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Through-Space Conjugated Electron Transport Materials for
Improving Efficiency and Lifetime of Organic Light-Emitting

Diodes

Pingchuan Shen, Hao Liu, Zeyan Zhuang, Jiajie Zeng, Zujin Zhao,* and Ben Zhong Tang

Thermally stable electron transport (ET) materials with high electron mobility
and high triplet state energy level are highly desired for the fabrication of
efficient and stable organic light-emitting diodes (OLEDs). Herein, a new
design strategy of constructing through-space conjugated folded
configuration is proposed to explore robust ET materials, opposite to the
widely used planar configuration. By bonding two quinolines to the
9,10-positions of phenanthrene, two novel folded molecules with high thermal
and morphological stabilities and high triplet state energy levels (>2.7 eV) are
created. These folded molecules possess excellent ET ability with electron
mobilities of three orders of magnitude higher than those of linear and planar
counterparts. Theoretical calculation and crystallography analysis
demonstrate the through-space conjugated folded configuration has not only
reduced reorganization energy but also enlarged charge transfer integral at
various dimensions, bringing about efficient multi-dimensional ET,
independent of molecular orientation. By adopting the folded molecule as ET
layers, OLEDs with no matter delayed fluorescence or phosphorescence
emitters can achieve high external quantum efficiencies and long operational
lifetimes simultaneously. This work paves a new avenue towards robust ET

1. Introduction

Organic light-emitting diode (OLED) has
achieved impressive progress since its in-
novation in 1987, which is regarded as
a highly promising technique for next-
generation display and illumination.!! Bal-
ancing carrier transport is of significant im-
portance to improve electroluminescence
(EL) efficiency and operational lifetime of
OLED.[?] However, due to electron-rich na-
ture, purely organic materials often have
better hole transport than electron transport
(ET). Besides, an ideal ET molecule is re-
quired to have high triplet state energy level
(Er) to confine electrogenerated excitons
within emitting layer. Introducing rigid
polycyclic electron-deficient moieties and
building a planar z-conjugated system are
widely adopted in design of ET molecule.*]
But, generally, the E; of the resulting
molecule is relatively low because of the
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well z-conjugated molecular backbone.[]

Decreasing conjugation of molecular back-

bone is helpful to increase E;,I’! but mean-

while, it may also reduce molecular rigidity,
resulting in lowered glass-transition temperatures, which is
detrimental to device lifetime.[?®! Moreover, most developed ET
molecules have linear or planar structures and their ET abil-
ities are highly dependent on molecular orientation.l®/ How-
ever, molecular orientation control is quite troublesome with
very limited techniques.!”! Due to these contradictions, it still re-
mains challenging to achieve good thermal stability, high E;, and
orientation-independent fast ET at the same time for a conven-
tional well-conjugated molecule.®!

On the basis of Marcus electron transfer theory, intermolecu-
lar electron transfer rate (k) can be estimated according to the
equation shown in Figure 1, in which h is Plank constant, k is
Boltzmann constant, T is temperature, A_ is reorganization en-
ergy, and J is charge transfer integral between two molecules. At
a given T, the k., is determined by 4_ and J2. Obviously, a small
A_ and a large absolute value of J, namely |J|, benefit electron
transfer. Since A_ is the sum of 4; and 4,, in which 4, and 4,
are the stabilization energy in geometry relaxation of anion rad-
ical and neutral ET molecules, respectively, the harder geomet-
rical change during the process of accepting and losing an elec-
tron, the smaller A_ and thus larger k., can be achieved, that is,
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Figure 1. Schematic illustrations of the strategy of developing through-space conjugated ET molecules. Upper-right plot is the illustration of the four-
points scheme for the reorganization energy calculation. £, in bottom-left plot stands for the intramolecular rotation potential of aryl groups in ET

molecules.

molecular structural rigidification is conducive to ET. Taking
these factors into consideration, in this work, as a proof of con-
cept, we propose a new design strategy for ET molecules of con-
structing a through-space conjugated folded structure to increase
molecular rigidity and thus A_ and to shorten through-bond con-
jugation to acquire high E:. Besides, the combination of through-
space conjugation and through-bond conjugation facilitates ef-
fective multi-dimensional intermolecular interaction, leading to
large || values between adjacent molecules. As a result, the
through-space conjugated ET molecules have large electron mo-
bilities (u.$), independent of molecular orientation (Figure 1).°

The tailor-made folded molecules (fPn-6-Ql and f-Pn-3-Ql)
are created by connecting two electron-deficient quinolines to
the 9,10-positions of polycyclic planar phenanthrene that has
intrinsic high E; of over 2.7 eV (Figure 2A).[1% Delightfully, it
is found that the p s of both through-space conjugated folded
molecules are about three orders of magnitudes higher than their
linear counterparts (I-Pn-6-Ql and I-Pn-3-Ql). What is more, the
OLEDs fabricated with f-Pn-6-Ql as ET layers can attain not only
better EL efficiencies but also longer operational lifetime than
the device using I-Pn-6-Ql as ET layer. No matter using delayed
fluorescence or phosphorescence emitters, the OLEDs using f-
Pn-6-Ql as ET layer can also provide high EL efficiencies and
long operational lifetimes simultaneously, which is quite diffi-
cult for the OLEDs using commercialized ET materials like 1,3,5-
tri[(m-pyrid)-3-yl-phenyl)]-benzene (TmPyPB) and 4,7-diphenyl-
1,10-phenanthroline (BPhen). The proposed ET molecule design
is of high importance for the development of robust carrier trans-
port materials for high-performance OLEDs.
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2. Result and Discussion

The delicately folded molecules and their linear counterparts are
synthesized in one step via Suzuki-Miyaura coupling (Scheme
S1, Supporting Information). fPn-6-Ql can be obtained facilely
in a high yield of 89.8%, while its isomer fPn-3-Ql only has a
low yield of 5.1%. It is believed that the substitution reactions oc-
curring at the 9- and 10-positions of 9,10-dibromophenanthrene
are not simultaneous. When 9,10-dibromophenanthrene is
substituted by one 3-quinoline at the 9-position, the N atom of
quinoline is very close to the reaction site of the 10-position of
phenanthrene. This N atom may interact with palladium catalyst
and thus interfere with the subsequent oxidative addition or
reductive elimination processes of palladium catalyst at the
10-position of phenanthrene, leading to a poor yield of fPn-3-Ql.
The purity of folded molecules is carefully examined by NMR,
high-resolution mass spectra, and high-performance liquid
chromatography spectra (Figure S2, Supporting Information).
The detailed synthetic procedures and characterization data
are provided in Supporting information. Both f-Pn-6-Ql and
fPn-3-Ql have good thermal stability with high decomposition
temperatures of 342 and 360 °C (Figure S3A, Supporting In-
formation), respectively. No glass-transition temperatures are
detected by differential scanning calorimetry (Figure S3B, Sup-
porting Information), indicative of good morphological stability.
In comparison with linear counterparts, the folded molecules
are found to have larger optical gaps and higher E;s (Table 1).
According to the phosphorescence spectra in neat films (Figures
S4 and S5, Supporting Information), the Ers of fPn-6-Ql and
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Figure 2. A) Chemical structures and theoretically optimized geometries (ground state) of f-Pn-6-Ql, f-Pn-3-Ql, I-Pn-6-Ql, and /-Pn-3-Ql. B) Crystal struc-
tures of f-Pn-6-Ql. C) Frontier molecular orbitals contours and energy levels (ground state) of f-Pn-6-Ql, f-Pn-3-Ql, I-Pn-6-Ql, and I-Pn-3-Ql. D) Confor-

mational energy profile for the rotation of quinoline groups of f-Pn-6-Ql, f-Pn-3-Ql, I-Pn-6-Ql, and /-Pn-3-Ql.

Table 1. Energy levels and electron mobility of f-Pn-6-Ql, f-Pn-3-Ql, I-Pn-6-Ql, and I-Pn-3-Ql.

Experimental data Theoretical data

Erowo [V Ewwo [V EVVI  E%V] EVeV wlem® Vs Buowo” V1 Ewo’ eVl 4V 4V 2" [ev)
j:Pn-6-Q| —-5.91 —-2.41 3.58 3.54 2.72 2.6 %1073 —6.02 —-1.85 0.082 0.154 0.235
f-Pn-3-Q| —5.98 —-2.56 3.58 3.64 2.69 23x%x10°° —6.06 —-1.91 0.062 0.105 0.167
I-Pn-6-Ql -5.76 —2.55 3.41 3.44 2.52 1.8 x 1076 -5.99 —2.05 0.110 0.175 0.285
I-Pn-3-Ql —5.85 —-2.59 3.36 3.26 2.53 5.4x107° —6.06 -2.10 0.118 0.175 0.293

¥ HOMO and LUMO energy levels estlmated by the onsets of oxidation and reduction peaks in cyclic voltammograms )Optlcal bandgaps calculated from the absorption
edges of the UV-vis absorption spectra 9 Lowest singlet excited state energy level (Eg) and lowest triplet state energy level (Ey) obtained from the onsets of fluorescence
and phosphorescence spectra in neat films, respectively 9 Electron mobility at an electric field of 6.4 x 10° V cm™! ? HOMO and LUMO energy levels calculated by DFT
methods (B3LYP-D3(BJ)/def2-TZVP)I'!] based on the optimized geometries in ground state A, is stabilization energy by the geometry relaxation of anion radical; 4, is
stabilization energy by the geometry relaxation of neutral molecule; Reorganization energy A_ = 4, + 4,. Related single point calculations based on DFT methods are carried
out at M06-2X/ma-QZVP level.["?]

fPn-3-Ql are calculated to be 2.72 and 2.69 eV, respectively, which  ET ability. Cyclic voltammograms (Figure S3C, Supporting Infor-

are close to that of TmPyPB (2.75 eV)P*?) and higher than those of
I-Pn-6-Ql (2.52 eV), I-Pn-3-Ql (2.53 eV) and BPhen (2.60 eV).[3
The E;s of both folded molecules are comparable or even higher
than those of most reported ET materials with fused polycyclic
arenes as skeletons (<2.7 eV)[?*>4 ] enable them to better con-
fine electrogenerated excitons within emitting layer. The lowest
unoccupied molecular orbitals (LUMOs) play a key role in ET,
and thus the energy levels of LUMOs can exert great impacts on
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mation) show that f-Pn-6-Ql and f-Pn-3-Ql have low-lying LUMO
energy levels of —2.41 and —2.56 eV, respectively, which ensure
low electron-injection barrier for them. All of these experiment
data indicate f-Pn-6-Ql and f-Pn-3-Ql are promising to serve as ET
materials.

The crystallography analysis reveals that fPn-6-Ql holds
a highly twisted conformation with large dihedral angles of
66.2° and 67.8° between quinoline and phenanthrene planes

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. A) Isosurface of ESP for f-Pn-6-Ql. B) Packing arrangements of -Pn-6-Ql in crystal. C) Calculated |J| values for f-Pn-6-Ql. |J| values at different

directions are labeled in different colors.

(Figure 2B) in crystals. The two quinoline groups are aligned
face to face with a shortest inter-plane distance of 2.90 A, which
is defined by the shortest C—C distance between two aryl stacked
groups. And strong z—x interactions with short inter-plane dis-
tances of 3.36-3.47 A are also found between quinoline groups
of adjacent molecules. These distances are shorter than the sum
of van der Waals radii of two sp> C atoms (3.5 A), implying
the presence of multiple long-term strong electronic coupling
among quinoline groups. In addition, abundant intermolecular
C~Heeex interactions with short distances of 2.39-2.65 A are also
observed between quinoline and phenanthrene groups of adja-
cent molecules. All of these intermolecular interactions can not
only rigidify molecular structures but also provide opportunity
for efficient multi-dimensional ET.

To investigate the configuration difference between folded
and linear molecules, theoretical calculation using density func-
tional theory (DFT) with the method of B3LYP-D3(BJ)/def2-
TZVP are carried out to obtain their optimized geometries at
ground state. As shown in Figure 2A, for folded molecules, the
torsion angles between quinoline and phenanthrene are as large
as ~68°, which are much larger than those of linear counter-
parts (=37°). Two quinoline groups are stacked in a face-to-face
manner with the shortest C-C distance of ~2.85 A, and appar-
ent orbitals overlap can be found in LUMOs (Figure 2C), demon-
strating strong through-space conjugation between quinoline
groups.['* To quantitatively evaluate the rigidity of folded and lin-
ear molecules which holds significantly impacts on A_, relaxed
potential energy surface scan is carried out. Concerning the high
rigidity of phenanthrene and quinoline groups, the geometry re-
laxation of these molecules should be dominated by the rotation
of quinoline groups. As shown in Figure 2D, the energy barri-
ers for rotating quinoline groups are calculated to be about 20 k]
mol~! for folded molecules, 10-fold higher than those of linear
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counterparts (2 k] mol™!), that is, it is much more difficult for
folded molecules to change geometries during ET process. The
A_ values of f-Pn-3-Ql and f-Pn-6-Ql are calculated to be 0.167 and
0.235 eV, respectively, smaller than those of I-Pn-3-Ql and I-Pn-6-
Ql (0.293 and 0.285 eV).

On the other hand, |J| is greatly affected by the intermolecu-
lar distance and orientation. Electrostatic potential (ESP) plays an
essential role in determining intermolecular interactions, which
is widely used to understand or predict the intermolecular pack-
ing modes in aggregate states.'>] Due to large intramolecular
steric hindrance in folded molecules, the electronegative regions
on phenanthrene and quinoline groups face two nearly orthog-
onal directions, while the electropositive regions are distributed
in almost all directions around the molecules, suggesting folded
molecules could have effective multi-dimensional intermolecular
interactions (Figure 3A). In comparison with folded molecules,
the ESP distribution on slab-like linear molecule is more concen-
trated. As shown in Figure S6A, Supporting Information, taking
I-Pn-6-Ql as a linear slab, the electonegative region is distributed
on the upper and lower surface of the slab, while the electropos-
itive region is distributed on the edge of the slab. Such a concen-
trated ESP distribution tends to make molecules align at specific
direction, leading to the anisotropy of ET.

To prove the multi-dimensional ET feature of folded
molecules, the dimers in the crystals of fPn-6-Ql are se-
lected to calculate the |J| values based on the intermolecular
couplings of LUMOs.!'®! Concerning the thermal factors that
have significant effect on ET processes, thermal fluctuation
energy kT (kT =~ 25 meV at room temperature; k is Boltzmann
constant; T is temperature) can be roughly taken as an energy
barrier in ET processes. At a given temperature T, |J| > kT means
ET can easily occur; |J| ~# kT means ET can be readily affected by
thermal fluctuation; |J| < kT means ET is very ineffective.l'’] As

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. A) Plots of current density—voltage and B) u.s of electron-only devices for f-Pn-3-Ql, f-Pn-6-Ql, I-Pn-3-Ql, /-Pn-6-Ql, TmPyPB, and BPhen.
Anisotropies in the refractive indices (blue) and the extinction coefficients (red) of the films of C) f-Pn-6-Ql and D) /-Pn-6-Ql. The solid and dash lines
indicate horizontal and vertical components of optical constants, respectively.

shown in Figure S7, Supporting Information, in the crystal of
fPn-6-Ql, for a chosen central molecule, seven different dimers
can be found according to the relative intermolecular positions
between central molecules and 10 nearest periphery molecules.
The |J| values in dimers A, B, and C that are located in three
different directions of the central molecules are calculated to
be 36.25, 106.54, and 43.51 meV, respectively, much larger than
kT value at room temperature, demonstrating that these dimers
can be effective ET channels (Figure 3C). Strong intermolecular
n—n or C—Heser interactions in these dimers should be the
main cause for their large |J| values. To further illustrate the
multi-dimensional ET properties of folded molecules, single
crystals of linear molecule I-Pn-6-Ql are also obtained to serve
as a control. There are five different dimers in the crystals of
I-Pn-6-Ql (Figure S8, Supporting Information) and the dimer g
has the largest |J| value of 61.86 meV (Figure S6B, Supporting
Information), which is still much smaller than that in dimer
B of fPn-6-Ql (106.54 meV). It is found that in dimer B, two
fPn-6-Ql molecules are stacked like the gears, which means one
quinoline group of an fPn-6-Ql molecule is inserted between
two face-to-face stacked quinoline groups of another fPn-6-Ql
molecule. Such an arrangement can better take advantage of
through-space conjugation to strengthen intermolecular interac-
tions, leading to effective ET. Dimer a of I-Pn-6-Ql has a |J| value
of 29.33 meV (Figure S6B, Supporting Information), which is
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comparable to kT value, indicating that the ET efficiency of this
channel is greatly affected by thermal fluctuation. Therefore,
dimer a of I-Pn-6-Ql should not be as effective as dimers A
and C of fPn-6-Ql to serve as ET channel. So, it is obvious that
I-Pn-6-Ql has only one effective ET channel but fPn-6-Ql has
three effective ET channels along different directions, which
strongly proves that f-Pn-6-Ql has strong multi-dimensional ET
ability.

Space charge limited current method!*®! is applied on electron-
only devices to evaluate the ET properties of folded molecules.
Considering the energy levels of folded and linear molecules are
close to the work function of Al surface modified by Cs,CO,
(2.1 eV),[% the configuration of electron-only devices is designed
as ITO/molecules (80 nm)/Cs,CO; (2 nm)/Al. Herein, not only
folded and linear molecules but also two widely used commercial-
ized ET materials (TmPyPB and BPhen) are taken into compari-
son (Figure 4A,B, Supporting Information). According to the cur-
rent density-voltage relationship (Figure 4A and Figure S1, Sup-
porting Information), folded molecules show much larger cur-
rent densities than the linear ones at the voltage range of 3-8 V.
And the p_s of folded molecules can be up to three orders of mag-
nitude higher than those of the linear ones. For example, at the
electrical field range from 6.4 x 10° to 1.0 x 10’ V cm™}, the u,s
of fPn-6-Ql are as high as 1.3 X 107 t0 5.2 X 107 cm? V! 571,
which are comparable to those of TmPyPB and BPhen, while the

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. A) Device architecture, energy diagram, and functional layers for the vacuum-deposited OLEDs. B) External quantum efficiency—luminance
and C) luminance-voltage—current density characteristics of devices I-IV. Inset in plane B: EL spectra. Plots of relative luminance versus operation time
measured at initial luminance of D) 5000 cd m~2 and E) 10 000 cd m~2 for devices I-IV.

u.s of I-Pn-6-Ql are only 1.1 x 107® to 3.0 X 10™® cm? V' s
(Figure 4B). It is noticed that although fPn-6-Ql and f-Pn-3-Ql
have similar folded molecular structures, the p, of fPn-6-Ql is
two orders magnitudes larger than that of £Pn-3-Ql. And the lin-
ear molecules also show the similar phenomena. According to
previous reports,12] for the ET materials with heterocycle rings,
like pyridine, quinoline, and phenanthroline, the coordination re-
action between hetero atoms of ET materials and the electrode
metals can influence the injection and mobility of electrons in ET
layers. In comparison with f-Pn-3-Ql (or I-Pn-3-Ql), the N atoms
of fPn-6-Ql (or I-Pn-6-Ql) are located at more outside positions,
and the coordination reaction between N atoms and the electrode
is easier because of less intramolecular steric hindrance. As a re-
sult, fPn-6-Ql (or I-Pn-6-Ql) has lower electron injection barrier
and higher electron mobility than f-Pn-3-Ql (or I-Pn-3-Ql).

To further understand the ET mechanism of folded molecules,
variable-angle spectroscopic ellipsometry measurement is car-
ried out to characterize the molecular alignment in film state
(Figure 4C,D).2Yl When the transition dipole moments along the
long axis of the molecule have a completely random orientation,
orientation order parameter (S) estimated from the largest ab-
sorption peak is 0; when they have a completely horizontal ori-
entation, S is —0.5; when they have completely vertical orienta-
tion, S is 1.122] The results show that fPn-6-Ql has an S of —0.01,
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close to that of I-Pn-6-Ql (0.09), suggesting that both molecules
are deposited on the substrate with a random orientation. This
means the excellent y, of fPn-6-Ql is independent of molecu-
lar orientation. The worse through-bond conjugation because of
highly twisted configuration but significantly higher . of fPn-
6-Ql further validate that the through-space conjugation and effi-
cient multi-dimensional transport indeed exert positive impacts
on ET.

Considering the much better ET and easier preparation,
fPn-6-Ql is selected to investigate its performance as ET
materials in OLEDs and the linear counterpart [-Pn-6-Ql is
adopted as a control. To comprehensively understand the ET
behaviors of these molecules in OLEDs, two prevalent com-
mercial ET materials, TmPyPB and BPhen, are also adopted
as control. Four devices are fabricated with the configura-
tion of 1TO/2,3,6,7,10,11-hexaazatriphenyl-enehexacabonitrile
(HATCN) (10 nm)/N,N’-bis-(1-naphthalenyl)-N,N'-bis-phenyl-
(1,1’-biphenyl)-4,4’-diamine (NPB) (30 nm)/3,3’-di(9H-car-
bazol-9-yl)-1,1’-biphenyl (mCBP) (10 nm)/20 wt% 3,6-bis(9,9-
dimethylacridin-10-yl)-xanthen-9-one  (BDMAC-XT): mCBP
(20 nm)/2,4,6-tris(1,1’-biphenyl)-1,3,5-triazine(T2T) (10 nm)/ET
material (40 nm)/LiF (1 nm)/Al (Figure 5A), in which ET layers
are f-Pn-6-Ql, I-Pn-6-Ql, TmPyPB and BPhen for devices I-IV,
respectively. In these devices, HATCN serves as hole-injection

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 2. The key performance data of OLEDs.
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Maximum value/at 1000 cd m~2 Lo = 5000/10 000 cd m~2
Device” EML ETL Von IV Ag [nm] CIE (x,y) Loa [cdm™]  nc[cd A7) pp [Im W] Next [%] LTy, [h]
I BDMACXT  fPn-6-Ql 3.6 518 (0.261, 0.578) 154 600 89.8/75.2 78.3/43.7  28.4/23.8 15.3/5.2
I BDMAC-XT I-Pn-6-QI 5.0 520 (0.280, 0.556) 59 160 45.5/38.2 28.6/15.4  14.6/12.3 0.9/0.7
m BDMAC-XT TmPyPB 3.6 516 (0.250, 0.570) 139 500 95.4/76.9 78.8/40.2  30.5/24.9 0.6/0.2
v BDMAC-XT BPhen 3.6 516 (0.251, 0.569) 127 300 69.1/64.5 47.2/349  22.2/20.7 8.9/3.7
% 4CZTPNBu  fPn-6-Ql 5.0 562 (0.477,0.517) 78 080 84.0/62.0 52.7/23.4  25.8/19.0 8.0/2.3
Vi 4CZTPNBu TmPyPB 4.4 560 (0.456, 0.535) 55 430 60.1/44.9 42.0/18.1 18.2/13.8 0.3/0.1
Vil 4CzTPNBu BPhen 4.6 564 (0.470, 0.519) 75 070 46.9/41.6 24.5/17.7  14.5/13.2 11.1/3.8
Vil Flrpic FPn-6-Ql 4.6 472 (0.157,0.329) 53510 26.4/26.4 16.5/10.1 13.1/13.0 0.6/0.2
IX Flrpic TmPyPB 4.0 470 (0.169, 0.325) 41370 29.7/28.4 20.4/12.7  14.0/13.3 0.1/0.01
X Flrpic BPhen 4.2 472 (0.161,0.332) 47 250 18.7/- 7.5/- 8.9/- 0.3/0.1
X Ir(MDQ),acac  fPn-6-Ql 5.0 600 (0.598, 0.396) 88 450 38.6/28.4 30.3/9.8 21.0/13.4 4.7/13
Xl Ir(MDQ),acac  TmPyPB 4.4 602 (0.580, 0.414) 30 940 31.6/20.9 22.6/8.0 14.8/9.8 0.1/0.04
X1 Ir(MDQ),acac  BPhen 4.6 604 (0.590, 0.404) 34 620 28.9/21.5 16.7/8.7 14.5/10.8 3.5/0.7

%) Abbreviations: EML = emitting layer; ETL = electron transport layer; V,, = turn-on voltage at 1 cd m™2%; A = EL peak at 10 mA cm~2; CIE = Commission Internationale de
I'Eclairage coordinates at 10 mA cm™2%; L, = maximum luminance; 1, /nc/1p = external quantum efficiency/current efficiency/power efficiency; LTs, = the time required to

decay 50% of initial luminance (Lg).

layer, NPB serves as hole transport layer, and T2T serves as
hole-blocking layer. 3,6-Bis(9,9-dimethylacridin-10(9H)-yl)-9H-
xanthen-9-one (BDMAC-XT),!?*] a delayed fluorescence emitter
is chosen as emitting layer and mCBP as host material in devices
I-IV. These devices show similar EL spectra and close CIE
coordinates (Figure 5B and Table 2). Device I using f-Pn-6-Ql
as ET layer has a turn-on voltage of 3.6 V, which is comparable
with those of the devices using TmPyPB and BPhen, indicative
of efficient electron injection and transport. This device shows
an excellent maximum external quantum efficiency (1. .) of
28.4% and the largest maximum luminance (L,,,) of 154 600 cd
m~2. The LTy, (time to 50% of initial luminance) values reach
15.3 and 5.2 h at high initial luminance of 5000 and 10 000 cd
m~2, respectively. It is believed that, rigid structure of fPn-6-Ql
is beneficial to the thermal stability, increasing the stability of
the devices as well. On the other hand, device II with I-Pn-6-Ql
as ET layer has a higher turn-on voltage of 5 V, and only attains
a lower 5.y .., of 14.6% and greatly decreased LTy, values of
0.9 and 0.7 h at initial luminance of 5000 and 10 000 c¢d m~2,
respectively. The poor ET ability of I-Pn-6-Ql leads to imbalanced
carrier transport, which is accountable for the low efficiency and
short device lifetime. In addition, the devices fabricated with
commercial ET materials cannot realize high EL efficiency and
long device lifetime at the same time neither (Table 2). Device
II with TmPyPB as ET layer has a high 7, .., of 30.5%, but the
LTy, values are only 0.6 and 0.2 h at initial luminance of 5000 and
10 000 cd m~2, respectively. In comparison with device I, device
IV with BPhen as ET layer provides inferior EL performances
as well, with a lower 7, .., of 22.29%, and shorter LTy, values of
8.9 and 3.7 h at initial luminance of 5000 and 10 000 c¢d m~2.
The shorter device lifetimes of devices III and IV can be partially
attributed to the low glass-transition temperatures of TmPyPB
and BPhen (<80 °C),*>5 which lead to the morphological
instability of the films.
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To verify the universality of fPn-6-Ql as ET material
for OLEDs, it is further adopted as EL layer to fabricate
OLEDs with other commercial luminescent materials such
as blue delayed fluorescence emitter 2,3,5,6-tetrakis(3,6-di-
(tert-butyl)carbazol-9-yl)-1,4-dicyanobenzene  (4CzTPNBu) as
well as blue and orange-red phosphorescence emitters, bis[2-
(4,6-difluoro-phenyl)pyridinato-C?,N](picolinato)iridium(II1)
(FIrpic) and bis(2-methyldibenzo-[f,h]-quinoxaline)Ir(III)(acetyl-
acetonate) (Ir(MDQ),acac). For fair comparison, devices V-VII
of 4CzTPNBu, devices VIII-X of Flrpic, and devices XI-XIII of
Ir(MDQ),acac are fabricated in the same configurations as those
for BDMAC-XT, and three kinds of ET materials of fPn-6-Ql,
TmPyPB, and BPhen are used for each emitter (Table 1 and
Figure S9-S11, Supporting Information). The device V, VIII,
and XI fabricated with fPn-6-Ql as ET layer can achieve high EL
efficiencies and long lifetimes simultaneously, with 7. ,..s of
25.8, 13.1, and 21.0%, respectively, which are comparable to or
even better than those of devices with TmPyPB and BPhen as
ET layers. Besides, the LT, values of device VIII and XI are the
longest among the devices based on the same emitters of Flrpic
and Ir(MDQ),acac, respectively. These results strongly prove
that fPn-6-Ql is a promising candidate for fabricating OLEDs
with high efficiency and long lifetime.

3. Conclusion

In conclusion, a proof-of-concept study is conducted for the ex-
ploration of robust ET materials to improve EL efficiencies and
operational lifetimes of OLEDs. Novel thermally stable folded
molecules with prominent through-space conjugation (f-Pn-6-Ql
and f-Pn-3-Ql) are created by bonding two quinolines to the 9,10-
positions of phenanthrene. They show higher E;s over 2.7 eV, and
possess significantly improved ET ability with p_s of two orders

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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of magnitude higher than their linear counterparts (I-Pn-6-Ql and
I-Pn-3-Ql). £Pn-6-Ql has a smaller A_ than [-Pn-6-Ql, owning to
the higher molecular rigidity induced by enhanced intramolecu-
lar rotation barrier in the folded structure, and holds large |J| val-
ues between adjacent molecules at various directions, resulting
in efficient multi-dimensional ET, independent of molecular ori-
entation. In addition, no matter using delayed fluorescence emit-
ters or phosphorescence materials, the OLEDs with f-Pn-6-Ql as
ET layers achieve high EL efficiencies and long operational life-
times at the same time, which are difficult to realize with [-Pn-6-
Ql or commercialized ET materials (TmPyPB and BPhen). These
results reveal that the through-space conjugated folded configu-
ration could be a promising design of molecular framework for
carrier transport materials to simultaneously achieve high EL ef-
ficiency and long operational lifetime for OLEDs. The merit of
multi-dimensional, orientation-independent ET can also enable
the ET materials designed by this strategy to find an array of ap-
plications in other electronic devices.
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the author.

Acknowledgements

P.S. and H.L. contributed equally to the work. This work was finan-
cially supported by the National Natural Science Foundation of China
(21788102) and the Natural Science Foundation of Guangdong Province
(2019B030301003).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

electron transport, multi-dimensional transport, operational lifetime, or-
ganic light-emitting diode, through-space conjugation

Received: January 19, 2022
Revised: March 3, 2022
Published online:

[1] a) C.W.Tang, S. A. VanSlyke, Appl. Phys. Lett. 1987, 51,913; b) J. Song,
H. Lee, E. G. Jeong, K. C. Choi, S. Yoo, Adv. Mater. 2020, 32, 1907539;
) S.-J. Zou, Y. Shen, F.-M. Xie, .-D. Chen, Y.-Q. Li, ).-X. Tang, Mater.
Chem. Front. 2020, 4, 788; d) Z. Xu, B. Z. Tang, Y. Wang, D. Ma, J.
Mater. Chem. C 2020, 8, 2614.

Adv. Sci. 2022, 2200374

2200374 (8 of 9)

www.advancedscience.com

[2] a) S.S. Swayamprabha, D. K. Dubey, Shahnawaz, R. A. K. Y., M. R.
Nagar, A. Sharma, F. C. Tung, J. H. Jou, Adv. Sci. 2020, 8, 2002254; b)
D. Wang, C. Cheng, T. Tsuboi, Q. Zhang, CCS Chem. 2020, 2, 1278.

[3] a) Y.Sun, L. Duan, D. Zhang, J. Qiao, G. Dong, L. Wang, Y. Qiu, Adv.

Funct. Mater. 2011, 27, 1881; b) G. W. Kim, Y. H. Son, H. I. Yang, ). H.

Park, I. J. Ko, R. Lampande, . Sakong, M.-). Maeng, ].-A. Hong, J. Y.

Lee, Y. Park, J. H. Kwon, Chem. Mater. 2017, 29, 8299; c) D. Zhang, P.

Wei, D. Zhang, L. Duan, ACS Appl. Mater. Interfaces 2017, 9, 19040;

d) D. Zhang, L. Duan, J. Phys. Chem. Lett. 2019, 10, 2528; €) D. Chen,

S.-). Su, Y. Cao, J. Mater. Chem. C 2014, 2, 9565; f) Y. ). Kang, . Y. Lee,

Org. Electron. 2016, 32, 109; g) S. Jang, K. H. Lee, ). Y. Lee, Y. Lee, J.

Mater. Chem. C 2019, 7, 9599; h) C.-H. Shih, P. Rajamalli, C.-A. Wu,

W.-T. Hsieh, C.-H. Cheng, ACS Appl. Mater. Interfaces 2015, 7, 10466;

i) A. P. Kulkarni, C. J. Tonzola, A. Babel, S. A. Jenekhe, Chem. Mater.

2004, 16, 4556; j) G. Hughes, M. R. Bryce, J. Mater. Chem. C 2005, 15,

94,

a) Z. Bin, D. Shi, R. Su, W. Han, D. Zhang, L. Duan, Sci. Bull. 2020, 65,

153; b) L. Duan, J. Qiao, Y. Sun, D. Zhang, G. Dong, L. Wang, Y. Qiu,

Adv. Opt. Mater. 2013, 1, 167; ¢) S. Ye, R. Guo, S. Xiang, Q. Zhang, X.

Lv, W. Liu, L. Fan, P. Leng, S. Sun, L. Wang, Mater. Chem. Front. 2019,

3, 812.

[5] a)S.-). Su, Y. Takahashi, T. Chiba, T. Takeda, |. Kido, Adv. Funct. Mater.
2009, 79, 1260; b) S.-J. Su, H. Sasabe, Y. J. Pu, K. Nakayama, J. Kido,
Adv. Mater. 2010, 22, 3317; c) H. Ye, D. Chen, M. Liu, S.-J. Su, Y.-F.
Wang, C.-C. Lo, A. Lien, J. Kido, Adv. Funct. Mater. 2014, 24, 3268; d)
K. Duan, Y. Zhu, Z. Liu, D. Wang, C. Deng, S. Niu, T. Tsuboi, Q. Zhang,
Chem. Eng. J. 2022, 429, 132215.

[6] A. Hofmann, M. Schmid, W. Britting, Adv. Opt. Mater. 2021, 9,

2101004.

a) S. S. Dalal, D. M. Walters, I. Lyubimoy, J. . de Pablo, M. D. Ediger,

Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 4227; b) M. J. Jurow, C. Mayr,

T. D. Schmidt, T. Lampe, P. I. Djurovich, W. Brutting, M. E. Thomp-

son, Nat. Mater. 2016, 15, 85; c) J. Rafols-Ribé, P.-A. Will, C. Hinisch,

M. Gonzalez-Silveira, S. Lenk, J. Rodriguez-Viejo, S. Reineke, Sci. Adb.

2018, 4, eaar8332; d) K. H. Kim, J. J. Kim, Adv. Mater. 2018, 30,

1705600.

a) L.-L. Chen, L. Peng, L.-Y. Wang, X.-H. Zhu, J.-H. Zou, J. Peng, Sci.

China Chem. 2020, 63, 904; b) X. Guo, Z. Tang, W. Yu, Y. Wang, Z.

Zhao, J. Gu, Z. Liu, B. Qu, L. Xiao, Z. Chen, Org. Electron. 2021, 89,

106048; c) C. Liu, D. Zhang, L. Duan, J. Inf. Disp. 2020, 21, 197;

[9] a) S.Y.Yang, Y. K. Qu, L.-S. Liao, Z.-Q. Jiang, S.-T. Lee, Adv. Mater.
2021, 33, 2104125; b) P. Shen, Z. Zhuang, Z. Zhao, B. Z. Tang, Chin.
Chem. Lett. 2016, 27, 1115; c) P. Shen, M. Huang, J. Qian, ). Li, S.
Ding, X. S. Zhou, B. Xu, Z. Zhao, B. Z. Tang, Angew. Chem., Int. Ed.
2020, 59, 4581;d) S. Zhen, P. Shen, ). Li, Z. Zhao, B. Z. Tang, Cell Rep.
Phys. Sci. 2021, 2, 100364; €) . Li, P. Shen, S. Zhen, C. Tang, Y. Ye, D.
Zhou, W. Hong, Z. Zhao, B. Z. Tang, Nat. Commun. 2021, 12, 167;
f) Y. Morisaki, S. Ueno, A. Saeki, A. Asano, S. Seki, Y. Chujo, Chem. -
Eur. J. 2012, 18,4216; g) S. P. Jagtap, D. M. Collard, J. Am. Chem. Soc.
2010, 732, 12208; h) X.-Q. Wang, S.-Y. Yang, Q.-S. Tian, C. Zhong, Y.-
K. Qu, Y.-). Yu, Z.-Q. Jiang, L.-S. Liao, Angew. Chem., Int. Ed. 2021, 60,
5213.

[10] a) G. Lewinska, . Sanetra, K. W. Marszalek, J. Mater. Sci.: Mater. Elec-
tron. 2021, 32, 18451; b) P. Swiderek, M. Michaud, G. Hohlneicher, L.
Sanche, Chem. Phys. Lett. 1991, 178, 289.

[11] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785; c) P. . Stephens, F. J. Devlin,
C. F. Chabalowski, M. ). Frisch, J. Phys. Chem. 1994, 98, 11623; d) S.
Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456; €) F.
Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7,3297; f) T. Lu,
F. Chen, J. Comput. Chem. 2012, 33, 580; g) W. Humphrey, A. Dalke,
K. Schulten, J. Mol. Graphics 1996, 14, 33.

[12] a)Y.Zhao, D.G. Truhlar, Theor. Chem. Acc. 2008, 120, 215; b) |. Zheng,
X. Xu, D. G. Truhlar, Theor. Chem. Acc. 2010, 128, 295.

[4

[7

[8

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[13] K.Togashi, S. Nomura, N. Yokoyama, T. Yasuda, C. Adachi, J. Mater.
Chem. 2012, 22, 20689.

[14] R.Zhao, R. Q. Zhang, Phys. Chem. Chem. Phys. 2016, 18, 25452.

[15] P. Politzer, ). S. Murray, Theor. Chem. Acc. 2002, 108, 134.

[16] E.F. Valeev, V. Coropceanu, D. A. d. S. Filho, S. Salman, J.-L. Brédas,
J- Am. Chem. Soc. 2006, 128, 9882.

[17] A.Y. Sosorev, Phys. Chem. Chem. Phys. 2017, 19, 25478.

[18] P.Zhang, Y. S. Ang, A. L. Garner, A. valfells, J. W. Luginsland, L. K.
Ang, . Appl. Phys. 2021, 129, 100902.

Adv. Sci. 2022, 2200374

2200374 (9 of 9)

www.advancedscience.com

[19] ). Huang, Z. Xu, Y. Yang, Adv. Funct. Mater. 2007, 17, 1966.

[20] a) Z. Bin, G. Dong, P. Wei, Z. Liu, D. Zhang, R. Su, Y. Qiu, L. Duan,
Nat. Commun. 2019, 10, 866; b) J. H. Lee, Y. Yi, D. W. Moon, Appl.
Phys. Lett. 2008, 93, 153307.

[21] D.Yokoyama, A. Sakaguchi, M. Suzuki, C. Adachi, Org. Electron. 2009,
10, 127.

[22] D. Yokoyama, J. Mater. Chem. 2011, 21, 19187.

[23] ). Chen, J. Zeng, X. Zhu, ). Guo, Z. Zhao, B. Z. Tang, CCS Chem. 2021,
3, 230.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH





