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Abstract

Two new emitters based on anthracene core, 6-(10-phenylanthracen-9-
yDnicotinonitrile (CNPyAnPh) and 4-(10-(pyridin-2-yl)anthracen-9-yl)benzonitrile
(CNPhAnPy) are designed and synthesized for realizing blue and deep blue organic
light-emitting diodes (OLEDs). Both CNPyAnPh and CNPhAnPy show nearly
orthogonal structures and the suppressed 7-conjugation is favorable for blue and even
deep blue emission. According to the theoretical calculations, small energy differences
between 72 and Si are observed in these two isomers, endowing the “hot exciton”
channel. Furthermore, the S1 of CNPyAnPh possesses both locally excited (LE) and
charge transfer (CT) components. By employing CNPyAnPh and CNPhAnPy as the

emissive guests in the devices, their maximum external quantum efficiencies (EQEmaxs)
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are 4.15% and 3.71%, respectively. Thanks to the “hot exciton” and hybrid local and
charge transfer (HLCT) properties, the exciton utilization efficiencies (EUEs) of two
molecules are higher than 25%, 42% for CNPyAnPh and 34% for CNPhAnPy. The
Commission International de 1I’Eclairage (CIE) coordinate of CNPhAnPy is (0.15, 0.08),
approaching the National Television System Committee (NTSC) standard index for
pure blue emission.
1. Introduction

In the 1980s, the first sandwich-like organic light-emitting diode (OLED), which
can be driven by a relatively low voltage, was reported by Tang and coworkers[1]. After
three decades of development, OLEDs have attracted wide attention for their potential
in applying to flat panel displays and solid-state lighting. As for the three primary colors
of OLED displays, highly efficient blue emitters are still in great demand, compared
with the red and green ones[2-4]. External quantum efficiency (EQE) is one of the
important parameters to evaluate the performance of OLED devices. It can be described
by the equation: 77eQe = yedpLe77s/T ® 7Jout, in Which y is the charge balance factor
(assuming y=1); ¢rL is the photoluminescent quantum efficiency (PLQY) of the emitter;
nst 1s the exciton utilization efficiency (EUE); 7out 1s the outcoupling efficiency (=
0.2)[5-7]. Driven by the electric field, hole/electron pairs, namely excitons, will form
in the emissive layer. Based on the spin statistics, the ratio of singlet excitons and their
triplet counterparts is 1:3[8-11]. For the conventional fluorophores, their internal
quantum efficiency (IQE) is limited to only 25%, and the decay of triplet excitons is

nonradiative. To break through this limitation, Forrest’s group reported an OLED



device based on the phosphorescent emitter, of which the theoretical IQE can achieve
100% via introducing the noble metal to the emitter[12]. Still, the introduction of noble
metals will cause high cost. Therefore, thermally activated delayed fluorescent (TADF)
materials and fluorophores with hot exciton pathways are intensively developed[6].
TADF and “hot exciton” can utilize triplet excitons through the reverse intersystem
crossing (RISC) process and high-lying RISC (hRISC) pathway, respectively, without
using noble metals[13-20]. In general, the lowest singlet state (S1) and the lowest triplet
state (71) of TADF emitters are the charge transfer states because the highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs)
need to be highly separated to achieve a small energy difference between S1 and 71
(AEsrt) for efficient RISC process. The strong intramolecular charge transfer (ICT) from
donors (D) to acceptors (A) leads to a significant Stokes shift, which makes it relatively
difficult to construct deep blue TADF emitters (Commission International de
I’Eclairage CIEy<0.1)[21]. Moreover, the RISC process between Si1 and 71 is slower
than the radiative process from Si to So, resulting in the quenching of triplet excitons
and thus undesirable efficiency roll-off for the TADF-based OLED devices[22, 23]. On
the other hand, “hot exciton” fluorophores realize hRISC from the high-lying triplet
state (7m, m=2) to the singlet state (Sn, n=1)[24, 25]. The hRISC process happens
within several nanoseconds, which is fast and can effectively improve the device
stability[16, 26]. In addition, there is a significant energy difference between 71 and 7>,
which can prevent the loss of 7m excitons caused by the internal conversion (IC) from

1> to T1[27, 28]. Recent studies found that hybrid local and charge transfer (HLCT)



chromophores possess the “hot exciton” property[6]. Materials with the HLCT property
have both locally excited (LE) and charge transfer (CT) components, where the LE
component can guarantee considerable oscillator strength (f) and high PLQY, and the
CT counterpart can fully utilize the triplet excitons[6, 29].

Anthracene is an emissive building block with a long history. In the 1960s, organic
electroluminescence (EL) was first discovered in anthracene as single crystals[30].
After that, many studies have been conducted on the anthracene core, since it is easily
modified and has considerate PLQY and good carrier mobility[4, 28, 31-33].
Furthermore, the delicate alignment of anthracene's energy levels makes it possible to
realize the hRISC process[34, 35]. In this work, we designed and synthesized two blue
emitters based on anthracene, CNPyAnPh and CNPhAnPy (Scheme 1). Acceptors and
the 7 conjugated unit were introduced to the 9- and 10- positions of the anthracene to
further modulate the excited-state properties. The introduction of cyano and pyridine
can reduce the electron injection barrier of devices because they are electron-deficient
units and can lower the LUMO energy level of the emitters[36]. These two isomers
possessed the “hot exciton” property and HLCT characteristics were also found in
CNPyAnPh. The OLED devices based on CNPyAnPh and CNPhAnPy exhibited blue

and deep blue emission with the EQEmax of 4.15% and 3.71%, respectively.
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Schemel Chemical structures of CNPyAnPh and CNPhAnPy.

2. Results and Discussion
2.1. Synthesis and Characterization

The synthesis of CNPyAnPh and CNPhAnPy is illustrated in ESI. Firstly, 6-
(anthracen-9-yl)nicotinonitrile (1) and 2-(anthracen-9-yl)pyridine (3) were synthesized
through the Suzuki coupling reaction. Next, intermediate 1 and 3 were brominated with
N-bromosuccinimide (NBS) at room temperature. Finally, bromoanthracene derivatives
(2 and 4) were coupled with phenylboronic acid and 4-cyanophenylboronic acid via Pd-
catalyzed Suzuki reaction to afford the target compounds, CNPyAnPh and CNPhAnPy,
respectively. The molecular structures and the purity of the target materials were fully
characterized by 'H NMR, *C NMR, MALDI-TOF mass spectrometry and single-
crystal X-ray diffraction.
2.2. Crystal Structures

The single crystals of CNPyAnPh (CCDC 2246065) and CNPhAnPy (CCDC
2246066) were cultivated through the slow evaporation of a mixture of
dichloromethane and n-hexane. As shown in Figure la and lc, both CNPyAnPh and

CNPhAnPy exhibit nearly orthogonal configurations and these two compounds show
5



similar dihedral angles of 85.18° and 89.88° between neighboring cyano-containing
moieties and anthracene, respectively. On the other hand, the dihedral angle between
anthracene and the phenyl ring is 70.06°, smaller than the one between anthracene and
pyridine, which is 84.69°. The twisted configuration can reduce the degree of the
intramolecular 7 conjugation, which is favorable for constructing blue or even deep
blue emitters. In the packing structure of CNPyAnPh and CNPhAnPy, no obvious 77
intermolecular interaction is observed. However, several intermolecular hydrogen
bonds are found due to the introduction of the CN unit and pyridine. There is a weak
C-H-N hydrogen bonding in CNPyAnPh, of which the distance is 3.834 A. Three types
of hydrogen bonds are observed in CNPhAnPy with distances ranging from 2.573 to
3.533 A, which are relatively strong. Meanwhile, a strong C-H--7 interaction is also
found in the cell unit of CNPyAnPh and the corresponding distance is 2.905 A. Those
supramolecular interactions can efficiently diminish molecular motion and thus

suppress the non-radiative energy loss.

Figure 1 X-ray single crystal structures of (a) CNPyAnPh and (c) CNPhAnPy; packing

patterns of (b) CNPyAnPh and (d) CNPhAnPy. The grey, blue, and white balls denote



carbon, nitrogen, and hydrogen atoms, respectively.
2.3. Theoretical Calculations

To study the electron distribution of CNPyAnPh and CNPhAnPy, the density
functional theory (DFT) calculations were performed using the Gaussian 09 program
package at the B3LYP/6-31G (d) basis set. As shown in Figure 2a, the distributions of
frontier molecular orbitals (FMOs) of these two emitters are extremely different. The
LUMO of CNPyAnPh is mainly distributed on the anthracene core and the electron-
deficient cyanopyridine unit and its HOMO is mostly localized on the anthracene unit,
with a residual portion on the cyanopyridine moiety, indicating the presence of both LE
and CT components. In contrast, the FMOs of CNPhAnPy are fully delocalized on the
anthracene core with negligible distribution on the adjacent pyridine unit, which means
the LE feature dominates the electronic transition. The calculated optical energy gaps
(Eg) are large enough to emit in the short wavelength region, 3.33 and 3.48 eV for
CNPyAnPh and CNPhAnPy, respectively.

To get insight into the excited state characteristics of CNPyAnPh and CNPhAnPy,
the natural transition orbitals (NTOs) were calculated through time-dependent DFT
(TD-DFT) at the B3LYP/6-31G (d) level based on the optimized ground-state
geometries. As depicted in Figures 2b and S5, the So—S1, So—S2 and So— 72> NTOs of
CNPyAnPh clearly illustrate the HLCT transition features, in which hole and particle
exhibit a significant separation and a considerable degree of overlap. However, typical
LE characteristics are found in So—S1, So— 71 and So— 72 NTOs of CNPhAnPy, where

hole and particle fully overlap over the anthracene core. The f of So—S1 of CNPhAnPy



(0.1744) is higher than that of CNPyAnPh (0.1513), due to the LE-dominating
characteristics of CNPhAnPy. The calculated energy gaps between 7> and Si1 are 0.0103
and 0.1104 eV for CNPyAnPh and CNPhAnPy, respectively, showing a potential
hRISC channel from 72 to Si[16, 35]. In addition, the energy differences between 72
and 71 are significantly large (1.1841 eV for CNPyAnPh and 1.5260 eV for

CNPhAnNPy), which is also one of the properties of the “hot exciton” fluorophores[37,

38].
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Figure 2 The (a) frontier molecular orbitals (FMOs), (b) natural transition orbitals
8



(NTOs) and (c) energy levels of singlet/triplet state of CNPyAnPh (left) and
CNPhAnNPy (right).
2.4. Photophysical Properties

The photophysical properties of these emitters are shown in Figure 3 and
summarized in Table 1. From Figure 3a, the absorption bands of these two anthracene-
based isomers exhibit similar profiles because of the identical skeleton. The wide
absorption bands ranging from 330 to 400 nm correspond to the vibrational structure of
the anthracene backbone. The photoluminescent spectra of CNPyAnPh and CNPhAnPy
exhibit structureless profile and show blue and deep blue emission with the emission
peaking 468 and 429 nm, respectively. To further demonstrate the properties of Si
excited state of these two emitters, their emissions in nine types of solvents with
different polarities were studied. The AL of CNPyAnPh in n-hexane is 461 nm. With
the increasing polarity of solvents, its emission shows a red shift of 13 nm, indicating
the involvement of the CT component. In contrast, only 5 nm red shift occurs for
CNPhAnPy with the increase of solvent polarity, illustrating the LE-dominated excited
state. The properties of the excited states can be further confirmed by the
solvatochromic Lippert-Mataga models of these two isomers. The curves of the Stokes
shift (va-vf) versus the orientation polarization (f) of solvents are shown in Figure 3d
and the corresponding results are summarized in Tables S1 and S2. It is observed that
the curve of CNPyAnPh can be divided into two parts, confirming the LE and CT hybrid.
CNPyAnPh shows a small dipole moment in low polarity solvents (f < 0.148) and a

larger dipole moment in high polarity solvents (f > 0.167). In contrast, CNPhAnPy



exhibits a small dipole moment in both low and high polarity solvents, showing a
typical LE state. The result of solvatochromic Lippert-Mataga models is in good
accordance with theoretical calculations. The transition PL decay curves of CNPyAnPh
and CNPhAnPy show single components and short lifetimes (2.35 ns for CNPyAnPh
and 0.97 ns for CNPhAnPy), implying that TADF and phosphorescent mechanism can
be excluded and CNPyAnPh have LE and CT components in one HLCT excited state.

In addition, the PLQYs of CNPyAnPh and CNPhAnPy are 49% and 55%, respectively.

(a) (b)
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Figure 3 (a) The UV-Vis absorption and PL spectra measured in toluene (10° M, Aex =
355 nm), (b) transition PL decay spectra in the neat films (Aex = 355 nm), (c) PL spectra
measured in various solvents (10° M, Aex = 370 nm) and (d) solvatochromic Lippert-

Mataga models of CNPyAnPh and CNPhAnPy.

Table 1 Photophysical, thermal and electrochemical data of CNPyAnPh and
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CNPhAnNPy.

Compound Aaps® () Ae*(nm) TP (°C)  HOMOYLUMOY (eV)  ES (eV) ¥ (ns) D (%)
CNPyAnPh 352,373,395 468 352 -5.55/-2.60 2.95 2.35 49
CNPhAnPy 355,373,392 429 333 -5.54/-2.51 3.03 0.97 55

*Measured in toluene (10~ M) at room temperature. ® Recored at 5% weight loss. ¢ Calculated from the onsets of oxidation curves.
4Deduced from HOMO and optical energy gap. ¢ Calculated by absorption cutoffs. ‘Measured in neat film at room temperature. &

PLQY relative to 9,10-diphenylanthracene (90% in cyclohexane).

2.5. Thermal and Electrochemical Properties

The thermal stability of two isomers was characterized by thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) (Figure S6a). The
decomposition temperature of CNPyAnPh and CNPhAnPy are 352 and 333 °C,
respectively. From DSC, only melting temperatures (7m) are observed (261 °C for
CNPyAnPh and 299 °C for CNPhAnPy) and no glass transition temperatures (7g) are
found for both materials.

According to the cyclic voltammetry (CV) curves, the HOMO energy levels
(Enomo) of CNPyAnPh and CNPhAnPy are -5.55 and -5.54 eV, respectively. Based on
Enomo and Eg, the LUMO energy values (ELumo) are deduced to be -2.60 and -2.51 eV,

respectively.

2.6. Electroluminescence Properties
CNPyAnPh and CNPhAnPy were employed as emissive dopants to fabricate
OLED devices to investigate their potential for electroluminescent applications.

According to the photophysical and HOMO and LUMO energy levels of these two
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emitters, the device structures were designed and fabricated as follows: ITO/ MoOs (10
nm)/ TAPC (60 nm)/ TCTA (10 nm)/ mCP: emitter (10 wt.%, 20 nm)/ TmPyPB (40
nm)/ LiF (Inm)/ Al (100 nm) (emitter = CNPyAnPh for device A and emitter =
CNPhAnPy for device B), where mCP (1,3-di(9H-carbazol-9-yl)benzene) serves as the
host. ITO (indium tin oxide), TAPC (1,1-bis[(di-4-tolylamino)phenyl]cyclohexane) and
TCTA (tris(4-carbazoyl-9-ylphenyl)amine) act as the anode, hole transporting layer and
exciton-blocking layer, respectively. TmPyPB (1,3,5-tris(3-pyridyl-3-phenyl) functions
as the electron-transporting layer and LiF is used as the electron-injecting layer. The
device performance is shown in Figure 4b-d and summarized in Table 2. As shown in
the electroluminescent (EL) spectra (Figure 4b), CNPyAnPh and CNPhAnPy based
OLED devices exhibit blue and deep blue emission, peaking at 468 and 448 nm,
respectively. Notably, the CIE coordinates of devices A and B are (0.15, 0.18) and (0.15,
0.08) and the one for CNPhAnPy based device can approach the standard blue index of
the National Television System Committee (NTSC) of (0.14, 0.08)[31, 39, 40]. The
turn-on voltages (Von) of devices A and B are 3.6 and 3.8 V, respectively. The maximum
EQE, maximum current efficiency (CE) and maximum power efficiency (PE) are
4.15%, 6.35 cd/A and 4.34 Im/W for device A and 3.71%, 2.94 cd/A and 2.00 Im/W for
device B, respectively. Based on the EQEmax of the devices and the PLQY of the
emitters, the EUE of CNPyAnPh and CNPhAnPy based devices are calculated to be
42% and 34%, breaking through the limitation of 25%. The device performances of
these two isomers are comparable among blue OLEDs based on A-An-n or A-An-A
configuration by hot exciton strategy with CIEy< 0.18 (Table S3).
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Figure 4 (a) The doped device structures of CNPyAnPh and CNPhAnPy and the
corresponding energy level diagrams, (b) electroluminescent (EL) spectra, (c) current

density—voltage—luminance (J-V-L) characteristics, and (d) EQE-luminance curves

(the CIE coordinates in the inset).

Table 2 Key parameters for EL performance of device A and B.

Device Vord (V) Agt® (nm) CIE® (x,y) CE* (cd/A) PE° (Im/W) EQE° (%)
A 3.6 468 (0.15,0.18) 6.35 4.34 4.15
B 3.8 448 (0.15, 0.08) 2.94 2.00 3.71

*Measured at a luminance of 1 cd/m?. ®Recorded at a luminance of 100 cd/m? ¢ Device performances recorded at maximum.

3. Conclusion

In summary, two anthracene-based emitters with ‘“hot exciton” properties,
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CNPyAnPh and CNPhAnPy, have been designed and synthesized. According to the
theoretical calculations, the energy gaps between 72 and Si of these two isomers are
0.0103 and 0.1104 eV, implying the potential for the “hot exciton” channel. In addition,
the S1 of CNPyAnPh shows HLCT property, which is further confirmed by its
solvatochromic Lippert-Mataga model. These two emitters are employed as the
emissive guest to investigate their EL properties. The device based on CNPyAnPh
shows blue emission with an EQEmax at 4.15%. The CNPhAnPy based device affords
an EQEmax at 3.71% with the CIE coordinates at (0.15, 0.08), close to the NTSC
standard blue index. The EUEs of these two isomers break through the limitation of
25%, indicating the “hot exciton” pathway and the HLCT excited state revealed by the

theoretical calculations are reasonable.
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