
This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 4717–4722 |  4717

Cite this: J. Mater. Chem. C, 2022,

10, 4717

Applying intermolecular hydrogen bonding to
exploit TADF emitters for high-performance
orange-red non-doped OLEDs†
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Jian-Sheng Jie and Xiao-Hong Zhang *

Exploiting novel TADF emitters for highly efficient orange-red non-doped organic light-emitting devices

(OLEDs) is a research hotspot. Nevertheless, serious non-radiative transitions of the electrogenerated

excitons significantly hinder the pace of the development. Herein, two novel donor–p–acceptor (D–p–

A) type TADF emitters 10-(4-(2,6-di(pyridin-3-yl)pyrimidin-4-yl)phenyl)-10H-phenoxazine (PyPmP) and

10-(4-(2-(pyridin-3-yl)-[4,50-bipyrimidin]-6-yl)phenyl)-10H-phenoxazine (PmPmP) were designed and

synthesized. In their crystals, suitable intermolecular hydrogen bonding interactions are observed that

enable head-against-tail 3D supramolecular frameworks. Such frameworks not only prefer a high

horizontal molecular orientation but also strictly restrict the non-radiative process in non-doped

conditions. Their non-doped OLEDs realize decent orange-red electroluminescence with maximum

current efficiencies (CE), power efficiencies (PE), and external quantum efficiencies (EQE) of 50.5 cd A�1,

53.5 lm W�1, and 18.8% for PyPmP, 23.2 cd A�1, 22.1 lm W�1, and 11.3% for PmPmP, respectively.

Moreover, both devices can still retain high efficiencies as luminance increases, and exhibit a neglectable

efficiency roll-off at 1000 cd m�2. These results are among the best of ever reported orange-red non-

doped OLEDs. These results demonstrate that intermolecular hydrogen bonding interactions can play

important roles in exploiting TADF emitters for high-performance orange-red non-doped OLEDs.

Introduction

Organic light-emitting devices (OLEDs) are regarded as the
next-generation display and lighting resources owing to their
advantages such as low power consumption, ultra-thin, self-
lighting, and flexible characteristics. According to the spin-
statistics, only a quarter of electron-generated excitons are
singlets, and conventional fluorescent emitters can only utilize
them for a theoretical 25% internal quantum efficiency (IQE).
To effectively utilize both singlet and the rest three quarters of
triplet excitons, phosphorescence and thermally activated
delayed fluorescence (TADF) based OLEDs are two most suc-
cessful mechanisms.1,2 In particular, TADF emitters, which are
usually pure organic molecules, have attracted increasing

attention within recent years. They utilize triplet excitons via
a reverse intersystem crossing (RISC) process and a small
energy splitting (DEST) between the lowest singlet (S1) and
triplet (T1) excited states is one of the key factors.3–8 This is
the main consideration for TADF emitters that generally
employ highly twisted electron-donor (D)–electron-acceptor
(A) structures. Another key parameter is the singlet fluores-
cence radiation rate (kr). Its competitive relationship with the
corresponding non-radiative transition rate (kS

nr) determines
the eventual fluorescence quantum yield (fF). For orange-red
emitters, kS

nr is generally very large according to the energy-gap
law, comparable or even surpasses kr.

9 Such a kinetic reverse
would lead to a dramatic efficiency decline. To avoid this, rigid
aromatic skeletons are widely employed in high-efficiency
orange-red TADF emitters since they can suppress non-
radiative decays.10–12 Nevertheless, such emitters generally
have strong p–p stacking tendencies and have to be doped in
suitable host matrixes with precisely controlling doping
concentrations.13,14

Compared with doped OLEDs, non-doped counterparts are
more attractive toward commercial productions due to the
enhanced device fabrication repeatability and promising
stabilities.15,16 However, those above-mentioned emitters that
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contain rigid aromatic skeletons cannot maintain decent per-
formances in non-doped devices due to their close intermole-
cular p–p interactions that would induce serious quenching
of the long-lived triplet excitons.17 On the other hand,
current TADF molecular design strategies toward non-doped
OLEDs are basically introducing steric hindrance,18–21

aggregation-induced emission (AIE),22–25 and intermolecular
charge-transfer transition26,27 to inhibit electron–exchange
interactions. Utilizing TADF emitters based on these strategies,
highly efficient non-doped OLEDs have been achieved in
the blue to yellow region. However, in the orange-red region,
the corresponding efficiencies OLEDs are still poor because the
above-mentioned strategies are unable to address the serious
non-radiative issues.15

Recently, we have proposed a new molecular design concept
by using suitable intermolecular hydrogen bonding to modu-
late molecular packing to develop high-performance non-
doped OLEDs.28,29 Suitable intermolecular hydrogen bonding
interactions favor forming supramolecular frameworks, which
can not only strictly suppress the exciton quenching via sup-
pressing intermolecular close p–p stacking, but also help to
increase the rigidity of the supramolecular framework and thus
relieve non-radiative decays. In this study, with an aim to
develop high-performance orange-red non-doped OLEDs with
intermolecular hydrogen bonds, we used phenoxazine (PXZ) as
the D segment, and joint pyridine (Py)/pyrimidine (Pm) series
as the A segments and constructed two novel TADF emitters 10-
(4-(2,6-di(pyridin-3-yl)pyrimidin-4-yl)phenyl)-10H-phenoxazine
(PyPmP) and 10-(4-(2-(pyridin-3-yl)-[4,5 0-bipyrimidin]-6-yl)-
phenyl)-10H-phenoxazine (PmPmP) (Fig. 1). With suitable
intermolecular hydrogen bonding, head-against-tail 3D supra-
molecular frameworks can be observed, which not only prefer a
high horizontal molecular orientation but also strictly restrict
the non-radiative process in non-doped conditions. In non-
doped OLEDs, PyPmP and PmPmP succeed in decent orange-
red electroluminescence (EL) performances with maximum
current efficiencies (CE), power efficiencies (PE), and external

quantum efficiencies (EQE) are 50.5 cd A�1, 53.5 lm W�1, and
18.8% for PyPmP, 23.2 cd A�1, 22.1 lm W�1, and 11.3% for PmPmP
respectively, with negligible efficiency roll-offs at 1000 cd m�2. To
the best of our knowledge, these results are among the best of ever
reported orange-red non-doped OLEDs. These results demonstrate
that intermolecular hydrogen bonding interactions can play impor-
tant roles in exploiting TADF emitters for high-performance orange-
red non-doped OLEDs.

Results and discussion
Synthesis and characterization

Our previous studies demonstrated that inside films that con-
tain PXZ and Py/Pm series intermolecular hydrogen bonding is
facilely formed, which is beneficial to improve the perfor-
mances of non-doped OLEDs.28,29 Herein, we used two novel
A segments, namely 2,6-di(pyridin-3-yl)pyrimidine (PyPm) and
2-(pyridin-3-yl)-4,5 0-bipyrimidine (PmPm) that have stronger
electron-withdrawing abilities than previously employed A seg-
ments, namely TPy and DPmP; while the D segments are still
PXZ to realize non-doped orange-red systems. The only differ-
ence of PyPm and PmPm is the peri-azaaromatic ring (the
substituent labeled number 6 in Fig. 1) to study in detail the
influence of active sites to the molecular stacking. Further
applying a typical D–p–A molecular structure, two novel TADF
emitters (PyPmP and PmPmP) were thus designed and synthe-
sized. Detailed experimental procedures of PyPmP and PmPmP
are described in Scheme S1 (ESI†). Chemical structures of the
intermediates and final products were confirmed via nuclear
magnetic resonance (NMR) and mass spectroscopy. As shown
in Fig. S1 (ESI†), PyPmP and PmPmP both show good thermo-
stability with decomposition temperatures (Td, 5%) of 453 1C
and 394 1C and glass transition temperature (Tg) of 98 1C and
110 1C, respectively, which fulfill the requirement of the
vacuum-deposition process.

Theoretical calculations

In order to study the structure–property relationships of PyPmP
and PmPmP at the single-molecule level, their optimized
molecular geometries at ground states (S0) under vacuum
conditions were estimated via the density functional theory
(DFT) with the B3LPY/6-31G* basis set. As displayed in Fig. 1
and summarized in Table S1 (ESI†), geometries of both emitters
are very similar. The twists between PXZ and phenyl bridges
(marked as y1 in Fig. 1) are both nearly orthogonal due to their
evident steric hindrances. Inside the A sides, the torsions
between the core Pm and 6-substituted rings (marked as y2 in
Fig. 1) and between the core Pm and 2-substituted Py rings
(marked as y3 in Fig. 1) are respectively B61 and B221. The
different torsions between cores and peripheral rings (y2 and
y3) should be ascribed to the different intramolecular hydrogen
bonds. Owing to their similar optimized geometries, frontier
molecular orbital (FMO) distributions of both emitters are very
similar. The highest occupied molecular orbitals (HOMOs) are
well confined in the electron-rich PXZ segment; while the

Fig. 1 Molecular structures of PyPmP and PmPmP and their simulated
HOMO/LUMO energy levels and spatial distributions. The isovalue is 0.02.
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lowest unoccupied molecular orbitals (LUMOs) are spread over
the whole A moieties except the 2-substituted Py rings, which
can be ascribed to the interrupted molecular conjugations.30,31

Based on the HOMO and LUMO energy levels, PmPmP is
calculated to own a narrower bandgap (DE) of 2.44 eV than
PyPmP (2.53 eV), which suggests replacing the Py moiety by Pm
can help in redshifting emissions. We also calculated their
corresponding lowest adiabatic excited states to estimate their
TADF properties. As shown in Fig. S2 (ESI†), S1 and T1 states of
both emitters exhibit strong intramolecular charge-transfer
(ICT) characteristics, and both DESTs are estimated to be only
0.0044 eV, benefiting their RISC process.

Electrochemical properties

Cyclic voltammetry (CV) measurements were first applied on
both compounds to compare the electron-donating and
electron-withdrawing abilities of their consisting segments. As
depicted in Fig. 2a, due to their same D segments, both
emitters exhibit similar oxidation curves. The HOMO energy
levels are estimated to be �5.30 eV for PyPmP and �5.36 eV for
PmPmP from the onset. While from the onset of their reduction
curves, the LUMO energy levels of PyPmP and PmPmP are
respectively estimated to be �3.06 eV and �3.19 eV. The
shallower LUMO of PmPmP than that of PyPmP reveals that
the electron-withdrawing ability of PmPm is stronger than that
of PyPm, which is well-consistent with the previous theoretical
simulation results.

Photophysical properties in the dilute solution state

Photophysical properties of PyPmP and PmPmP in dilute
toluene were then studied at room temperature. As depicted

in Fig. 2b, both emitters display similar locally excited absorp-
tion bands at around 320 nm due to their similar consisting
components. However, the weak bands in the range from B360
to B500 nm should be assigned to their ICT transitions.
Particularly, with stronger electron-withdrawing ability of the
PmPm segment, the absorption cutoff of PmPmP shows a
significant bathochromic shift compared to that of PyPmP.
Likewise, in their emission spectra, broad and structureless
ICT bands are observed both in a similar yellowish-green
region; while the emission peak of PmPmP (563 nm) is red-
shifted compared to that of PyPmP (542 nm) because of the
stronger electron-withdrawing ability of PmPm.

Single-crystal structure analysis

Single crystals of both compounds were then cultivated via the
classical vapor phase diffusion method between tetrahydro-
furan (THF) and petroleum ether (PE), and further analyzed
by X-ray diffraction to investigate their molecular packing and
intermolecular interactions. As depicted in Fig. 3, the dihedral
angles between the PXZ moieties and phenyl bridges are both
around 751, sufficient to ensure small DESTs. Moreover, in
terms of intermolecular levels, it can be noticed that for both
molecules the active sites that cause intermolecular hydrogen
bonding are identical. In both crystals, there are two pairs of
hydrogen bonds observed, which are respectively between C–H
and O (2.62 Å for PyPmP and 2.65 Å for PmPmP, respectively,
marked as green-dashed line) and between C–H and N (both
2.57 Å, marked as red-dashed line). With similar geometries
and intermolecular interactions, their ultimate packing modes
are determined to be very similar with head-against-tail 3D
supramolecular frameworks. Such supramolecular frameworks
are expected to increase the overall rigidities and thus suppress
the molecular vibrations and rotations that bring about non-
radiative decays. It is notable that in the supramolecular frame-
works dominated by intermolecular hydrogen bonding, p–p
stackings are also accompanied. For A moieties, stackings are
observed with distances of B3.4 Å (seen in the blue box in
Fig. 3), which may favor the electron mobility and further
carrier balances.28 While on the other hand, the electron-rich
PXZ moieties are also observed to show close packing (seen in
the red box in Fig. 3) with a distance of B3.4 Å. Such close
stackings would increase the possibilities of the concentration
quenching particularly related to triplet excitons.28,32

Photophysical properties in amorphous neat film state

With the information obtained from the single crystals, we
further studied the photophysics of PyPmP and PmPmP pris-
tine films to exploit the influence of molecular packing in
amorphous states. At room temperature, both films exhibit
orange-red emission with peaks at 570 nm for PyPmP and
591 nm for PmPmP, respectively. (Seen in Fig. S3, ESI†) The
corresponding fF are respectively measured to be 65.9% and
42.9%. These results obtained are decent values among the
orange-red non-doped films. Fluorescence and phosphores-
cence spectra of both films are further measured at 77 K to
characterize the S1 and T1 states. As shown in Fig. S3 (ESI†),

Fig. 2 (a) Cyclic voltammetry curves of PyPmP and PmPmP measured in
DMF, and (b) their normalized absorption and emission spectra in dilute
toluene at ambient temperature Molecular structures of PyPmP and
PmPmP and their simulated HOMO/LUMO energy levels and spatial
distributions. The isovalue is 0.02.
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both films exhibit typical broad and structureless bands indi-
cating they are from CT transitions. Derived from the corres-
ponding onsets of their fluorescence and phosphorescence
spectra, their DESTs are estimated to be only 0.04 and 0.05 eV
for PyPmP and PmPmP, respectively (Summarized in Table S2,
ESI†). Such small DESTs can significantly enhance the RISC
process and benefit triplet exciton utilization. Transient PL
decays were then carried out to confirm their TADF character-
istics. As shown in Fig. S4 (ESI†), both PyPmP and PmPmP
pristine films exhibit not only prompt emissions in the nano-
second range, but also delayed signals in microseconds. With
an increase in temperature from 100 to 300 K, the delayed
lifetimes are slightly decreased. Moreover, in terms of time-
resolved spectroscopy, the delayed emission spectra of both
films show only slight redshifts compared to the corresponding
prompt ones.33,34 These results demonstrate that both emitters
are with TADF characteristics. As shown in Fig. S5 (ESI†) and
summarized in Table S2 (ESI†), it is worth noting that their
delayed lifetimes are just 0.5 and 0.7 ms, respectively, at 300 K,
which are evidently shorter than the control films by 10 wt%
doping them in 4,40-bis(N-carbazolyl)-1,1 0-biphenyl (CBP) films,
benefiting to suppress efficiency roll-offs at high current den-
sities. Moreover, the prompt lifetimes of neat films are longer
than those of the control ones, indicating that the intermole-
cular hydrogen bonding modulated 3D supramolecular frame-
works can help to retrain singlet non-radiative decays.

Carrier transport and molecular orientation

Besides photophysical properties, molecular packings are
expected to significantly affect the carrier transporting perfor-
mances as well. Thus, we further fabricated the hole-only
devices (HODs) and electron-only devices (EODs) based on
PyPmP and PmPmP non-doped films to investigate their carrier
balances. Fig. S6 (ESI†) shows the J–V characteristic of HOD and
EODs. Both emitters in pristine amorphous films behave as
electron-preferred materials, which is well-consistent with their
single crystal results that contain close stacking of electron-
withdrawing A segments.

The 3D frameworks dominated by intermolecular hydrogen
bonding may also affect molecular orderliness of the films. To
convince their influences, molecular orientations of both emit-
ters in the amorphous state were quantified via the variable
angle spectroscopic ellipsometry (VASE). As expected, PyPmP
and PmPmP neat films both exhibit relatively high horizontal
molecular orientation with order parameter S of �0.25 and
�0.23, respectively.35,36 (Fig. S7, ESI†) These preferred horizon-
tal orientation would benefit the out-coupling efficiencies and
ultimate performances of OLEDs.

Electroluminescence properties

To evaluate their electroluminescent (EL) performances, non-
doped OLEDs are fabricated with device structures of: ITO/

Fig. 3 Thermal ellipsoid drawing structures and intermolecular geometries of (a) PyPmP and (b) PmPmP in the single crystals determined by X-ray
analysis. Abbreviations: dD–D and dA–A are the identity distances between the neighbor D and A moieties, respectively.

Table 1 Electroluminescence properties of the devices

Emitter Device lMax. (nm)

CE/PE/EQE (cd A�1/lm W�1/%)

CIE (x, y)Max @103 cd m�2 @104 cd m�2

PyPmP 10 wt% doped 536 77.3/71.6/23.4 62.7/37.6/19.1 39.5/17.1/12.0 (0.35, 0.58)
Non-doped 576 50.5/53.5/18.8 45.1/33.3/16.7 4.3/28.2/15.0 (0.50, 0.49)

PmPmP 10 wt% doped 548 69.1/55.6/21.0 63.8/40.3/19.2 44.6/20.3/13.5 (0.39, 0.56)
Non-doped 596 23.3/22.1/11.3 20.4/14.6/10.0 18.2/11.0/8.6 (0.56, 0.44)
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TAPC (40 nm)/TCTA (10 nm)/PyPmP and PmPmP (20 nm)/
TmPyPb (45 nm)/LiF (1 nm)/Al (depicted in Fig. S9, ESI†). In
these devices, ITO (indium tin oxide) was used as the anode,
and LiF/Al was used as the cathode; TAPC (1,1-bis[4-[N,N-bis(p-
tolyl)amino]phenyl]cyclohexane) acted as the hole transporting
layer; TCTA (4,4 0,400-tris(carbazol-9-yl)triphenylamine) was
utilized as the exciton-blocking layer; and TmPyPb (1,3,5-
tris[(3-pyridyl)benzene-3-yl]benzene) was utilized as the
electron-transporting, hole-blocking, and exciton-blocking layer.
The key performances of OLEDs are listed in Table 1.

As displayed in Fig. 4a and c, the non-doped devices based
on PyPmP and PmPmP exhibited orange-red emission with
peaks at 576 nm and 596 nm, respectively. More importantly, as
shown in Fig. 4b and d, their maximum CEs, PEs and EQEs are
achieved to be 50.5 cd A�1, 53.5 lm W�1, and 18.8% for PyPmP
and 23.2 cd A�1, 22.1 lm W�1, and 11.3% for PmPmP, respec-
tively. To the best of our knowledge, these are among the best
ever reported orange-red non-doped devices (summarized in
Table S3, ESI†). Moreover, both devices retain high efficiencies
with smooth efficiency roll-offs at 1000 cd m�2. Even at high
brightness of 10 000 cd m�2 EQE of PyPmP and PmPmP based
devices can still remain as high as 15.0% and 8.6%, respec-
tively, corresponding to their relative roll-offs of only 20.0% and
24.5%, respectively.

Finally, to better understand the roles of the 3D framework
based on PyPmP and PmPmP in devices, we fabricated series of
OLEDs with structures like the above ones except introducing
CBP as the host matrix to sensitize PyPmP and PmPmP with
various doping ratios. The corresponding device performances
are displayed in Fig. S10 (ESI†) and key parameters are sum-
marized in Table S4 (ESI†). With an increase in the doping
weights of TADF emitters from 5 wt% to 100% (i.e. non-doped),
both EL spectra series exhibit an evident bathochromic shift
gradually from the yellowish-green to the orange-red region.
Therefore, it is expected that the energy-gap law induced singlet
non-radiatve decays would be significantly magnified. Fig. 4
shows the optimized device performances in which the doping
ratios were optimized to be 10 wt%. The OLEDs based on
PyPmP and PmPmP exhibit yellowish-green emission with

peaks at 536 nm and 548 nm, and maximum EQEs of 23.4%
and 21.0%, respectively. While with further increase in doping
ratios, only mild efficiency declines can be observed. Appar-
ently, triplet quenching mainly due to the close p–p stacking of
the electron-rich PXZ moiety contributes a lot to the efficiency
declines. While on the other hand, owing to the improved
rigidity due to the intermolecular hydrogen bonds, the radia-
tion is not totally surpassed by the non-radiative channel and
the efficiency is not dramatically dropped in the orange-red
region. These results further confirm that intermolecular
hydrogen bonding can play important roles to help with an
improved efficiency for non-doped OLEDs in the orange-red
region.37–39

Conclusions

In summary, we present that suitable intermolecular hydrogen
bonding can effectively enhance system rigidities and suppress
exciton losses, which can help to exploit novel TADF emitters
for highly efficient orange-red non-doped OLEDs. Two newly
designed D–p–A TADF emitters PyPmP and PmPmP both
exhibit head-against-tail 3D supramolecular frameworks in
crystals due to their suitable intermolecular hydrogen bonding.
These not only determine a high horizontal molecular orienta-
tion but also strictly restrict the non-radiative process in their
non-doped conditions. As in return, the corresponding non-
doped OLEDs by using PyPmP and PmPmP as the emitting
layers realize decent orange-red EL performances with max-
imum EQEs of 18.8% and 11.3% respectively. Moreover, a
neglectable efficiency roll-off at 1000 cd m�2 can also be
observed which are among the best of every reported orange-
red non-doped OLEDs. All these results demonstrate that
intermolecular hydrogen bonding interactions can play impor-
tant roles in exploiting TADF emitters for high-performance
orange-red non-doped OLEDs.
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