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Abstract

High device efficiency and color-purity are the two essentials  for high-quality

organic light emitting diodes (OLEDs). Multi-resonance (MR) molecules show great

potentials for high color-purity OLEDs due to their sharp emission bands. However,

most MR molecules exhibit emission limited from deep-blue to green spectral region.

Herein,  through  peripherally  decorating  MR  emitter  with  electron  donors,  we

demonstrated a new approach enabling the emission spectra of MR emitters red-shift

while  retaining  narrowband emission.  By manipulating  the  numbers  and electron-

donating  abilities  of  the  peripheries,  the  first  narrowband  yellow  emitter  with

emission maxima of 562 nm and a full-width at half-maximum (FWHM) of 30 nm is



realized. Highly efficient OLEDs with external quantum efficiency of over 24% and

excellent  color  purity  are  fabricated  by  employing  these  newly  developed  MR

molecules as emitters.

1. Introduction

Developing highly efficient  luminescent  materials  is  highly  demanded for  the

advancement of organic light emitting diodes (OLEDs). Among all the emitters, pure

organic compounds are of the most promising materials due to their cost-effectiveness

and  highly  variable  chemical  structures,  allowing  for  harvesting  excitons  through

various  pathways.[1] One  of  the  most  extensively  investigated  emitters  are  the

thermally activated delayed (TADF) materials based on the twisted donor-acceptor

architecture.[2] In a TADF OLED, the small  singlet-triplet energy gap (ΔEST) of the

emitter allows both singlet (S1) and triplet (T1) excitons to be utilized via the reverse

intersystem crossing (RISC) process, enabling a theoretical 100% internal quantum

efficiency in the device. In this context, a few TADF emitters with external quantum

efficiencies (EQEs) over 30% and emission colors varying from deep-blue to red have

been reported.[3]

Apart  from device efficiency, color-purity is  also another important parameter

that  should  be  considered  for  high-quality  displays.  However,  compared  to  the

inorganic LEDs that exhibit narrowband emission with a full-width at half-maximum

(FWHM) of ~20 nm,[4] most of the well-developed donor-acceptor type TADF OLEDs

usually display broad emission band with FWHM over 50 nm. Such broadening of

emission spectra is ascribed to the vibronic coupling between the ground state (S0)

and singlet excited state (S1) as well as the structural relaxation of the S1 state for the

conventional  donor-acceptor  type  TADF  emitters.[5] To  address  this  issue,  multi-

resonance (MR) emitters have been invented by employing boron and nitrogen atoms

into the rigid polycyclic aromatic hydrocarbon framework.[6] The multiple resonance

effect  can  localize  the  highest  occupied  molecular  orbital  (HOMO)  and  lowest

unoccupied molecular orbital (LUMO), and thus minimize the vibronic coupling and



vibrational relaxation of the emitter, sharpening the emission spectra and compressing

FWHM. In addition, such localized HOMO and LUMO distribution with effective

short range intramolecular charge transfer (ICT) of the MR emitters can also reduce

the ΔEST, harvesting triplet excitons via facilitated RISC in the devices. 

To date, a number of MR molecules have been developed by incorporating boron

atoms[7] or carbonyl groups[8] into the fused planar triphenylamine frameworks. And

OLEDs with high EQE of over 30% and narrow emission have been achieved by

employing these MR molecules as emitters in OLEDs. Despite of the high efficiency

and  color  purity,  however,  most  of  the  currently  developed  MR  emitters  exhibit

emission falls into deep-blue to green spectral region,[9] which inevitably limited their

application for full-color displays. Although a handful of MR molecules with long

wavelength emission have been reported,[10] some of these MR emitters are facing

tedious synthetic issues with incredibly low yield, and some even suffer from spectra

broadening.

One  of  the  simplest  and well-known MR molecules  is  BNCz  (Scheme 1),[11]

which exhibit narrowband bluish green emission with photoluminescence wavelength

(λPL) of 481 nm. Several strategies have been developed for the derivation of BNCz to

achieve long-wavelength emission. The first one is to introduce an electron acceptor

onto the para position of the boron atom to increase the acceptor strength in the MR

system. For example, Duan et. al. reported three green MR emitters by fluorobenzene

substitution on the para position of boron in BNCz.[12] A pure green MR emitter with

λPL of 522 nm and FWHM of 28 nm was also reported by fusing the aza-aromatics

onto BNCz.[13] Another strategy is to install auxiliary carbazole moieties onto the para

position of the nitrogen atom through the core to elevate the donor strength in the MR

system.  Wang  et.  al. reported  a  pure  green  MR emitter  with  λPL of  519  nm  by

installing an additional 3,6-di-t-butylcarbazole unit on the para position of nitrogen in

BNCz.[14] And introducing two 3,6-di-t-butylcarbazole moieties led to a further red-

shift of the spectrum, resulting greenish yellow emission with  λPL of 549 nm.[10] In

addition, peripheral conjugation extension was proved to cause the emission spectra



of MR molecules red-shift.[8c, 11] By integrating the ''enhanced donor" and ''peripheral

conjugation  extension''  strategies  together,  we  envisioned  that  the  peripheral

decoration of electron donating units  onto the  para position of nitrogen atoms on

carbazole moieties in  BNCz could give rise to the red-shifted emission. Herein, we

designed  a  series  of  carbazole  and  diphenylamine  end-capped BNCz  molecules.

Eventually, through versatilely changing the electron-donating ability and the number

of the peripheral groups, the designed MR emitters BN1-BN3 enabled the systematic

color tuning of narrowband emissions from bluish-green (BN1) to green (BN2) and

yellow (BN3). Highly efficient OLEDs with EQEmax beyond 24%, together with small

FWHM were successfully fabricated based on these MR emitters.

Scheme 1. Strategies for BNCz derivation toward long-wavelength emission. 

2. Results and Discussion

2.1. Synthesis

The chemical structures of the designed molecules  BN1,  BN2 and  BN3 were

shown in Scheme 2. All the three molecules possessed a typical  BNCz core, while

BN1 and BN2 possessed unsymmetrical molecular structures with two of the t-butyl

peripheries on carbazole being replaced by the weak electron donating carbazole (for



BN1) or strong electron donating diphenylamine (for  BN2) moieties. Further fully

replacement  of  the  t-butyl  peripheries in  BNCz  with  diphenylamine  gave  the

symmetrical molecule BN3. The synthesis of BN1-BN3 was quite straightforward as

depicted in Scheme S1 (see supporting information, SI), which involved nucleophilic

substitution reactions between the commercially available carbazole derivatives and

aryl  fluoride,  followed  by  the  t-butyl  lithium  mediated  borylation  reactions.  The

reactions could be easily carried out on gram-scale and  BN1-BN3 were obtained in

decent yields. Notably, owing to the rigid and planar framework, MR molecules free

from  solubilizing  t-butyl  groups  usually  exhibited  poor  solubilities  in  common

organic solvents caused by strong aggregation. [8c] However, by integrating the rigid

BNCz core  with  the  flexible  diphenylamine  peripheries,  BN2 and  BN3 exhibited

excellent solubilities in most organic solvents,  allowing for facile  purification and

characterization. All the key intermediates and the final products were fully identified

by 1H, 13C, 11B NMR and high-resolution mass spectra (Figure S1-S20). In addition, as

proved by thermogravimetric  analysis  (TGA, Figure S21),  BN1-BN3 all  exhibited

excellent  thermal  stability  with  decomposition  temperature  (Td)  of  over  450  °C,

enabling vacuum thermal deposition process for OLED fabrication.
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Scheme 2. Chemical structures of BN1, BN2 and BN3. 

2.2. Theoretical Calculation

Computational  simulations  based  on  the  density  functional  theory  (DFT)

calculations were first  conducted to validate the materials design.  As illustrated in

Figure 1, all three molecules shared similar molecular orbital distribution profile, in

which  the  HOMOs  showed  significant  contribution  from  the  peripheral  units.

Replacing  the  carbazole  end-cappers  in  BN1 with  strong  electron-donating



diphenylamine moieties led to a remarkable shallowing of HOMO for  BN2 (-4.69

eV). Especially,  with all  the peripheral points of carbazole being fully end-capped

with diphenylamine, BN3 exhibited the shallowest HOMO of -4.66 eV. Moreover, the

calculated Eg showed a clear trend of decrease with the increase of the numbers and

the electron-donating abilities of peripheries. The calculated Egs were 3.11, 2.87 and

2.75 eV for BN1, BN2 and BN3, respectively, which were significantly smaller than

that of  BNCz (3.35 eV), corresponding to red-shifted emission spectra. In addition,

large  oscillator  strengths  (f)  for  the  S1  excitation  were  predicted,  indicating  the

efficient radiative decay and high PLQY for all the three molecules. 

Figure 1. The HOMO and LUMO energies, distributions, calculated energy gaps and

oscillator strengths of BN1-BN3.

2.3. Electrochemical and Photophysical Properties

The predicted shallowing of HOMOs of BN1-BN3 was convinced by the cyclic

voltammetry (CV) results. As shown in Figure S22, BN1 showed the onset potential

of  0.29  V,  while  BN2 and  BN3 displayed  greatly  lowered  reversible  half-wave

potentials corresponding to the oxidation of the peripheral diphenylamine moieties.

The calculated HOMOs were -5.09,  -4.91 and -4.88 eV for  BN1,  BN2 and  BN3,

respectively,  the  trend  was  well  consistent  with  the  theoretical  prediction.



Photophysical  properties  were  also  investigated  to  correlate  the  theoretical

calculations  and  the  results  were  summarized  in  Table  1.  In  the  UV-vis  spectra

(Figure 2a), all the three molecules revealed intense characteristic absorption band at

450-550  nm  in  toluene  solution,  which  were  assigned  to  ICT  transitions.  The

absorption maxima (λabs) of ICT bands were gradually red-shifted from 478 nm (for

BN1) to 503 nm (for BN2), and then 530 nm (for BN3), proving lowered S1 states as

the numbers and the electron-donating abilities of the end-cappers increases. 

BN1-BN3  all displayed  bright  emission  with  PLQYs  of  98-99%  in  toluene

solution (Figure 2b). And the emission maxima (λem) were gradually red-shifted from

496, to 534 and then 562 nm for  BN1,  BN2 and BN3, respectively. Importantly, all

three emitters exhibited narrowband emission with small FWHM and small Stokes

shifts,  meaning that the crucial MR promoted fluorescence were not interrupted by

peripheral decoration. Notably,  BN3 displayed longer wavelength emission (λem of

562 nm) together with smaller FWHM of 30 nm, compared to the conventional MR

molecule constructed by the ''enhanced donor through the core" strategy (Scheme 1),

which exhibited the λem of  549 nm and FWHM of 42 nm.[10] This finding clearly

proved that the ''peripheral decoration'' approach could red-shift the emission of MR

molecules  without  sacrificing  the  color  purify.  Additionally,  all  three  emitters

exhibited  small  ΔESTs of  ~0.1  eV  calculated  from  their  fluorescence  and

phosphorescent spectra (Table 1, Figure S23). 

Table 1. Physical data of BN1, BN2 and BN3.

Emitter

Tg

[℃

]

λabs
a

[nm]

λem
a/b

[nm]

FWHMa/

b

[nm]

PLQYa/b

[%]
HOMOd

[eV]

LUMOd

[eV]

S1

[eV]

T1

[eV]

ΔEst

[eV]

BN1 482 478 496/499 23/38 99/93 -5.09 -2.61 2.50 2.39 0.11

BN2 461 503 534/538 30/41 98/89 -4.91 -2.66 2.32 2.19 0.13

BN3 509 530 562/563 30/44 98/86 -4.88 -2.69 2.23 2.14 0.09

a Measured in toluene solutions (10-5 M) at 298K. b Measured in 1 wt.% doped in the

mCBP. d HOMOs were calculated from CV; LUMO = HOMO + Eg
opt.



As  shown  in  Figure  2c  and  summarized  in  Table  2,  when  doped  in  3,3'-

bis(carbazol-9-yl)biphenyl (mCBP) with the doping concentration of 1 wt.%, all three

compounds displayed slightly red-shifted emission with spectra broadening due to the

π-π interaction with the host, but high PLQYs remained as 86-93%. Thanks to their

small ΔESTs, BN1-BN3 exhibited a second-order exponential decay with nanosecond-

scale prompt fluorescence and microsecond-scale delayed fluorescence as illustrated

by the transient photoluminescence decay curves (Figure 2d). The fitted lifetimes of

prompt  (τp)/delayed (τd)  fluorescence  were  6.2 ns/68.6  μs,  7.1ns/107.6  μs  and  6.3

ns/127.9  μs  for  BN1,  BN2 and  BN3,  respectively.  When  these  emitters  were

employed as emitters for OLEDs, these large  τds should be considered carefully to

avoid triplet-related quenching process.[15]

Figure 2. a) UV-vis spectra of BN1-BN3 in toluene (10-5 M), b) fluorescence spectra

of BN1-BN3 in toluene (10-5 M), c) fluorescence spectra of BN1-BN3 in doped film,

d) transient photoluminescence decay curves of BN1-BN3 in doped film under inert

atmosphere (inset: prompt components).

Table 2. Physical data and kinetic parameters of 1 wt.% BN1-BN3 doped in mCBP.

http://shortof.com/suolueci/pi-%CF%80
http://shortof.com/suolueci/pi-%CF%80


Emitter

ΦPL
a

(%)

Φp
b

(%)

Φd
b

(%)

τp 
c

(ns)

τd
c

(μs)

kr,S
 d

(107 s-1)

knr,S
 d

(106 s-1)

kISC
 e

(107 s-1)

kRISC
 e

(105 s-1)

BN1 93 73 20 6.2 68.6 11.8 8.9 3.5 1.9

BN2 89 56 33 7.1 107.6 7.9 9.7 5.2 1.5

BN3 86 46 40 6.3 127.9 7.3 11.9 7.4 1.4

a Total  photoluminescence quantum yield (ΦPL); b ΦPL contributions  of  the  prompt

component  (p)  and  delayed  (d)  component;  c lifetime  of  prompt  and  delayed

fluorescence; d  rate constant of radiative decay (kr,s) and non-radiative decay (knr,s)

from S1 to S0 states;  e intersystem crossing (ISC) and reverse intersystem crossing

(RISC) rate constants.

2.4. Electroluminescence Performance

High  PLQYs  and  narrowband  emissions  of  these  molecules  inspired  us  to

incorporate them into OLEDs as emitters. Initially, the simple doped OLEDs with the

device configuration of ITO/HAT-CN (5 nm)/TAPC (30 nm)/mCP (10 nm)/EML (20

nm)/POT2T (10 nm)/TmPYPB (40 nm)/ Liq (1.5 nm)/Al (100 nm) were fabricated, in

which  dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile  (HATCN)

was served as a hole injection layer,  1,1-bis((di-4-tolylamino)phenyl)-cyclohexane

(TAPC) and  1,3,5-tri(m-pyrid-3-ylphenyl)benzene (TmPyPb) were applied as hole-

and  electron-transport  layers, while  1,3-di(9H-carbazol-9-yl)benzene (mCP)  and

1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-diyl)(tris(diphenylphosphine  oxide))

(POT2T) served as exciton-blocking layers (EBL).  BN1-BN3 were doped in mCBP

host with the doping concentration of 1 wt.% to serve as EML. 

As  shown  in  Figure  S24  and  summarized  in  Table  S1,  all  three  devices

demonstrated  characteristic  sharp  electroluminescence  (EL)  peaks  identical  to  the

emitter’s  PL spectra.  The maximum external  quantum efficiencies  (EQEmaxs)  were

17%, 20.7% and 21.4% for BN1, BN2 and BN3-based devices, respectively, proving

that both S1 and T1 excitons could be harvested by these MR emitters. However,

these simple doped devices suffered from severe efficiency roll-offs. Taking  BN3-

based device for example, the EQE was only 5.3% at the brightness of 100 cd/m2. The



severe efficiency roll-off was undoubtably ascribed to severe triplet-related quenching

owing to the ultralong-lived  triplet component of these MR emitters,[15a] as revealed

by their transient photoluminescence decay curves.

Donor-acceptor-based exciplexes  were well-known hosts  for high-performance

OLEDs due to the merits of decreased driving voltages, balanced charge transfer and

100% exciton harvesting capability.[16] To boost the device performances of OLEDs

based on these MR emitters, exciplex based on  mCBP:PO-T2T was selected as the

host. As illustrated in Figure S25, the exciplex based on mCBP:PO-T2T showed clear

TADF character, and its PL spectrum was well over-lapped with the absorption of

BN1-BN3. Moreover, the doped film mainly showed emissions originated from the

dopants  with  high  PLQYs  of  79%,  72%  and  76%  for  BN1,  BN2 and  BN3,

respectively,  indicating efficient energy transfer from the exciplex host to the MR

emitters. Inspired by the good matching of the exciplex host and MR emitter dopants,

the  optimized  OLEDs  were  further  fabricated  using  the  mCBP:POT2T:dopant

structure as the EML, and the ratio of each component was set to 49.5:49.5:1, the

device configuration, the chemical structures of the materials were shown in Figure 3,

and the device results were summarized in Table 3.

All three OLEDs exhibited sharp EL spectra as shown in Figure 3c.  BN1-based

device showed bluish green emission with λEL of 506 nm and FWHM of 36 nm, and

BN2-based device exhibited bright green emission with λEL of 545 nm and FWHM of

46  nm.  Importantly,  device  based  on  BN3 displayed  yellow  emission  with

Commission Internationale de l’Eclairage (CIE) of (0.47, 0.52), and a small FWHM

of 43 nm. To the best of our knowledge, this was the first narrowband yellow OLED

ever reported, and was also one of the few examples which possessed narrowband

electroluminescnce of over 550 nm,[10] especially with such high device efficiency.

Notably, with the help of the exciplex host, all three devices showed low turn voltage

(Von) of 3.0 V, brightness of over 5000 cd/m2 and EQEmax of over 24%. Particularly,

the  yellow  OLED  based  on  BN3 showed  an  EQEmax of  24.7%  with  suppressed

efficiency roll-off (17.6% at 100 cd/m2), a high maximum current efficiency (CEmax)



of 92.6 cd/A and a  maximum  power efficiency (PEmax) of 106.4 lm/W, which were

remarkably improved compared to the mCBP-hosted devices.

Figure  3.  a)  Device  configuration  and  the  energy  level  diagrams,  b)  chemical

structures of the materials, c) EQE versus luminance curves (inset: the EL spectra), d)

CE/PE versus luminance curves, e) luminescence and current density versus voltage

characteristics, f) CIE coordinates and the images of the OLEDs

Table 3. Summary of the device data employing exciplex host.

Dopant

Von
a

[V]

λEL

[nm]

FWHM

[nm]

Lmax
b [cd/

m2]

CEmax
c [cd/

A]

PEmax
d [lm/

W]

EQEe (%)

@max/100/1000

cd m-2

CIEf      

 (x, y)

BN1 3.0 506 36 6636 72.8 65.3 24.3/18.4/12.9 (0.15, 0.63)

BN2 3.0 545 46 6286 101.6 83.1 24.5/15.8/7.6 (0.38, 0.61)

BN3 3.0 568 43 5004 92.6 106.4 24.7/17.6/8.9 (0.47, 0.52)

a Turn-on voltage recorded at  the brightness of 1 cd m-2.  b Maximum brightness.  c

maximum  current  efficiency.  d Maximum  power  efficiency.  e External  quantum

efficiency. f Commission Internationale de l’Eclairage, recorded at 7.0 V.

Conclusion 

In summary, three new MR emitters  BN1-BN3 were designed and synthesized



through peripherally  decorating  the  parent  BNCz molecule  with  carbazole  and

diphenylamine moieties. The PL spectra of the emitters could be versatilely tuned

from bluish-green to yellow by changing of the numbers and the electron-donating

abilities  of peripheries,  meanwhile  the property of narrowband emission was well

retained.  With  diphenylamine  fully  decorated,  BN3 exhibited  narrowband  yellow

emission with λem of 562 nm and FWHM of 30 nm. Accordingly, the exciplex-hosted

OLED employing BN3 as the emitter displayed an emission maxima of 568 nm and a

small FWHM of 42 nm, which represent the first  yellow OLED with narrowband

emission  ever  reported.  Moreover,  the  EQEmax  of  24.7%  was  the  highest  for

narrowband OLED with emission maxima over 550 nm. We believe this ''peripheral

decoration''  approach  would  be  enlightening  for  researchers  to  diversify  the  MR

material library and further develop more colorful narrowband emitters.
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This  work  demonstrates  a  versatile  approach  by  peripheral  decoration  of  multi-

resonance  molecules,  which  enables  emission  spectra  red-shift  while  remains

narrowband  emission.  Fully  decorating  the  parent  BNCz molecules  with

diphenylamine gives the first narrowband yellow emissive MR emitter with emission

maxima of 562 nm. Electroluminescence devices employing these MR emitters reveal

narrowband emission with high external quantum efficiency of over 24%.


