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Abstract: The narrowband emission required by wide color gamut display is an 

extremely important research topic for any luminescence mechanism, which has made 

significant progress in traditional fluorescence and thermally activated delayed 

fluorescence (TADF) based on purely organic compounds, but is far from mature in 

phosphorescence based on metal organic complexes. Herein, we propose a feasible 

molecular design paradigm for constructing the desirable narrowband-emission 

organic electroluminescence (EL) emitter by integrating an original multi-resonance 

thermally activated delayed fluorescent (MR-TADF) fragment into the classical heavy 

metal platinum (II) complex. The target model platinum (II) complex BNCPPt shows 
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green emission with a single peak at 497 nm and the quite narrow full-width at 

half-maximum (FWHM) of 27 nm in toluene. 

 

As one of the current mainstream technologies for the small and medium-sized flat 

panel displays, organic light emitting diode (OLED) has excellent merits of strong 

flexibility, fast response time, active emitting and vivid color, etc., and thus is 

gradually popularized in smart phones, curly televisions, artificial intelligence patches 

and other commercial products. In order to further improve the image quality and 

reproduce the most authentic colors of nature on the screen, developing the wide color 

gamut OLED based on ultra-high definition display (UHD) technology has the 

sufficient scientific attraction as well as meets the strong industrial requirement.
[1]

 As 

it should be, designing and adopting the emitting materials with the standard emission 

peak position and possessing the spectral band as narrow as possible is the 

straightforward and effective approach for that. 

Currently, the narrowband materials based on fluorescence emission mechanism 

have made vigorous development, especially for thermally activated delayed 

fluorescence (TADF) materials induced by multiple resonance (MR) effects.
[2]

 In 

MR-TADF system molecules, the highest occupied molecular orbitals (HOMO) and 

lowest unoccupied molecular orbitals (LUMO) induced by the opposite electronic 

properties of donors (such as nitrogen, oxygen and sulfur atoms) and acceptors (such 

as boron and carbonyl groups) are alternately arranged on the atoms, thus integrating 

the short-range charge delocalization effect and long-range complementary resonance 



interaction, and thus resulting in narrowband blue, green and red emission with very 

high external quantum efficiencies of 30-40%.
[3]

 However, MR-TADF emitting 

systems usually suffer from the pronounced device efficiency roll-offs of over 20% at 

the practical luminance of 1000 cd m
-2

 due to the inherent long residence times of 

triplet excitons. On the other hand, although phosphorescent metal complexes-based 

OLEDs possess quite comprehensive high electroluminescence (EL) performance in 

terms of brightness, efficiency and power consumption, they tend to bear broadband 

emission due to the complex luminescence processes and intermolecular 

interactions.
[4]

 These original EL spectra thereupon need additional slimming 

technique such as color filtering or optical microcavity to meet the requirements of 

commercial display,
[5]

 and thus the certain loss of luminous efficacy and increase of 

manufacturing cost/power consumption are inevitable. So far, there have been 

sporadic reports on the spectral narrowing of phosphorescent complexes through 

introducing the large sterically hindered/rigid groups into the complexes to restrict the 

free relaxation of ligand and inhibit the intermolecular interactions,
[6]

 which indeed 

achieve a certain degree of spectral slimming, but further optimization for spectra is 

still required to match the high-quality display applications, which will be 

accompanied by additional multistep reaction sequences as well as requirement for 

harsh purification. 

In addition, solution processing technologies including spin coating and ink 

printing are more promising due to their simple and low-cost fabrication process for 

large size panel production based on OLED.
[7]

 However, almost all the present 



MR-TADF organic molecules and small-molecule phosphorescent complexes are 

basically designed according to the requirement of thermal-deposition fabrication, 

thus they are usually easy crystallized based on spin coating process and their film 

morphology is not stable enough, indicating their inappropriate for wet-process 

method. Therefore, it is still an enormous challenge to develop new solution 

processing organic EL material system that can integrate the desirable narrowband 

emission spectrum and the amazing emitting performance. In this work, as an induced 

fragment of resonance effect as well as a solubilizing group, our original MR-TADF 

molecule BNCz
[3a]

 is integrated into the classical cyclometalated (C^N) ligand 

2-phenylpyridine (ppy) for constructing a new B-N-embedded ligand BNCP and the 

corresponding heavy metal platinum (Pt-II) complex BNCPPt. As we expected, both 

the C^N ligand BNCP and the target complex BNCPPt are upgraded to two emitters 

with the amazing MR effect. Thus this work enrich the MR-TADF material system by 

adopting the new chemical structure framework through ingenious optimizing the 

classical organometallic complex, and more importantly, which exhibits a simple and 

practical research strategy to develop the promising wet-process MR-TADF material 

systems those possessing the desirable narrowband emission. 



 

Scheme 1. Design concepts and chemical structures of BNCz, PPy-Pt-acac, BNCP 

and BNCPPt. (Inset: photograph of solid powder taken under 365 nm UV light). 

 

 

Figure 1. a) Calculated electron cloud distribution patterns and energy levels of 

HOMO and LUMO of BNCPPt, BNCP and PPy-Pt-acac. b) Optimized S0 and T1 

structures, single point energies, and reorganization energies (λ) of BNCPPt. c) 

Normalized UV–vis absorption and phosphorescence spectra of BNCPPt measured in 

toluene solution (1 × 10
−5

 M, 298 K). d) Normalized UV–vis absorption and 

fluorescence spectra of BNCP measured in toluene solution (1 × 10
−5

 M, 298 K). e) 

Normalized UV–vis absorption and phosphorescence spectra of PPy-Pt-acac 

measured in toluene solution (1 × 10
−5

 M, 298 K). (Inset: photograph taken under 365 

nm UV light). 

 

 

 



a) Peak wavelength of absorption peak in toluene solution (1 × 10
−5

 M, 298 K). b) 

Peak wavelength of PL spectrum in toluene (1 × 10
−5

 M, 298 K). c) Full-width at 

half-maximum. d) Determined from cyclic voltammetry using the formula: EHOMO = − 

(Eox + 4.8) eV and ELUMO = − (Ered + 4.8) eV.
 
e) Absolute photoluminescence quantum 

yield measured with an integrating sphere system in N2-bubbling toluene. 

The C^N ligand BNCP is synthesized from the substrate BNCz via an easy 

two-step handling procedure, including Miyaura boron esterification and Suzuki 

coupling as shown in Scheme 1.
[8]

 The final complex BNCPPt is obtained with the 

yield of more than 30% by simple reaction of ligand with K2PtCl4 and auxiliary ligand 

acetylacetone (acac). The detailed synthesis procedures including NMR, mass 

spectrometry and elemental analysis are provided in Electronic Supplementary 

Information (ESI) file. For comparison, the reference parent molecule PPy-Pt-acac’s 

chemical structure, synthesis and the corresponding characterization results are also 

shown here and in ESI file. According to the cyclic voltammetry (CV) measurement 

(Figure S9 in ESI), the HOMO and LUMO energy levels are determined as −4.81 

and −2.64 eV for BNCPPt, −5.19 and −2.60 eV for BNCP, −4.74 and −2.36 eV for 

PPy-Pt-acac. Furthermore, to examine the influence of BNCz group on the optimized 

molecular structure and frontier molecular orbital distribution, the electron cloud 

Table 1. Summary of photophysical properties of BNCPPt, BNCP and PPy-Pt-acac. 

compound λabs
a)

 [nm] λem
b)

 [nm] 
FWHM

c) 

[nm]
 

HOMO
d) 

[eV] 

LUMO
d) 

[eV] 
ФPL

e) 
[%] 

BNCPPt 
310, 334, 380, 

422, 478 

497, 536, 

578 
27 −4.81 −2.64 75 

BNCP 
308, 329, 381, 

474 
493 23 −5.19 −2.60 97 

PPy-Pt-acac 301, 378, 402 
527, 564, 

612 
78 −4.74 −2.36 35 



distributions of three molecules are calculated by density functional theory (DFT) and 

time-dependent DFT (TD-DFT) at the B3LYP/6-31G(d,p) level. In particular, the 

heavy platinum atom was calculated by combining the basis set Stuttgart Dresden 

ECP (SDD). Figure 1a shows the electron cloud distributions of HOMO and LUMO 

and corresponding energy levels and HOMO−LUMO energy level gaps (Egaps) for 

BNCPPt, BNCP and PPy-Pt-acac. The electrostatic potential (ESP) distribution and 

spin−orbit coupling matrix elements (<S|ĤSOC|T>s) are shown in Figure S10−S11. 

The HOMO distributions of BNCPPt and BNCP are similar, which are mainly located 

on the MR skeleton belong to the C^N ligand. Due to the central platinum ion (II) 

being introduced, the LUMO of BNCPPt is not only predominately distributed on the 

ligand BNCP, but also partly extends to the metal ion. According to the theory of 

constructing charge transfer excited states based on frontier molecular orbital 

engineering (FMOE),
[9]

 the LUMO in ligand BNCP primarily resides on the MR 

skeleton, that is, distributed on the boron atom and the carbon atoms at the ortho/para 

positions in BNCz moiety, and also extends to the 2-phenylpyridine unit connected to 

the para-carbon position of the B-substituted phenyl ring. Very little contribution of 

the auxiliary ligand acetylacetone (acac) to the frontier molecular orbital of BNCPPt 

indicates this molecular segment’s influence on the frontier molecular property of the 

complex should be quite limited. 

The C^N ligand BNCP in the complex BNCPPt has the canonical MR effect, which 

mirrors the short-range charge transfer state.
[10]

 It can be reasonably conjectured that 

when the MR skeleton is grafted into the heavy atom containing complex, this endows 



the complex with a relatively static “breath” movement, which restricts the vigorous 

molecular stretching vibration of bond and the free relaxation of the complex.
[11]

 The 

S0 → S1 transition of BNCPPt is attributed to the transition from HOMO to LUMO 

(see Table S1−S3), where the frontier molecular orbitals are principally arranged 

alternately at boron/nitrogen and carbon atoms of BNCP. Compared with the 

conventional phosphorescent metal complexes, the metal-to-ligand charge transfer 

(MLCT) state of BNCPPt is greatly reduced, and the intra-ligand charge transfer 

transition (ILCT) state plays the most important role. From the result of ESP analysis, 

the more dispersed electron cloud density in BNCPPt than that in BNCP, pulling 

down the former LUMO energy level, which moderately enhances the intramolecular 

charge transfer (ICT) intensity, reduces Egaps and generates red-shift emission. 

As we know, the molecular reorganization energy (λ) based on the Marcus theory is 

an important parameter to investigate the geometrical deformation and the emission 

spectral pattern. In principle, the relatively low recombination energy level is a 

prerequisite for narrowband emission. The reorganization energies are calculated to be 

0.15, 0.14 and 0.59 eV for BNCPPt, BNCP and PPy-Pt-acac, respectively (Figure 1b 

and Figure S12). The quite similar value of BNCPPt (0.15 eV) and BNCz (0.13 eV)
[8]

 

indicates that this newly-constructed complex may have the desirable narrowband 

emission curve similar to the latter. According to the decomposition results of the 

reorganization energy from T1 to S0, the narrow FWHM can be achieved by 

enhancing low-frequency and suppressing high-frequency vibronic coupling. Here, 

the observed reorganization energies for the different normal vibration modes of 



BNCPPt are mainly located in the low-frequency region (< 500 cm
−1

), which have 

very small values (< 43 cm
−1

) (see Figure S13−S14).
[12]

 Therefore, as mentioned 

above, the introduction of B-N-embedded MR skeleton into the platinum (II) complex 

indeed limits the structural deformation between its ground and excited state, thus 

inhibiting the free relaxation and leading to narrowband emission of the target 

complex. 

The fundamental photophysical properties including ultraviolet–visible (UV–vis) 

absorption and photoluminescence (PL) spectra of BNCPPt, BNCP and PPy-Pt-acac 

are measured in dilute toluene at room temperature (Figure 1c–e and Table 1). The 

UV–vis absorption curves of BNCPPt and BNCP are similar, where the intense 

high-energy absorption band between 300 and 370 nm is assigned to the intraligand π 

→ π* transitions of the conjugated backbone, the moderate absorption bands covering 

370–400 and 400–435 nm should be attributed to the MLCT transition, and the strong 

low-energy band with 435–520 nm for BNCPPt can be ascribed to the ILCT transition 

as well as the MLCT transition partly. As we expected, BNCPPt exhibits a remarkably 

light green emission possessing a sharp peak at 497 nm with a quite narrow FWHM 

of 27 nm, which are similar with those of BNCP (493 nm and 23 nm respectively). 

They are obviously different from the corresponding parameters of the reference 

complex PPy-Pt-acac, which shows a double sharp peak at 527 and 564 nm with 

broader FWHM of 78 nm. Subsequently, in their emission spectra at 77 K (see Figure 

S15 and Table S4), BNCP and PPy-Pt-acac exhibit almost same curves as the cases at 

room temperature in Figure 1, but BNCPPt show the double peaks with different 



emission intensity, where the short-wavelength (～528nm) main peak should be 

originated from the ILCT transition of the C

N ligand BNCP, and it has the similar 

emission peak and curve profile to those of BNCP at both at 77 K (Figure S15b) and 

room temperature as shown in Figure 1c, and the long-wavelength (～568nm) broad 

shoulder peak should derive from this complex’s MLCT transition, which is 

consistent with the theoretical calculation results above. 

In addition, a series of doped films based on BNCPPt, BNCP and PPy-Pt-acac 

blended in a mixed host system of mCPBC 

(9-(3-(9H-carbazol-9-yl)phenyl)-9H-3,9'-bicarbazole):PIM-TRZ 

(di-[4-(N,N-ditolyamino)-phenyl]cyclohexane) (2:1)
[13]

 with a low doping 

concentrations of 2 wt% are prepared by spin-coating method from fresh 

cholorobenzene solvent (15 mg/ml) onto quartz substrates, and their PL spectra, 

transient PL decay profiles, lifetimes, and photoluminescence quantum yields (ФPLs) 

are comprehensively studied. All the doped films’ PL spectra display slight red-shifts 

and widened FWHMs (Figure S16 and Table S5) compared with the cases in the 

dilute solution as shown in Figure 1, which should be due to the certain molecular 

aggregation in these solid films. The transient PL decay curve of BNCPPt doped film 

shows the clear monoexponential decay with the shortest lifetime value of 3.78 of the 

and 14.38 s respectively, and PPy-Pt-acac doped films where there is no other 

long-lived emissive component such as the phosphorescence can be detected. In 

comparison, the typical double exponential decay originated from the traditional 

fluorescence together with the delayed fluorescence emission from BNCP-based 



doped film achieves the much longer lifetime of 62.1 s (see ESI file). In summary, 

these properties of platinum (II) complex BNCPPt have tremendous advantages for 

the preparation of highly efficient OLED with narrowband emission. The application 

of these compounds in optoelectronic devices are ongoing in our laboratory. 

In conclusion, a representative unique multiple resonance fragment into 

phosphorescent metal complexes (MR-PMC) comprising of B-N-embedded 

framework combined with heavy metal platinum atom, has been innovatively 

constructed. The target model complex BNCPPt is utilized as an emitter that displays 

green emission with a peak at 497 nm and small FWHM of 27 nm. This kind of 

complex not only inherits the excellent gene of MR skeleton, but also retains the 

striking advantages of short lifetime of phosphorescent complexes. Most important of 

all, this innovative design concept builds a bridge between MR and phosphorescent 

metal complexes, establishes a concrete molecular structure design paradigm, and 

provides a novel strategy for the construction of phosphorescent complexes with 

narrowband emission towards ultra-high definition display. 
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Table of contents 

A novel molecular design paradigm for narrowband phosphorescence organic light 

emitting diodes (OLEDs) based on integrating multiple resonance fragment into 

phosphorescent metal complexes (MR-PMC) has been proposed, and a representative 

platinum (II) complex BNCPPt has been constructed. The target model platinum (II) 

complex BNCPPt shows green emission with a single peak at 497 nm and the quite 

narrow full-width at half-maximum (FWHM) of 27 nm in toluene. 

 

 

 

 



 

 


