(CACH)(u-NAN)X},] (4-X). X-ray analysis of 4-Cl confirmed the retention of the anti-
conformation and revealed a shortened Pt—Pt distance (2.6070 A) consistent with metal-metal bonding
in the Pty(m) system. In addition, methylation of the electron-rich complex 3 with [MezO]BF, provided
the mixed-valence dinuclear species [(CAC*)Pt"(1-NAN),PtY(CAC*)(CHS3)IBF, (5), which exhibits two dis-
tinct °°Pt NMR resonances (6: —2373 and —3264 ppm) and a large Pt—Pt coupling constant (2155 Hz).
Compound 3 shows a structureless emission band at 520 nm in 2 wt% PMMA (poly(methyl methacry-
late)) film, with a photoluminescence decay of 1.80 ps and quantum yield of 0.90, typical of triplet
metal-metal-to-ligand charge transfer (MMLCT) [do*(Pt—Pt) — n*(CAC*)] excited states. The oxidized
counterparts, 4-X, display phosphorescent emissions with maxima at 960, 970 and 1055 nm in solid
state at 77 K. These are tentatively assigned to triplet axial ligand-to-metal-metal charge transfer
GXMMCT) [6(X) - da*(Pt—Pt)]. Whilst complex 5 shows no emission in either the visible or near-infrared
regions at 298 or 77 K. Organic light-emitting diodes (OLEDs) incorporating 3 as a green emitter
demonstrate excellent device performance, achieving a turn-on voltage of 3 V, an external quantum effi-

ciency (EQE) reaching 22% and a maximum luminance exceeding 22 000 cd m™2.

Nevertheless, the development of key OLED components
like the emissive materials remains crucial for enhancing

Beyond their widespread use in conventional solid-state light-
ing, OLEDs have become instrumental to a new generation of
advanced technologies.”™ In particular, their exceptional image
quality, ultrathin design and mechanical flexibility have
enabled their integration into portable flat-panel displays,*®
ultralight wearable systems embedded in textiles®” and, lately,
implantable biomedical electronics.®’
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device stability and electroluminescent efficiency.'®'" In this
sense, there has been recently a growing interest in designing
bimetallic complexes for optoelectronic applications.*>™*
Incorporating a second metal atom in the structure is expected
to enhance the spin-orbit coupling (SOC) and increase the
radiative decay rate constant. Thereby this should lead to
shorter emission lifetimes and higher quantum yields (QY),
ultimately improving their efficiency as OLED emitters.">"®
Within this class of bimetallic emitters, Pt(u)-based systems
hold a leading position due to the rich and tunable photo-
physical properties derived from the inherent square planar
coordination geometry. A key structural feature of d® complexes
is the presence of an open axial site, z-direction, which strongly
predisposes them to maintain short Pt. - -Pt contacts, giving rise
to *MMLCT states. These are often characterized by bathochro-
mically shifted emission bands, making them especially attrac-
tive for the design of red-to-near infrared (NIR) luminophores,
which generally suffer from lower photoluminescent QY. This
limitation partially comes from the exponential increase in
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nonradiative decay rates as the T;-S, energy gap decreases, due
to the electron-vibrational coupling between these two
manifolds.'” Alternative approaches, such as thermally acti-
vated delayed fluorescence (TADF) emitters have also been
explored to overcome the intrinsic efficiency limitations of
these low energy emissions. By designing molecules with a
small singlet-triplet energy gap, reverse intersystem crossing
enables efficient harvesting of triplet excitons. Donor-acceptor
architectures, extended m-conjugation, and rigid frameworks
have successfully pushed TADF emission into the deep red and
even NIR regions."®*° Even so, achieving simultaneously long-
wavelength emission, high quantum yields, and operational
stability remains challenging, especially in the solid state.

To mitigate these photophysical drawbacks, molecular
architectures such as double-decker systems with cycloplati-
nated ligands and strongly bonded bridging groups have
become a well-established strategy.">>"*> They offer a semiri-
gid dinuclear scaffold with short metal-metal separations,
which reduces excited-state distortions while enabling highly
efficient, low-lying emissions. These can be modulated through
molecular design, particularly by modifying the cyclometallated
and/or auxiliary bridging ligands.

To date, only a handful of light-emitting devices based on Pt
complexes doubly bridged by 4-bond units have been reported
in the literature.”*® Most of these Pt emitters incorporate
chromophoric C”N-cyclometallated ligands together with
mercapto-N-heterocycles in their molecular structure and are
typically formulated as [{Pt(C"N)(u-N~S)},].>**° This set of
devices exhibits deep red to NIR electroluminescence with
relatively low EQEs, reaching only in a few of cases values of
ca. 9%.>"*® However, employing more structurally rigid and
constrained p,-N”N ligands, such as a-carbolinate,*?* and
pyridobenzoxazinide,>* resulted in significant performance
improvements, achieving EQEs of around 20% in deep red to
NIR OLEDs. More recently, replacing the C”N-ligand with a
cyclometallated N-heterocyclic carbene (C*C*) has afforded red
and deep red emitters for vacuum-deposited OLEDs with even
higher EQEs, reaching up to 21.3%>> and 32.7%.>°

In parallel, our previous research was focused on this type
of complexes [{Pt(bzq)(u-N"S)},] (Hbzq = benzo[k]-quinoline;
N”SH = 2-mercaptobenzothiazole,>* 2-mercaptobenzoxa-zolate,*”
2-mercaptopyrimidine,*® 4-(trifluoromethyl)}-2-mercaptopyrimidine™),
that in some cases yielded red light-emitting compounds with
QY up to 0.90. Our most recent investigations have revealed
further insights into these systems. We have published a series
of dinuclear Pt(i) complexes with different C*N cyclometallated
ligands and SN bridging groups, [{Pt"(C N)(u-N~S%)},],*%*
and their corresponding oxidized Pt(m) complexes [{Pt™(C"N)-
(1-S"N®)X},] (X = Cl, Br, I). While the former, Pt,(i,i1) complexes,
display the typical orangish emissions it is the oxidized Pt,(1u,m)
species that are particularly remarkable, exhibiting NIR-II emis-
sions with maxima ranging from 985 to 1215 nm.

Now, in this work, we projected the use of N-heterocyclic
carbenes instead of C*N-cyclometallated ligands since they are
known as photostable and very efficient Pt(u) phosphorescent
emitters.*? The fact of having two strong carbon-metal ¢ bonds
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produces a large crystal field splitting and reduces the photo- or
thermal population of the non-radiative dd* excited states
leading to higher emission efficiencies than the C*N
counterpart.”®> With these considerations in mind, we devel-
oped a synthetic strategy to obtain the dinuclear complex
[{Pt(C C*)(1-N~N)},] (HCAC* = 3-methyl-1-(naphthalen-2-yl)-
1H-imidazol-2-ylidene; HN”N: diphenylformamidine 3) as a
single anti-isomer. Then, the reaction of 3 with haloforms
and Me;OBF, afforded the two-electron-oxidized dinuclear
Pt(u1) complexes [{Pt(C C*)(n-N"N)X},] (X = Cl (4-Cl), Br (4-Br),
I (4-1)) and [(C*C*)Pt(u-N~N),Pt(C C*)(CH;)|BF, (5). X-ray dif-
fraction, theoretical and photophysical studies were carried out
on the Pt complexes. Electroluminescent devices have been
fabricated using 3 as a green emitter exhibiting outstanding
performance.

Results and discussion
Synthesis and characterization of platinum complexes

Inspired by our previously reported synthesis of dinuclear
Pt complexes with bridging pyrazolates [{Pt(C"C*)(u-Rpz)},]
(HC"~C*: 1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-
ylidene)***> and after several attempts to prepare the targeted
dinuclear Pt(un) complex [{Pt(C*C*)(N*N)},] (HC"C* = 3-methyl-
1-(naphthalen-2-yl)-1H-imidazol-2-ylidene, HN*N = diphenyl-
formamidine, 3) we found out that the best starting material
was complex [Pt(C*C*)(N"NH),]PF¢ (2) (Scheme 1, path a). To
obtain 2, we prepared compound 1 (see experimental section in
the SI and Fig. S1) Then, complex 2 was prepared by reaction
of [Pt(C~C*)(NCMe),]PFs (1) with excess (1:4) of N,N'-
diphenylformamidine in methanol. After 3 h of stirring and
the subsequent work-up, the cationic compound 2 was
obtained as a white solid in good yield and was characterized
(see Fig. S2).

The "H NMR spectrum in CD,Cl, shows only one set of
signals for the C~C* group and two for the non-equivalents
formamidine ligands. The coordination of the formamidine
ligands was manifest from the NCHN resonances in the
"H NMR spectrum that exhibited a broad base due to '*°Pt
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Scheme 1 Synthesis of Pt complexes.
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Fig. 1 X-ray molecular structure of complex 2. Inset: Perspective view of
the cationic complex. Hydrogens have been omitted for clarity. Thermal
ellipsoids are drawn at their 50% probability level.

satellites. Besides that, the 2D "H-'>Pt NMR spectrum shows
the corresponding crosspeak (see Fig. S2h) for the NCHN
signal. X-ray diffraction analysis confirmed the proposed mole-
cular structure of compound 2 (Fig. 1 and Table S2), revealing a
Pt center in a distorted square-planar coordination environ-
ment. This distortion arises from the small bite angle (80.3(2)°)
of the NHC-cyclometallated ligand. Two formamidine ligands,
with the N-H oriented to the d,» orbital of the metallic center,
complete its coordination sphere. The 5-membered metallo-
cycle (Pt, C1, N1, C5, C6) is basically co-planar with the
platinum coordination plane (Pt, C1, C6, N3, N5) with an
interplanar angle of 2.3(2)° whereas both formamidines are
located almost perpendicular to it (Pt, C1, C6, N3, N5) with
dihedral angles of 82.5(6)° and 73.7(4)° for the corresponding
planes defined by C16, N3, C15, N4, C22 and C29, N5, C28, N6,
C35 (Inset Fig. 1). The protocol to synthesize compound 3 as a
single anti-isomer with respect to the C*C* orientation, was
successfully achieved by treatment of 2 with NEt; in refluxing
2-methoxyethanol (Scheme 1, path b). After processing the
reaction mixture, complex 3 was obtained as a yellow solid in
very good yield (77%).

While previously reported one-pot methods often involved
purification by column chromatography,!*>*¢™4° our synthetic
procedure offers a more straightforward work-up and delivers
the dinuclear compound as a pure single isomer with consis-
tently high yield. Complex 3 was fully characterized by multi-
nuclear NMR spectroscopy (Fig. S3) and the molecular structure
was later confirmed by X-ray diffraction (see below). Owing
to their particular electronic and structural characteristics,
this type of Pt(u) complexes are prone to undergo two-center
two-electron oxidations in the presence of halogenated
species.*®4%3%51 1 line with this behaviour, compound 3 reacts
with haloforms CHX; (X = Cl, Br, I) upon irradiation with
365 nm light in the presence of air, affording the corresponding
dihalogenated diplatinum(III) complexes [{Pt(C*C*)(u-N*N)X},]
(X = Cl 4-Cl, Br 4-Br, I 4-1) as orange, brown, and garnet solids,
respectively, in moderate to good yields (42-71%). Compound
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4-Cl, could be obtained in a better yield by oxidation of 3 with
CeHsICl, (Scheme 1, path c). Additionally, the reaction of the
electron-rich Pt,(i,n) complex 3 with trimethyloxonium tetra-
fluoroborate in CH,Cl, at rt and protected from light resulted
in an electrophilic attack by the Me group yielding the unsatu-
rated dinuclear species [(C*C*)Pt(u-N~N),Pt(C~C*)(CH;)|BF,
(5), Scheme 1, path d. All compounds were fully characterized
showing a single anti-conformation in all cases (Fig. S4-S7).
The "H NMR spectra of symmetric complexes 3 and 4-X show a
set of signals corresponding to half of the molecule, consistent
with the proposed geometry of the anti-isomer. In this sense,
only one singlet for the methyl resonance (C*C*) is observed at
ca. 2.30 ppm. This signal is particularly sensitive to the nature
and spatial arrangement of the ligands surrounding the Pt
center. In these cases, it experiences an upfield shift when
compared to that of complex 2 (3.82 ppm), due to the aniso-
tropic shielding effect of the bridging phenylformamidinates.
These spectra exhibit a distinctive resonance for the proton of
the bridging amidinate, NCHN, that seems to be chemically
and magnetically equivalents in 3, given rise to a singlet at
8.52 ppm, but magnetically inequivalent in 4-X, regardless of
the axial ligand (Fig. 2, top).

In these cases, the most intense singlet corresponds to
species with both Pt centers inactive in NMR (red, ~44% of
the signal). Species with only one "*Pt atom (I = 1/2) cause the
appearance of two sets of platinum satellites (}/pyy ~76 and
3Jpe.n ~ 60 Hz for green and blue respectively) that correspond
to 44% of the signal. Finally, approximately 11% of the signal is
originated from molecules containing two '°°Pt centers (yellow
circle) which are expected to appear as a doublet of doublets,
yet the central peaks are overlapped with the main singlet. To
substantiate this statement, we carried out a 'H{"*’Pt} NMR

Eph\N’/T\‘N Ph ph\Nl’T‘,Ph Ph\l}l’j\‘\‘N Ph ph\’}lj\"}l,Ph ;
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Fig. 2 Expanded view of the 'H (top) and *H{**°Pt} (bottom) NMR spectra
of 4-Cl in CD,Cl,. Inset: Isotopic analysis for the NCHN.
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experiment that exhibited the total disappearance of the plati-
num satellites (Fig. 2, bottom), including those for the proton
of the naphthyl fragment (J: 8.19 ppm).

The "°Pt{’H} NMR spectra of 3 and 4-X show single reso-
nances at ca. —3524 ppm for compound 3 (Fig. 3) and in the
range —2400 to —2700 ppm for complexes 4-X. This consider-
ably downfield shifted (AdPt: 827-1211 ppm), is in accordance
with the increased oxidation state of the metal centers, in line
with previous reports.*>**>*? By contrast, the '*>Pt{'"H} NMR
spectrum of 5 shows two platinum resonances at : —2373 ppm
(Pt-Me) and —3264 ppm (Pt) (Fig. 3), with a Pt-Pt coupling
constant of 2155 Hz, making evident the asymmetry of this
molecule along with the existence of a metal-metal bond. The
0'°Pt and the Pt-Pt coupling constant resemble those of
complex [(C*C*)Pt"(u-pz),Pt"(C C*)(CH;)|BF, (HC C*: 1-(4-
ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene)>* with
OPt: —2589 (Pt-Me), —3064 ppm (Pt) and “Jp.p = 1023 Hz.
Nonetheless, the Pt-Pt coupling constant of 5 appears to be
much larger, 2155 Hz, indicating a stronger interaction
between the Pt centers. This effect is likely due to the 4-bond
bridging amidinates maintaining a more robust and rigid
framework than the pyrazolate ligands.

As a final NMR remark, in complex 5, the H of the bridging
amidinate (NCHN) are not chemically equivalent and give rise
to two different singlets at 8.69 and 8.49 ppm (see Fig. S7 and
Fig. 4, bottom). The former shows two different Pt-H coupling
constants of 83.9 and 40.5 Hz whereas the latter just one set of
Pt satellites with a coupling constant of 59.3 Hz. In order to
gain structural information, 'H{'°Pt} NMR spectra were
recorded with selective irradiation of the platinum center. As
shown in Fig. 4, middle, when the experiment was conducted
decoupling at Pt: —2373 ppm, the singlet at 8.69 ppm showed
a single set of satellites with *Jy_p, = 83.9 Hz while those
associated to the 8.49 ppm resonance were attenuated in
intensity but neither disappeared nor changed the coupling
constant value. Alternatively, decoupling at JPt: —3264 ppm
resulted in the 8.69 ppm signal displaying the other set of
satellites (*/y_pe = 40.5 Hz) and those of the 8.49 ppm resonance
were likewise reduced in intensity.

These observations are consistent with the splitting pattern
obtained for the axial methyl group [8H = 1.64 ppm, *Jp_y =
65.7 Hz, *Jpi_iy = 15.6 Hz]. Accordingly, the "H NMR spectrum
irradiated at —2373 ppm only exhibited the *Jp.y = 15.6 Hz

) 4.

{ i
T T T T T T

T T

T T T
- 3000 - 3500 [ppm]

Fig. 3 9°Pt{*H} NMR spectra of 3, 4-X and 5 at 298 K.
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Fig. 4 Expanded view of the *H and *H{***Pt} NMR spectra of 5 in CD,Cl,.

coupling for the methyl resonance whereas irradiation at
—3264 ppm displayed the set of Pt satellites with a larger
coupling constant of *Jp_y = 65.7 Hz. Based on these NMR
experiments and the great similitude to complex [(C*C*)Pt"(u-
pz),Pt"™(C~C*)(CH;)|BF,4, we propose a mixed valence Pt,(i,)
formulation for complex 5 with the metals involved in a donor-
acceptor Pt(u) — Pt(iv) bond.

The X-ray molecular structures of complexes 3 and 4-Cl have
been depicted in Fig. 5. A full description along with a selection
of bond distances and angles appear in the SI (Table S2 and
Fig. S8). As shown in Fig. 5, complex 3 is formed by two
Pt(C~C*) units doubly bridged with two fomamidinates, with
the C*C* fragments displaying an anti-arrangement.

The metal centers are in close proximity with a Pt-Pt
distance of 2.86457(17) A, like in similar amidinate dinuclear
complexes,?*313546748:54 denoting a strong interaction of the
5d,. orbitals of both platinum centers. X-ray diffraction studies
on 4-Cl and 4-I confirmed that the oxidation of 3 proceeds with
retention of the conformation, obtaining the anti-isomer for
both complexes. The Pt(m) centers have a distorted octahedral
environment with the axial positions occupied by a halogen atom
and the other Pt(ur) center and with the X-Pt-Pt angles being close
to 177° (X: Cl). The Pt-Pt distance 2.6070(5) A is smaller than that
of complex 3, in accordance with the presence of a metal-metal
bond between both Pt(m) centers.>"*>*"3°>3¢ A deeper examina-
tion of the crystal structures revealed in 3 and 4-Cl n-n inter-
molecular interactions (3.27-3.51 A, cyan dotted lines, insets
Fig. 5) between the C*C* fragments of adjacent molecules, leading
to the formation of 1D-stackings. In 4-Cl, this supramolecular
array is also supported by H---Cl interactions (d H-Cl: 2.628 A,
d C-Cl: 3.464 A) between the C*C* and the axial Cl ligands.

Photophysical, electrochemical properties and theoretical studies

Absorption properties and theoretical calculations. UV-Vis
absorption spectra of complexes 2-5 were recorded in solution

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 5 X-ray molecular structures of 3 (top) and 4-Cl (bottom). Insets:
Crystal packing views. Hydrogens and solvent molecules have been
omitted for clarity. Thermal ellipsoids are drawn at their 50% probability
level.

at 5 x 10> M. The pertinent data are listed in Table $3 and
represented in Fig. 6 and Fig. S9, S10. The high energy absorp-
tion bands of all complexes are typically attributed to intrali-
gand transitions n-n*[(C~C*)]. For complex 3, a low energy
band is observed at 420 nm that follows the Beer-Lambert law
within the 107 to 107 M range, indicating that no significant
intermolecular ground state aggregation is observed. This band
can be reasonably assigned to a 'MMLCT [do*(Pt-Pt) —
n*(C~C*)] transition. The UV-Vis spectrum of the monometallic
precursor, complex 2, shows the absence of this low energy
absorption band, which strongly supports the "MMLCT assign-
ment. The oxidized derivatives also exhibit low-energy absorp-
tions that in the case of complex 4-I (1,5 = 468 nm) appears at
much longer wavelength than in the parent complex 3.

To provide further insights into the origin of the photo-
physical properties, Density Functional Theory (DFT) and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 6 UV-vis absorption spectra in CH,CL, (5 x 107> M).

T T
300 400

Time-Dependent Density Functional Theory (TD-DFT) studies
were performed on 3, 4-Cl, 4-1 and 5 (see Fig. 7 and Fig. S11, S12
and Tables S4, S5). Unrestricted geometry optimizations were
performed without constraints at the level M06/MWB60(Pt)/
MWBA46(1)/6-31G(d)(light atoms) (see computational methods
in the SI). As shown in Fig. 7, the calculated S; (408 nm) and S,
(373 nm) transitions for complex 3 are in agreement with the
experimentally observed UV-vis absorptions. They arise from
HOMO — LUMO and HOMO — LUMO+1 transitions, respec-
tively. The HOMO is centered at the do* Pt orbitals (81%) whilst
the LUMO and LUMO + 1 are located on the C*C* ligand (80%).
Therefore, as anticipated, the lowest energy absorptions are
originated from "MMLCT [do*(Pt-Pt) — n*(C~C*)] states.
Like in other examples where dinuclear molecules possess
strong Pt- - -Pt interactions,>**"*” the cyclic voltammogram of 3
in CH,Cl, solution using Fc'/Fc as internal redox reference
(experimental details in the SI) exhibits one quasi-reversible

Intensity (a.u.)

1.04 -2 1.0
0.8 —408
0.6 406
0.4 404
0.2 - 0.2
0.0 . . —————— 0.0
300 400 500 600 700 800 900

% (nm)

Fig. 7 Normalized absorption spectra in solution, calculated S, transitions
(gray bars), and molecular orbital plots (isoval. 0.03) for compound 3.
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oxidative peak at ca. —0.33 V (AE, = 99 mV at 100 mV s '
Table S6 and Fig. S13). The HOMO (—4.76 eV) and LUMO
(—2.15 eV) energies were estimated based on the following
formulae: Epomo (€V) = —(ESSse + 5.1) in the Fermi scale,®
and Erumo (€V) = Enomo + Eg (see Table $6).>° The high energy
level of the HOMO agrees with its do* character, generated by
the overlap of the d,. orbitals of the two Pt(u) centers located in
close proximity and with the theoretical calculations.

In the oxidized Pt complexes, in view of the minimal
oscillator strength of lowest calculated singlets and the experi-
mental absorption bands, we focused on the the Ss; and S,
transitions for complexes 4-Cl and 4-I, respectively. So, by
analyzing their compositions we can observe abundant orbital
mixing for the halogenide derivatives (see Table S4).

Thus, to visualize these results, the natural transition orbi-
tals (NTOs) were calculated for both. As illustrated in Fig. S11,
their lowest energy absorptions would be mainly attributed to
'LMMCT[r(C*C*) — dc*(Pt-Pt)] combined with "XMMCT|[r(Cl)
— do*(Pt-Pt)] for 4-Cl whereas for 4-1 'LMMCT with
'LXCT[r(C~C*) — m*(I)] transition. For complex 5, we study
the S, [H-1 - LUMO (87%)] and S; transition [H-2 — LUMO
(87%)] which are in agreement with the experimental UV-visible
absorption and they would correspond mainly to mixed transi-
tions 'L'MM/RCT[r(N*N) — do*(Pt-Pt)/c*(Me)] for S, and
'LMM/RCT[r(C"C*) — do*(Pt-Pt)/c*(Me)] for S; (see Fig. $12).

Emission properties and theoretical calculations. The photo-
physical properties were examined under an argon atmosphere,
unless stated otherwise, and they appear listed in Table 1. The
monometallic starting complex 2 displays a very weak and well-
resolved vibronic emission at 472 nm in rigid matrix of 2-
MeTHF (77 K) and in 2 wt% PMMA film (Fig. S14) with rather
long lifetime decays, mainly attributed to *LC [C*C*] excited
states. By contrast, compound 3 shows a very intense structure-
less band with maxima at 540 nm, in fluid solution of 2-MeTHF
(107* M) (see Fig. 8). In 2 wt% PMMA film, the emission
experiences a subtle rigidochromism (Zep: 520 nm; 712 cm™ )
which is typical of charge transfer excited states.®® This emis-
sion fits to a monoexponential decay (1.80 ps), exhibits
a high quantum yield (0.90) and a full width at half
maximum (FWHM) of 56 nm (2014 cm Y); all these values
appear to be similar to those reported for related dinuclear

Table 1 Photophysical data of Pt complexes®
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Pictures taken under 365 nm.

complexes.’>***%>* The photoluminescent properties of 3 were

also measured in 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP),
which is the host material employed for the fabrication of
OLED devices (see below). Concentrations of 1.5 wt% and
3 wt% of 3 in CBP were studied and exhibited comparable data
to each other and also to those of the 2 wt% PMMA film (Fig. 8
and Table 1).

Regarding the emission characteristics and the resemblance
between the excitation and absorption spectrum, we can
presume that the phosphorescence arises from *MMLCT
[do*(Pt-Pt) — ©*(C~C*)] excited states. To validate this assign-
ment, spin density distributions were calculated on the T; state
(Fig. S15) and the Pt-Pt bonding parameters of the optimized
geometries in the S, and T; states were also tabulated
(Table S7). According to them, the Pt-Pt distance is shortened
(0.23 A) at the first triplet state in relation to that of the ground
state, as the electron is promoted from the antibonding orbital
do*(Pt-Pt).

As observed in related Pt,(im,m) systems, compounds
4-X display phosphorescent emissions, but only in solid at 77 K,
with maxima at 960, 970 and 1055 nm that are sensitive to the

40,41,56,61

Compound Media (T/[K]) Jexe (NM) Jem (M) 7 (us) Dpy, ke x 10° (s7Y)/ kor x 10° (s71)
2 2-MeTHF” (77) 360 472 max, 508, 548, 596 361.0
2wt% PMMA 360 472max, 508, 546, 588 73.0 0.05 0.007 0.1
3 2-MeTHF* 370, 420 540 0.61 0.45 7.4 9.0
2wt% PMMA 370, 420 520 1.80 0.90 5.0 0.5
1.5wt% CBP 370, 425 529 1.45 0.82 5.6 1.2
3wt% CBP 370, 425 532 1.52 0.91 5.9 0.6
Solid“ 470 568 4.71 0.20 0.4 1.7
4-Cl Solid (77) 390 960 29.7 ns ¢
4-Br Solid (77) 450 970 49.1 ns ¢
41 Solid (77) 470 1055 28.2 ns ¢

a = Measured in Ar atmosphere and rt unless noted; b =5 x 107> M; ¢ =10"° M; d = in the air; e = outside the instrument’s capability; f = k; = Ppr /71,

& kor = (1 — Ppr)lz.
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X ligand (Fig. 9). These are tentatively assigned to *XMMCT
[6(X) — do*(Pt-Pt)] excited states which are in close agreement
with the spin density distributions and the bonding parameters
of the optimized geometries in the S, and T, states (Fig. S15
and Table S7). As opposed to the 4-X series, complex 5 shows no
detectable emission in either the visible or NIR regions at
298 or 77 K. DFT calculations corroborate this observation:
attempts to optimize the geometry of the T; were unsuccessful
due to severe structural distortions occurring during the opti-
mization process, including the dissociation of the methyl
group from the metal center. Therefore, such pronounced
structural deformations in T; could account for the lack of
luminescence of complex 5. Evaluating the emissive behaviour
of these Pt,(1,u) and Pt,(m,m) systems relative to similar double-
decker complexes with C~N-cyclometallated and NS bridging
ligands published in our group,*®*' we noticed that the pre-
ceding derivatives appear to be weakly or non-emissive whereas
the oxidized Pt(m) analogues display more intense NIR emis-
sion bands even at rt.

For compound 3, the photophysical study was completed
with time resolved photoluminescence experiments. They were
recorded in 1.5 wt% and 3 wt% CBP affording similar results.
Fig. S16(A and B) shows the photoluminescence spectra
recorded at different delay times which were integrated to
obtain the decay trace depicted in Fig. S16(C and D).

The photoluminescence lifetime was obtained using a
mono-exponential fit of the decay trace. The PL recorded at
early times in the first nanoseconds originates from CBP
fluorescence and has been omitted in this analysis. There is a
second exponential component at longer delay times which
arises, as we believe from a resonance between the T; energy of
complex 3 and CBP host. The close proximity of the T, states
means that the T, of CBP (2.58 eV) can become populated from
the T, of 3 (2.61 eV).®*® Following this, the T, of 3 can become
repopulated, but with a lower rate, resulting in PL characteristic
of 3, but with a longer lifetime than what is observed when
emission originates directly from 3. A somewhat similar

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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resonance has been previously observed between FIrpic and
CBP.5+65

Organic light emitting diodes

In view of the excellent photophysical properties of 3 (high
photoluminescence QY, short phosphorescence lifetime and
relatively narrowband emission), and its high thermal stability
up to 410 °C (see TGA in Fig. S17), organic light emitting
devices were fabricated using this complex as the active mate-
rial in the emitting layer. Various host materials and doping
concentrations were tested, CBP host and emitter concentra-
tions at 1.5 and 3% clearly yielding the best results. The
complex sublimes below 250 °C, this is far below the decom-
position temperature, which is above 400 °C. This is a remark-
ably low sublimation temperature for a complex with such a
high molecular weight. The optimum device structure and
thickness of the layers are given as follow and are represented
in Fig. 10:

ITO | HAT-CN (10 nm) | TSBPA (40 nm) | CBP (2 nm) | CBP
co 1.5 or 3% 3 (20 nm) | TmPyPB (50 nm) | LiF (0.8 nm) | Al
(70 nm)

The devices use indium tin oxide (ITO) and lithium fluoride/
aluminium (LiF/Al) as the anode and cathode, respectively.
1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HAT-CN) is
employed as a hole injection material. 4,4’-(Diphenylsilane-
diyl)bis(N,N-diphenylaniline) (TSBPA) and 1,3,5-tris(3-pyridyl-
3-phenyl)benzene (TmPyPB) are used as the hole and electron
transport layers, respectively. A thin layer of CBP is included as
an additional hole transport layer. The representative device
performances for a particular pixel of the 1.5 and 3% emitter
OLEDs are given in Fig. 11. The device characteristics are
summarised in Table 2. All values were obtained by averaging
the results from at least 12 pixels. A histogram of the maximum
EQE for all the pixels is given in Fig. S18. Both OLEDs show a
green emission with CIE = (0.31, 0.63), Ag;, ~ 540 nm and
FWHM of 66 nm (0.28 eV). The maximum EQE, current and
power efficiency of the 1.5% device are slightly higher in
comparison to the 3% device. However, the 3% device shows
a clearly better efficiency roll-off at higher current densities and

TSBPA LiF/Al

ITO

Complex 3

CBP

HAT-CN

Fig. 10 Structure of the OLED devices fabricated in this work. The heights
of the bars represent the HOMO and LUMO energies of the materials
which comprise each layer. The width of the bars approximately repre-
sents the relative thickness of the layers.
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Table 2 Electrical properties of the fabricated OLED devices with 3

c

EQEq," EQEpax’ Von de? Linax’ CEmad PEaf CIE FWHM'
Device [%] [%] V] [nm] [cd m 7] [ed A7 [Im W] (x, y) [nm]/[eV]
1.5% 3 CBP 21.8 23.2 3 538 22000 89.8 66.6 (0.31, 0.63) 66/0.28
3% 3 CBP 20.7 23.2 3 541 22400 81.6 51.3 (0.33, 0.62) 66/0.28

“ Average maximum EQE. ” Maximum EQE from a single pixel. ¢ Turn-on voltage at 1 cd m

~2, 4 EL maxima. ¢ Maximum luminance. ” Maximum

current efficiency. # Maximum power efficiency. ” Colour coordinates of the electroluminance defined by the International Commission on

Illumination. * Full width at half maximum of the electroluminescence.

hence reach a higher luminance. In both cases, the devices
show exceptional results with excellent EQE (ca. 22%), low turn-
on voltage (3 V) and very high luminance (22 000 cd m~>). These
values are comparable or even superior to those reported for
OLEDs based on double decker Pt complexes with p-N*N
amidinate ligands and different chromophores (C"N or
C~C*): [{Pt(C"N)(u-N~N)},] (C*N: 3,6-di-tert-butyl-9-(pyrimidin-
2-yl)-9H-carbazole; Aem: 598 nm; EQE: 5.3%),>' [{Pt(C N)(u-
N~N)},] (C*N: 5-(pyridin-2-yl)-2-(trifluoromethyl)pyrimidinate;
Jem: 767 nm; EQE: 0.14%)*° and [{Pt(C C*)(u-N~"N)},] (CrC*:
pyridyl- or pyrazinyl-fused NHC; e, 616 nm; EQE: 15.5-19.4%).>

As indicated, all devices exhibited red or deep red electro-
luminescence. Therefore, we alternatively contrasted our
results with those of green OLEDs fabricated using Pt bimetal-
lic emitters. Although these systems do not feature an identical

Mater. Chem. Front.

double decker architecture, they share key structural character-
istics such as C"N or C"~C* cyclometallated chromophoric
groups, doubly bridging ligands and pronounced metal-metal
interactions. Notably, the efficiencies achieved in our devices
surpass those reported for these related green OLEDs:
[{Pt(C"N)(u-Rpz)}»] (Rpz = 3-methyl-5-tert-butylpyrazolate)®®
and [{Pt(C~C*)(u-Rpz)},] (Rpz = 3,5-diphenylpyrazolate)®” with
EQEs of 6.0% and 10%, respectively. As noted, our system ranks
among the most efficient Pt-based green emitters exhibiting
excellent OLEDs performances.

Conclusions

Double decker Pty(mu) complex 3 with a cyclometallated
N-heterocyclic carbene and diphenylformamidinate bridging

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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ligands was obtained as a single isomer by treating the mono-
nuclear bisformamidine complex 2 with NEt; in refluxing 2-
methoxyethanol. When exposed to 365 nm light in the presence
of haloforms, 3 experiences two-electron oxidation, resulting in
the corresponding Pt,(u1,m) complexes with halogenides as axial
capping ligands. Furthermore, due to the nucleophilic charac-
ter of the Pt centers in 3, the complex readily reacted with
[Me;O]BF, affording the mixed-valence dinuclear complex
[(CAC*¥)Pt"(u-NAN),Pt™(CAC*)(CH;)|BF, (5), with the metals
involved in a donor-acceptor Pt(u) — Pt(iv) bond. Accordingly,
two Pt NMR resonances appear at —3264 and —2373 ppm
with a large Pt-Pt coupling constant of 2155 Hz. X-ray analysis
of 3 and 4-Cl confirmed the anti-conformation and revealed
short Pt-Pt separations of 2.8645 and 2.6070 A, the latter in line
with the presence of a metal-metal bond in the Pt,(um) core.
We found several differences in the photo-emissive behaviour
of these Pt,(i,u) and Pt,(m,m) systems relative to analogous
double-decker complexes with C~N-cyclometallated ligands
previously reported by our group. First, Pt,(i,u) complex 3
shows green emission with exceptionally higher QY. Second,
the oxidized Pt,(u,m) counterparts display less intense NIR-I or
NIR-II emissions in solid state at 77 K whereas the preceding
C”N-derivatives were emissive in the NIR-II spectral range
even at rt.

Finally, the technological applicability of this work was
validated by employing compound 3 as a green emitter in
vacuum-deposited OLEDs. The resulting devices exhibited out-
standing performance, delivering a maximum EQE of 22%, a
low turn-on voltage of 3 V, and exceptionally high luminance
(22000 cd m™?), that are among the best reported for Pt-based
OLEDs. Collectively, this work sets out an approachable plat-
form from which we can introduce structural modifications to
achieve tunable emitters from visible to NIR-II region.
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