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Molecular design of thermally activated delayed
fluorescent emitters for narrowband orange-red
OLEDs boosted by a cyano-functionalization
strategyt

Yang Liu, Xin Xiao, You Ran, Zhengyang Bin 2 * and Jingsong You

The establishment of a simple molecular design strategy to realize red-shifted emission while maintaining
good color purity for multi-resonance induced thermally activated delayed fluorescent (MR-TADF)
materials remains an appealing yet challenging task. Herein, we demonstrate that the attachment of
a cyano (CN) functionality at the lowest unoccupied molecular orbital location of the MR-TADF skeleton
can promote attractive red-shifted emission due to the exceptional electron-withdrawing capacity of the
CN group, which represents the first example of orange—red MR-TADF emitters. Meanwhile, the linear
CN group adopts a coplanar conformation with the MR-framework to restrict structure relaxation
associated with rotation, which is beneficial to maintain a small full-width at half-maximum and thus
a good color purity. The CNCz-BNCz-based OLED device, which utilizes a TADF sensitized mechanism
to accelerate the up-conversion process of triplet excitons in the emitting layer, exhibits an outstanding
external quantum efficiency (EQE) as high as 33.7%, representing the state-of-the-art performance for

rsc.li/chemical-science orange—red TADF-OLEDs.

Introduction

Organic light-emitting diodes (OLEDs) have attracted a great
deal of research effort since the pioneer work reported in 1987
by C. W. Tang and co-workers, and have nowadays been
successfully used in flat panel displays.* In the industrialization
process of OLEDs, phosphorescent OLEDs play a crucial role
because of the relatively high device external quantum effi-
ciency (EQE) compared with that of fluorescent OLEDs.> In
2011, pure organic thermally activated delayed fluorescent
(TADF) materials, which have small singlet-triplet energy gaps
(AEsy) so as to efficiently upconvert triplet to singlet excitons
and potentially achieve 100% exciton utilization, were firstly
utilized in OLEDs by Adachi and co-workers.® Since then, TADF
materials have become a hot research topic in the display field.
To acquire a small AEgr in an organic compound, a small
overlap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
distributions is always required according to the principle of
quantum mechanics, and can be attainable in the molecular
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structures containing a spatially separated electron-rich donor
(D) and electron-deficient acceptor (A).* The intramolecular
charge-transfer (ICT) characteristic in the twisted D-A structure
provides the TADF material the advantage of easily achieved
full-color emission, and thus a large number of TADF materials
have been developed in the past decade.” However, the twisted
D-A molecular structures inevitably cause significant vibronic
coupling between the ground state (S,) and the excited singlet
state (S;) as well as remarkable structure relaxation of S,.°
Consequently, TADF materials have broad emission spectra
with a full-width at half-maximum (FWHM) as large as 100 nm,
which cannot satisfy the requirement of high color purity in
high-resolution displays.®*”

Recently, to suppress emission broadening while maintain-
ing the TADF characteristic, a rigid m-conjugated skeleton
containing an electron-rich nitrogen (N) atom and electron-
deficient boron (B) atom was developed by Hatakeyama and
co-workers in 2016.° The multi-resonance (MR) effect of
nitrogen and boron atoms induces the localization of frontier
molecular orbitals (FMOs), which significantly reduces the
broadening of emission bands and thus enables excellent color
purity.® However, the realization of red-shifted emission for MR-
induced TADF (MR-TADF) materials is intrinsically difficult
because of the rigid heterocyclic structure, and thus MR-TADF
materials have flourished only in the emission color of the
blue region.®”* Recently, the twisted D-A molecular structure in
the MR-skeleton has been introduced to develop green (519 nm)
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and yellow (549 nm) MR-TADF materials, while the fusion of an
additional MR-skeleton via para B-m-B and N-m-N linkage has
been proven to be an effective method to realize a red (615 nm)
MR-TADF material.*” Notably, although the integration of ICT-
induced emission in a twisted D-A structure and MR-induced
emission is considered as a promising way to finely tune the
emission colors of MR-TADF materials, it would inevitably lead
to emission broadening owing to the increased structure
relaxation associated with the twisted D-A structure. For
example, BCz-BN with a purely MR-induced emission charac-
teristic displays a blue emission (481 nm) with a small FWHM of
22 nm,"* while m-Cz-BNCz that features an auxiliary carbazole
group on the HOMO distribution exhibits a green emission (519
nm) with an increased FWHM of 38 nm.* Therefore, the reali-
zation of red-shifted emission for MR-TADF materials without
sacrificing color purity remains an appealing yet challenging
task.

In this work, we wish to represent a cyano (CN)-
functionalization strategy to provide red-shifted emission
while maintaining good color purity in the MR-TADF skeleton
(Fig. 1). Based on FMO engineering, we propose that the
electron-withdrawing CN group located on the LUMO distri-
bution could decrease the LUMO energy level to lead to red-
shifted emission (Fig. S1t),"> and meanwhile adopt a coplanar
conformation with the MR-skeleton to restrict structure relax-
ation associated with rotation, which is beneficial to maintain
a small FWHM. As a result, a CN functionality, introduced on
a blue-emitting MR-TADF skeleton (BCz-BN), leads to a 15 nm
red-shifted emission with a small FWHM of 21 nm for CN-BCz-
BN (Fig. 1 and S27), while a CN functionality, introduced on
a yellow-emitting MR-TADF skeleton (BBCz-Y), gives a more
significant red-shifted emission of 32 nm and maintains
a relatively small FWHM of 42 nm (CNCz-BNCz, Fig. 1), which
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Fig. 1 Molecular design concept and the summary of molecular
structures, emission wavelengths and FWHMs of BCz-BN, BBCz-Y,
CN-BCz-BN and CNCz-BNCz.
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Results and discussion

The synthetic route to CNCz-BNCz is illustrated in Scheme 1 (for
CN-BCz-BN, see Scheme S2%). Starting from commercially
available 1,4-dibromotetrafluorobenzene (1), the multiple
nucleophilic aromatic substitution reactions were conducted to
deliver compound 2 in 95% yield. Subsequently, the boron atom
was incorporated to construct the key precursor 3 through an
electrophilic borylation reaction. Finally, a transnitrilation
reaction with dimethylmalononitrile (DMMN) furnished the
target molecule CNCz-BNCz."* CNCz-BNCz was purified by
column chromatography, recrystallization from
dichloromethane/methanol and finally temperature gradient
vacuum sublimation as a red solid. The thermogravimetric
analysis revealed a good thermal stability with a decomposition
temperature of 409 °C (Ty, the temperature for 5% weight loss)
for the vacuum deposition process (Fig. S3at). The single crys-
tals of CNCz-BNCz for X-ray crystallographic analysis were ob-
tained in situ during the temperature gradient vacuum
sublimation process (Scheme 1 and Table S1t).** The C-C bond
length from the carbon position of the CN group to the para-
carbon position of the B-substituted phenyl-ring is 1.443 A,
indicative of the double-bond character. As predicted, the CN
group adopts a coplanar conformation with the MR-skeleton,
which can inhibit structure relaxation and potentially main-
tain a small FWHM.

The photophysical properties of CNCz-BNCz were measured
and are summarized in Fig. 2 and Table S2.f The UV-vis
absorption spectrum exhibits an intense absorption band
with an absorption peak at 547 nm, which is attributed to the
strong ICT absorption transition. In toluene, the fluorescence
spectrum (Fl.) measured at room temperature displays a strong
orange-red fluorescence emission with an emission peak at
581 nm. A relatively small Stokes shift of 34 nm reveals a small
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Scheme 1 Synthetic route to CNCz-BNCz. Reaction conditions: (a) (i)
tert-butylcarbazole, NaH, N,N-dimethylformamide, rt, 0.5 h; (i) 14-
dibromotetrafluorobenzene, 140 °C, 12 h. (b) (i) n-Buli, toluene,
—60 °C, 1 h; (i) BBrs, —40 °C to 0 °C, 1 h; (iii) EtN(i-Pr),, 120 °C, 8 h. (c)
() n-BuLi, tetrahydrofuran, —78 °C, 1 h; (i) dimethylmalononitrile
(DMMN), —78 °C to rt, overnight. Inset: the crystal structure of CNCz-
BNCz.
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Fig.2 (a) Absorption spectrum (Abs.), fluorescence spectrum (FL), and

phosphorescence spectrum (Ph.) of CNCz-BNCz in toluene solution
at 1 x 107> mol L™ under ambient conditions. (b) Transient photo-
luminescence spectra of CNCz-BNCz in toluene solution at 1 x
107> mol L™ under an O, atmosphere and N, atmosphere,
respectively.

molecular conformation change between the ground state and
the excited state, which leads to a small FWHM of 42 nm.
Compared with BBCz-Y, CNCz-BNCz exhibits a significant red-
shifted emission from 549 nm to 581 nm, but can maintain
the same FWHM of 42 nm in toluene solution (Fig. 2a and S27).

Furthermore, a significant solvatochromic effect was
observed in different solvents, which indicates the strong ICT
properties of CNCz-BNCz (Fig. S41). As shown in Fig. S5 and S6,
when the concentration of CNCz-BNCz is increased, the FIl.
spectra display similar emission bands with slightly red-shifted
emission peaks, while the Abs. spectra exhibit the same
absorption peaks. It demonstrates that there might not exist
significant pi-pi dimerization of CNCz-BNCz and the effect of
excimers may be negligible.*>*

(a)
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In toluene solution at 10> mol L™ ", the singlet energy (Es;)
of 2.28 eV is calculated from the onset wavelength of the FI.
spectrum, while the triplet energy (Et;) of 2.10 eV is calculated
from the onset wavelength of the phosphorescence (Ph.) spec-
trum measured at 77 K, indicating a AEsr value of 0.18 eV
(Fig. 2a). The Fl. and Ph. spectra are also measured in 3 wt%
doped-polystyrene film at different temperatures (Fig. S7). The
AEgr values are almost identical at temperatures ranging from
77 K to 157 K, revealing a negligible decrease in the conjugation
of the lowest triplet state.'® Furthermore, the emission of CNCz-
BNC in polystyrene film red shifts by 22 meV from room
temperature (298 K) to low temperature (77 K), which indicates
that hot vibrational excited states contribute to radiative decay
at room temperature (Fig. S87).'

The TADF nature of CNCz-BNCz was further investigated by
transient photoluminescent spectra. As shown in Fig. 2b, the
transient photoluminescent spectrum in toluene solution
under a N, atmosphere exhibits an obviously delayed compo-
nent, indicating a significant TADF characteristic of CNCz-
BNCz. Benefiting from the MR-effect, the radiative decay rate
(k) of CNCz-BNCz is as high as 2.2 x 10” s~ ' (Table $31). Similar
to other MR-TADF materials, CNCz-BNCz has a relatively small
reverse intersystem crossing rate (kgsc) of 4.2 x 10° s~* (Table
S371).

With an efficient orange-red MR-TADF emitter in hand
(Tables S2 and S3f), we tried to assemble high-performance
OLED devices. Prior to device fabrication, the HOMO energy
level is obtained from cyclic voltammetry measurement, while
the LUMO energy level is calculated from the HOMO energy
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to the MR-TADF emitter. (c) Molecular structures used in OLED devices. (d) EL spectra at the luminance of 1000 cd m™

Luminance (cd m?) Wavelength (nm)

(a) Device structures and energy level diagrams of devices A, B and C. (b) Energy transfer process from the TADF host and TADF sensitizer

2 (e) Color coordinates of

device C on CIE 1931 color space compared with the other B-N based MR-TADF materials reported. (f) EQE and power efficiency versus
luminance curves of OLED devices. (g) EQEnax sSummary of TADF-OLEDs with an emission peak from 550 to 650 nm.
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Table 1 Summary of EL characteristics for OLED devices
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At 100 cd m > At 1000 cd m~>
Device ELpeai [NM]  Von® [V] FWHM [nm] EQEma” [%] PEma’ [[m W' CIE?[x,y] EQE[%] PE[lmW '] EQE[%] PE[lmWwW ]
A 584 3.3 49 23.0 65.4 [0.55, 0.45] 10.8 24.8 5.4 9.6
B 584 3.1 50 24.7 67.4 [0.53,0.45] 17.7 38.3 7.8 11.7
C 583 2.7 49 33.7 117.8 [0.54, 0.46] 27.7 69.1 16.4 29.6

“ Turn-on voltage. * External quantum efficiency. © Power efficiency. ¢ Commission Internationale de I'Eclairage (CIE) coordinates.

level and the optical bandgap measured from the absorption
spectrum, which are —5.33 eV and —3.19 eV, respectively
(Fig. S3bt). Doped in the widely used N,N-dicarbazolyl-4,4’-
biphenyl (CBP) host, CNCz-BNCz exhibits outstanding orange-
red emission with absolute photoluminescence quantum yields
(®pr) as high as 96% and FWHM as small as 45 nm (Fig. S9 and
Table S47). The optimized device structures and energy transfer
processes are described in Fig. 3a and b, and the molecular
structures used in OLEDs are shown in Fig. 3c. 4,4'-Cyclo-
hexylidenebis[N,N-bis(4-methylphenyl)aniline] (TAPC) and
1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPb) are used as the
hole transporting material and electron transporting material,
respectively. A thin layer of 4,4’,4"-tris(carbazol-9-yl)-
triphenylamine (TCTA) was introduced to confine excitons.
The OLED performances are shown in Fig. 3d-g and S10 and
S11f and summarized in Tables 1 and S5.t

As reported, OLEDs based on MR-TADF emitters (MR-TADF
OLEDs) can achieve outstanding EL efficiency with superior
color purity and excellent EQE,,x because of extremely high k;
(107-10% s71).%=% However, their relatively small kgisc (10*-10°
s~') compared with those of ICT induced TADF materials (10°-
107 s ") would lead to severe triplet-triplet annihilation in the
emitting layer (EML)."” Consequently, the MR-TADF OLEDs
usually suffer from significant efficiency roll-off. For example,
the EQE,ax Of device A, which utilizes 3% of CNCz-BNCz as an
emitter in a conventional CBP host in the EML, is 23.0% at 1.7
cd m™2, but when the luminance is increased to 100 and 1000 cd
m~ >, the EQEs rapidly drop to 10.8% (EQEiq) and 5.4%
(EQE1000)- Then we utilized a TADF-sensitized mechanism to
suppress the efficiency roll-off by integrating the advantages of
high k; for MR-TADF emitters and high kgisc for ICT-TADF
hosts. Subsequently, we used a ternary system containing an
additional TADF sensitizer (DACT-II) in the CNCz-BNCz:CBP
doped EML to assist the up-conversion process of triplet exci-
tons. Based on this method, device B displays a comparable
EQEax Of 24.7% with a reduced efficiency roll-off (EQE;q, of
17.7%). Nevertheless, the efficiency roll-off at 1000 ¢d m~? is
still serious with an EQE; 4o, 0f 7.8%. In device C, the traditional
CBP host is replaced by an efficient TADF host (32aICTRZ) to
further accelerate the triplet exciton dynamics in the EML."®
Intriguingly, device C exhibits an outstanding EL performance
with a record-high EQE,,x of 33.7% and a significantly reduced
efficiency roll-off (EQE;, of 27.7%; EQE1900 Of 16.4%) (Fig. 3g
and S12, and Table S61). Moreover, the balanced hole-electron
bipolar transporting properties of TADF host 32alCTRZ*® endow
device C with a low turn-on voltage of 2.7 V and thus

© 2021 The Author(s). Published by the Royal Society of Chemistry

a considerably high power efficiency of 117.8 Im W, which is
approximately twice as high as those of devices A and B utilizing
a conventional CBP host (65.4 Im W™ for device A; 67.4 Im W™ *
for device B).

Conclusions

In conclusion, we have designed and synthesized an orange-red
emitting MR-TADF material, CNCz-BNCz, by attaching a linear
CN group on a yellow-emitting BBCz-Y MR-skeleton. CNCz-
BNCz exhibits a narrowband emission with a high @p;, of 90%
and a fast k, as high as 2.2 x 10” s™', which can enable the
efficient emitter in TADF sensitized-OLEDs for the simulta-
neous realization of good color purity, high EQE with low effi-
ciency roll-off and high power efficiency. This work not only
offers a new approach for the future development of full-color
MR-TADF materials, but also exemplifies the great potential of
the TADF-sensitized mechanism in assembling high-
performance OLED devices.
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