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The pyridinecarbonitrile derivative is well known as an acceptor unit in fluorescent

materials. However, its use in thermally activated delayed fluorescent (TADF) emitters

is very limited compared with its benzenecarbonitrile counterparts. Very recently, we

developed a series of 4-pyridinecarbonitrile, so-called isonicotinonitrile derivatives, as

a highly efficient sky blue-to-green TADF emitters realizing low-drive-voltage organic

light-emitting devices (OLEDs). In this work, we contributed new design and development

for three 3-pyridinecarbonitrile-based TADF emitters named 2AcNN, 2PXZNN, and

5PXZNN. Among these emitters, a sky blue emitter, 2AcNN, showed a maximum

external quantum efficiency (ηext,max) of 12% with CIE (0.19, 0.36). While green emitters,

5PXZNN and 2PXZNN, realized highly efficient TADF OLEDs with a ηext,max of 16–20%.

Introduction of electron-donor moiety into the 2-position of 3-pyridinecarbonitrile

contributes a larger overlapping of frontier molecular orbitals (FMOs) and stronger

intramolecular charge transfer (ICT) interaction generating efficient TADF emitters.

Keywords: solid-state emission, organic light-emitting device, donor–acceptor system, thermally activated

delayed fluorescence, photochemistry

INTRODUCTION

High-efficiency organic light-emitting devices (OLEDs) have attracted significant attention due
to their ability to yield energy savings in small- to large-area flat-panel displays and general
lighting applications (Walzer et al., 2007; Sasabe and Kido, 2013; Adachi, 2014; Im et al.,
2017; Wong and Z.-Colman, 2017; Yang et al., 2017; Kim and Kim, 2018; Komatsu et al.,
2018). Organic phosphorescent and thermally activated delayed fluorescent (TADF) emitters
can convert all electrogenerated molecular excitons such as singlets and triplets to photons
achieving an electron-to-photon conversion efficiency of up to 100%. Recently, the development
of pure organic TADF emitters has been focused on simultaneously realizing cost-effective
and high-performance OLEDs compared with its phosphorescent counterparts (Uoyama et al.,
2012; Adachi, 2014; Kaji et al., 2015; Lin et al., 2016; Seino et al., 2016; Im et al., 2017;
Liu et al., 2017; Rajamalli et al., 2017; Wong and Z.-Colman, 2017; Yang et al., 2017; dos
Santo et al., 2018; Komatsu et al., 2018; Sasabe et al., 2018; Wu et al., 2018). In principle,
TADF emitters consist of electron-donor (D) and electron-acceptor (A) moieties realizing
efficient intramolecular charge transfer (ICT). The connection between D and A moieties is
generally accompanied with a small overlap in the frontier molecular orbital (FMO) between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), in other words, a small energy difference between singlet and triplet energies

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Directory of Open Access Journals

https://core.ac.uk/display/201043268?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00254
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00254&domain=pdf&date_stamp=2019-04-24
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:h-sasabe@yz.yamagata-u.ac.jp
mailto:kid@yz.yamagata-u.ac.jp
https://doi.org/10.3389/fchem.2019.00254
https://www.frontiersin.org/articles/10.3389/fchem.2019.00254/full
http://loop.frontiersin.org/people/590131/overview


Masuda et al. 3-Pyridinecarbonitrile-Based TADF Emitters

(1EST). Among the A units, cyano-containing aromatic moieties,
such as benzenecarbonitriles and pyridinecarbonitriles, are very
effective in developing high-performance TADF emitters.
However, compared with well-known benzenecarbonitrile
derivatives, more electron-deficient pyridinecarbonitrile-based
counterparts have been relatively unexplored.

In 2015, Liu et al. reported a pyridinedicarbonitrile/carbazole-
conjugated molecule, namely CPC, in which
pyridinedicarbonitrile and carbazole units are directly linked,
showing a photoluminescent quantum yield (ηPL) of 49.7%
in host doped film (Liu et al., 2015). The CPC showed
efficient sky blue emission with a maximum external quantum
efficiency (ηext,max) of 21% and Commission Internationale
de l’Éclairage (CIE) coordinates (0.20, 0.35). This is the first
report to use pyridinecarbonitrile as an acceptor moiety of a
TADF emitter. In 2016, Pan and co-workers developed several
pyridinedicarbonitrile/dimethylacridine-conjugated molecules
(Pan et al., 2016). Among these molecules, Py2 and Py5 showed
a high ηPL of 89–92% and yielded efficient greenish blue OLED
with ηext,max at 23–24%. CIE coordinates were (0.24, 0.49) for
Py2 and (0.28, 0.54) for Py5. In 2017, Sasabe et al. developed
a series of 4-pyridinecarbonitrile, so-called isonicotinonitrile
derivatives, as highly efficient sky blue-to-green TADF emitters
realizing low-drive-voltage OLEDs (Sasabe et al., 2017). Sky
blue emitter 26AcINN exhibited a low turn-on voltage of 2.9 V,
a maximum power efficiency (ηp,max) of 66 lm W−1, and a
ηext,max of 22% with CIE coordinates (0.22, 0.45). Meanwhile,
green emitter 26PXZINN exhibited a low turn-on voltage of
2.2 V, a high ηp,max of 99 lm W−1, and a ηext,max of 22% with
CIE coordinates (0.37, 0.58). As mentioned above, although
pyridinecarbonitrile-based TADF emitters exhibited very
promising OLED performances, they have been relatively
unexplored so far.

In this work, we focused on 3-pyridinecarbonitrile derivatives
as TADF emitters aiming bluer emission based on a larger
energy gap than that of the corresponding 4-pyridinecarbonitrile
derivatives, and aimed to enrich the materials science of
cyano-containing aromatic compounds. We designed and
developed three 3-pyridinecarbonitrile-based TADF emitters
labeled 2AcNN, 2PXZNN, and 5PXZNN. Among these emitters,
a blue emitter, 2AcNN, exhibited a sky blue emission with CIE
coordinates (0.19, 0.36), ηext,max of 12%, and ηp,max of 28.8 lm
W−1. Meanwhile, a green emitter, 2PXZNN, realized a high
efficiency TADF OLED with CIE coordinates (0.35, 0.55) and
ηext,max of 20.8%.

RESULTS AND DISCUSSION

Density Functional Theory Calculation and
Synthesis
In previous work, we successfully developed a sky blue TADF
emitter, 26AcINN, with a ηext,max of 22% (Sasabe et al.,
2017). However, color coordinates were not located in the
blue region. Therefore, in order to obtain bluer emission
compared with the 4-pyridinecarbonitrile derivatives, we used
3-pyridinecarbonitrile with reduced π-conjugation as an A

unit. In addition, to get an effective molecular design and
expand the materials chemistry of the pyridinecarbonitrile
derivatives, we designed three types of 3-pyridinecarbonitrile-
based TADF emitters, 2AcNN, 2PXZNN, and 5PXZNN, using
dimethylacridine (Ac) and phenoxiazine (PXZ) donors. Prior
to preparing the emitters, we conducted density functional
theory (DFT) calculations to estimate the geometric structure,
the energy difference between HOMO and LUMO (1EH−L),
and the ES, ET, and 1EST of 2AcNN, 2PXZNN, and 5PXZNN

(Figure 1A and Table S1). These derivatives exhibited small
1EST (<0.02 eV) values, which is consistent with TADF
emissions. The electron cloud distribution in Figure 1B shows
that the HOMO was located on the donor unit, whereas
the LUMO was located on the phenylpyridinecarbonitrile
skeleton. Among the PXZ derivatives, 5PXZNN showed a larger
energy gap than 2PXZNN. To verify these differences, we also
conducted DFT calculations of the phenylpyridinecarbonitrile
skeleton (Figure S1). As a result, 5PXZNN showed smaller
electron distributions of LUMO on the phenyl ring compared
with 2PXZNN, resulting in smaller overlapping of FMO
and weaker ICT interaction causing a larger energy gap.
The FMOs were almost completely separated with a small
overlap. The synthetic routes of the target compounds are
shown in Schemes S1–3. These compounds were readily
synthesized through a Suzuki–Miyaura coupling reaction
between a halogenated 3-pyridinecarbonitrile precursor and a
donor-substituted 4-phenylboronate (Komatsu et al., 2016) with
67–78% yield, and multigram amounts of product were readily
obtained. The target compounds were characterized using 1H
NMR, 13C NMR, mass spectrometry, and elemental analysis.

Thermal and Photophysical Properties
Products were purified through train sublimation before device
fabrication. The purity of the compounds was evaluated at
over 99% using high-performance liquid chromatography. The
compounds can be used for further thermal and photophysical
investigation, and OLED evaluation with no influence from
impurities. The thermal properties of the materials were
estimated via thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The materials exhibited high
thermal stability with a weight loss of 5% (Td5) at temperatures
over 300◦C. The glass transition temperatures (Tg) were observed
at 56◦C for 2AcNN, 50◦C for 2PXZNN, and 57◦C for 5PXZNN.
The Tg values were relatively low due to the low molecular
weight of these emitters. The physical properties of the materials
were evaluated in the solid-state film. The ionization potential
(Ip) levels, measured via photoelectron yield spectroscopy (PYS),
were observed at ∼-5.7 to −5.8 eV. The optical energy gap
(Eg) was taken as the point of intersection of the normalized
ultraviolet–visible (UV–vis) absorption spectra. The electron
affinity (Ea) levels were estimated at ∼-3.0 eV, by subtracting the
optical Eg from the Ip level.

The optical properties of the materials were evaluated under a
dilute toluene solution (10−5 M). The UV–vis absorption and PL
spectra of the pyridinecarbonitrile derivatives obtained at room
temperature are on display in Figure 1C. The PL peak wavelength
was observed at 492 nm for 2AcNN, 550 nm for 2PXZNN, and
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FIGURE 1 | (A) Chemical structures. (B) Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distribution, energy levels,

energy differences between HOMO and LUMO (1EH−L ), singlet and triplet excited states (1EST ), and oscillator strength (f). (C) Ultraviolet–visible (UV–vis) absorption

and PL spectra of 2AcNN, 2PXZNN, and 5PXZNN in a toluene solution (10−5 M). (D) Transient photoluminescent decay curves at 5 and 300K for 2PXZNN.

503 nm for 5PXZNN. As predicted from the DFT calculations,
2AcNN showed sky blue emission and a shorter wavelength based
on the weaker ICT character among these three emitters. On
the other hand, 2PXZNN showed green emission and a longer
wavelength due to the stronger ICT character as shown in the
UV–vis absorption spectra.

With regard to the application of OLEDs, the photophysical
properties of the thin film have to be evaluated. Because a
TADF emitter can harvest all the molecular excitons from
singlets and triplets, the ET of host materials should be
higher than that of the emitters suppressing the triplet exciton
quenching for high-efficiency OLEDs. Therefore, the PL spectra
were subsequently investigated in a host matrix of bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) with a high
triplet energy (ET) of 3.30 eV and a host matrix of 4,4

′

-
bis(carbazol-9-yl)biphenyl (CBP) with ET of 2.60 eV. As shown
in Figure S2, the emission peaks in DPEPO films doped with
10 wt% 2AcNN, 5PXZNN, and 2PXZNN were located at 477,
492, and 521 nm, respectively. Furthermore, the emission peaks
in CBP films doped with 10 wt% 5PXZNN and 2PXZNN were
almost the same as those observed in the DPEPO host. ηPL
differed between the DPEPO and CBP hosts. The ηPL value of
5PXZNN was lowered in CBP (ηPL = 31%) compared with
that in DPEPO (ηPL = 59%), but in the case of 2PXZNN, it
remained unchanged (ηPL values: 68% in DPEPO and 69% in
CBP). These results suggested that 5PXZNN had higher ET than
that of CBP and was quenched by CBP. The TADF character
was subsequently confirmed by examining the PL decay curves
of the emitter doped host films at various temperatures (i.e., 5
and 300K; Figure 1D; Figure S3). The delayed PL intensities of
the three materials increased at 300K, thereby indicating the

presence of TADF. The transient PL decay curves of the 10
wt%-doped DPEPO or CBP films exhibited double-exponential
decay with delayed lifetimes (τd) of 264, 175, and 53 µs for
2AcNN, 5PXZNN, and 2PXZNN, respectively. The τd are
relatively long compared with the well-known green TADF
emitters, such as 4CzIPN (τd = 5.1 µs; Uoyama et al., 2012),
most likely because of the relatively large 1EST of ∼0.4 eV.
Considering the combined results from the DFT calculations
and photophysical experiments, an electron-donor should be
introduced into the 2-position of 3-pyridinecarbonitrile to create
a superior TADF emitter. The introduction of an electron-
donor into the 2-position contributes a larger overlapping of
FMOs and stronger ICT interaction for efficient TADF behaviors
leading to shorter τd. All thermal and photophysical properties
of the pyridinecarbonitrile derivatives are summarized in Table 1

and Table S2.

Organic Light-Emitting Device
Performance
Next, we evaluated the OLED performance for three emitters,
2AcNN, 5PXZNN, and 2PXZNN. We used a carrier- and
exciton-confining device to maximize OLED performance.
We employed di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane
(TAPC) as a hole transport layer (HTL), and TAPCwith a shallow
Ea of −2.0 eV to effectively block electrons. 3,3′′,5,5′-Tetra(3-
pyridyl)-1,1′;3′1′′-terphenyl (B3PyPB; Sasabe et al., 2008a,b) was
used as an electron transport layer (ETL), and B3PyPB with
a deep Ip of −6.6 eV effectively blocked the hole leakage.
By using a combination of TAPC and B3PyPB, we were
able to confine all holes and electrons in the emission layer
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TABLE 1 | Thermal and optical properties.

Compound Mw. Tg/Tm/Td5 [◦C]a Ip/Ea/Eg [eV]b ES/ET/1EST [eV]c τd [µs]d ηPL [%]

2AcNN 387.5 56/195/317 −5.73/−2.99/2.74 3.08/2.71/0.37 264 64e

2PXZNN 361.4 50/161/322 −5.70/−3.12/2.58 2.74/2.60/0.14 53f 68e/69f

5PXZNN 361.4 57/239/321 −5.80/−3.06/2.74 2.91/2.52/0.40 175 59e/31f

aTg and Tm were measured by DSC, and Td5 was measured by TGA.
b Ip was measured by PYS, Eg was taken as the point of intersection of the normalized absorption spectra, and Ea was calculated from Ip and Eg.
cThe onset of delayed PL of the neat film was measured using a streak camera and 1EST = ES-ET .
dDelayed fluorescent lifetime of the 10 wt%-doped DPEPO film.
ePL quantum yield of the 10 wt%-doped DPEPO film.
fCBP was used instead of DPEPO.

FIGURE 2 | Organic light-emitting device (OLED) performances of 2AcNN-, 5PXZNN-, and 2PXZNN-based devices. (A) J–V–L characteristics. (B) ηext-L

characteristics. (C) EL spectra at 1mA.

(EML) to create superior carrier balance. In addition, N,N-
dicarbazoyl-3,5-benzene (mCP) was inserted at the interface
between HTL and EML to prevent the exciton-quenching
between TAPC and emitter molecules. This is because the ηPL
value of 2AcNN was lower in TAPC (ηPL = 42%) compared
with neat film of 2AcNN (ηPL = 60%). DPEPO was used as
a host material, and the ET levels of TAPC, mCP, DPEPO,
and B3PyPB were 2.98, 3.00, 3.30, and 2.77 eV, respectively.
The chemical structures of the materials used in this study
are shown in Figure S4. Therefore, we were able to suppress
exciton quenching from the perspective of ET confinement and
maximize OLED performance. All chemical structures for the
materials used in this study are shown in Figure S4. Three
types of OLEDs with the structures of [ITO/triphenylamine-
containing polymer: 4-isopropyl-4′-methyldiphenyl-iodonium
tetrakis(pentafluorophenyl)borate (PPBI; Kido et al., 1997)
(20 nm)/TAPC (25 nm)/mCP (5 nm)/10 wt% emitter-doped
DPEPO (20 nm)/B3PyPB (50 nm)/LiF (0.5 nm)/Al (100 nm)]
were fabricated. Figure S5A shows the energy diagrams for these
devices. All peaks in the EL spectra originate from emitters with
no emissions arising from neighboring materials. The current
density–voltage–luminance (J–V–L) characteristics are shown in
Figure 2A, and the external quantum efficiency–luminance (ηext-
L) characteristics are shown in Figure 2B. OLED performance is
summarized in Table 2. The EL emission peaks located at 486,
506, and 527 nm are linked to 2AcNN, 5PXZNN, and 2PXZNN,
respectively (Figure 2C). Among these, a blue emitter, 2AcNN,

showed a sky blue emission with CIE (0.19, 0.36), ηext,max of
12%, and ηp,max of 28.8 lm W−1. The operating voltage at 1 cd
m−2 was relatively low, at 3.1 V. By contrast, a green emitter,
2PXZNN, realized a high-efficiency TADFOLEDwith CIE (0.35,
0.53) and ηext,max of 18.8%. The operating voltage at 1 cdm−2 was
recorded at 3.0 V and was almost identical to the 2AcNN-based
sky blue OLED. Compared with state-of-the-art green OLEDs,
the operating voltage can be reduced significantly.

Low-Operating-Voltage 2PXZNN-Based
Organic Light-Emitting Devices
In the previous section, we also used DPEPO as a host material
for a green emitter, 2PXZNN. As a result, 2PXZNN-based OLED
showed a relatively high operating voltage of 3.0 V at 1 cd m−2.
To further reduce operating voltage, we simply substituted host
material DPEPO with CBP. Note that the 2PXZNN-doped CBP
film exhibited a ηPL value of 69%, similar to that of a DPEPO
film. An OLED with an EML of 10 wt% 2PXZNN-doped CBP
(20 nm) was fabricated. Figure S5B shows the energy diagram.
The J–V–L characteristics are shown in Figure 3A, and the
ηext-L–ηp characteristics are shown in Figure 3B. The peak in
the EL spectra at 532 nm originates from 2PXZNN, with no
emissions arising from neighboring materials (Figure 3C). The
device showed green emission with CIE (0.35, 0.55), higher
ηext,max of 20.8%, and ηp,max of 65 lm W−m. Compared with a
DPEPO-based device, the CBP-based device exhibited slightly
higher ηext,max value. The operating voltage was recorded at
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TABLE 2 | Summary of OLED performances.

Emitter Von [V]a V100/ηp,100/ηc,100/ηext,100

[V/lm W−1/cd A−1/%]b
V1000/ηp,1000/ηc,1000/ηext,1000

[V/lm W−1/cd A−1/%]c
ηp,max/ηc,max/ηext,max

[lm W−1/cd A−1/%]d
CIE (x, y)e

2AcNN 3.1 4.4/9.7/13.4/5.9 6.4/2.5/5.1/2.3 28.8/27.5/12.0 (0.19, 0.36)

5PXZNN 3.1 4.7/15.8/23.4/8.6 7.0/4.1/9.1/3.4 48.9/43.6/15.9 (0.25, 0.45)

2PXZNN 3.0 4.3/30.5/41.6/13.7 5.8/13.5/24.8/8.2 64.0/57.0/18.8 (0.33, 0.53)

2PXZNNf 3.0 3.6/53.7/61.5/19.3 4.4/31.8/44.0/13.8 65.2/66.4/20.8 (0.35, 0.55)

2PXZNNg 2.4 3.1/54.1/53.8/17.3 4.1/29.2/38.0/12.3 71.6/56.8/18.3 (0.37, 0.56)

aTurn-on voltage (V) at 1 cd m−2.
bPower efficiency (ηp ), current efficiency (ηc), voltage (V), and external quantum efficiency (ηext ) at 100 cd m

−2.
cηp, ηc, V, and ηext at 1,000 cd m

−2.
dηp, ηc, and ηext at maximum.
eCIE at 100 cd m−2.
fDevice using CBP-doped 2PXZNN.
gDevice using TCTA-doped and CBP-doped 2PXZNN as a double emission layer and B4PyPPM.

FIGURE 3 | OLED performances of optimized 2PXZNN-based devices. (A) J–V–L characteristics. (B) ηext-L characteristics. (C) EL spectra at 1mA.

3.0V, similar to that of a DPEPO-based device. However, much
higher current density and luminance were obtained using a CPB
host. This is most likely due to the improved carrier balance
in the EML. The CBP host was considered to contribute an
increase in hole carrier in the EML compared with a DPEPO
host. Encouraged by these results, we further improved the
device structure using a double EML device using 4,4,4-tris(N-
carbazolyl)triphenylamine (TCTA) with shallower Ip and Ea than
CBP to increase the density of the hole carriers. Note that the
ηPL value of a 10 wt% 2PXZNN-doped TCTA film was recorded
to be 64%. In addition, we used B4PyPPM as an ETL (Sasabe
et al., 2008a,b, 2011). B4PyPPM has a deeper Ea than B3PyPB,
enabling efficient electron injection leading to low-operating-
voltages. An OLED with the structure [ITO/triphenylamine-
containing polymer: PPBI (20 nm)/TAPC (30 nm)/10 wt%
2PXZNN-doped TCTA (10 nm)/10 wt% 2PXZNN-doped CBP
(10 nm)/B4PyPPM (50 nm)/LiF (0.5 nm)/Al (100 nm)] was
fabricated. Figure S5C displays the energy diagram. OLED
performance is summarized in Table 2. The EL emission
peak is located at 523 nm with CIE (0.37, 0.56), high
ηext,max of 18%, and ηp,max of 72 lm W−m. The operating
voltage was recorded as 2.4V, a reduction of 0.6 V compared
with the previous device, leading to a much higher ηp,max

of 71.6 lmW−m.

CONCLUSION

In this work, we focused on relatively unexplored
pyridinecarbonitrile derivatives, particularly on 3-
pyridinecarbonitrile derivatives for an efficient TADF emitter
aiming for bluer emission, and aimed to enrich the science of
cyano-containing aromatic compounds. We developed three
new types of 3-pyridinecarbonitrile-based TADF emitters,
labeled 2AcNN, 2PXZNN, and 5PXZNN. These compounds can
be readily prepared through one-step Suzuki–Miyaura cross-
coupling reaction with 67–78% yields. These emitters exhibited
relatively high ηPLs of 59−69% with low 1EST values of 0.14–
0.40 eV in host matrices, such as DPEPO and CBP. Following
photophysical investigations of the EML, three emitters appeared
to achieve TADF behavior at high temperature and hence are
expected to yield efficient TADF OLEDs. A sky blue emitter,
2AcNN, showed a ηext,max of 12% and a ηp,max of 28.8 lm W−1

with CIE (0.19, 0.36). Meanwhile, a green emitter, 2PXZNN,
realized a highly efficient TADF OLED realizing a ηext,max of
20.8% with CIE (0.35, 0.55). Furthermore, by improving the
carrier balance factor in the EML, the 2PXZNN-based OLED
achieved a low-operating voltage of 2.4 V at 1 cd m−2 and a
high ηp,max of 71.6 lm W−1. We believe that these results clearly
demonstrate the capability of pyridinecarbonitrile derivatives as
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TADF emitters, and contribute an effective molecular design for
novel TADF emitters. Further study is ongoing in our laboratory.

EXPERIMENTAL SECTION

General Considerations
Quantum chemical calculations were performed using the
Gaussian 09 program packages. An optimized structure was
calculated at the B3LYP/6–31G(d) level for the ground state.
The single-point energies were evaluated in accordance with
the time-dependent density functional calculations in B3LYP/6-
311 G+(d,p). 1H NMR and 13C NMR spectra were recorded
on a JEOL 400 (400 MHz) spectrometer. Mass spectra were
obtained using a Waters SQD2 mass spectrometer with an
atmospheric pressure solid analysis probe (ASAP). DSC was
performed using a Perkin-Elmer DiamondDSC Pyris instrument
under a nitrogen atmosphere at a heating rate of 10◦C min−1.
TGA was undertaken using a SEIKO EXSTAR 6000 TG/DTA
6200 unit under a nitrogen atmosphere at a heating rate of
10◦C min−1. UV–vis spectra was measured using a Shimadzu
UV-3150 UV–vis–NIR spectrophotometer. Photoluminescence
spectra were measured using a FluoroMax-2 (Jobin-Yvon-Spex)
luminescence spectrometer. Ip was determined by a PYS under
vacuum (=10−3 Pa). Transient PL decay curves and time-
resolved photoluminescence spectra were measured using a
streak camera (C4334 from Hamamatsu Photonics) at 5 and
300 K.

Device Fabrication and Characterization
The substrates were cleaned with ultrapurified water and organic
solvents (acetone, then isopropanol), and then dry-cleaned for
30min through exposure to UV–ozone. Organic layers were
deposited onto ITO substrates under vacuum (=10−5 Pa),
successively. LiF and Al were patterned using a shadow mask
with an array of 2mm × 2mm openings without breaking the
vacuum (=10−5 Pa). The electroluminescent (EL) were taken
using an optical multichannel analyzer Hamamatsu Photonics
PMA-11. The current density–voltage and luminance–voltage
characteristics were measured using a Keithley 2400 source
measure unit and aMinolta CS200 luminancemeter, respectively.

Syntheses of Materials
Synthesis of 2AcNN
AcPhBpin (1.16 g, 2.8 mmol), 2-cloro-3-pyridinecarbonitrile
(0.39 g, 2.8 mmol), and aqueous K3PO4 (1.35M, 7.4ml) were
added to a round bottom flask. 1,4-Dioxane (35ml) was added,
and nitrogen bubbled through the mixture for an hour. Then,
Pd2(dba)3 (0.13 g, 0.10 mmol) and S-phos (0.06 g, 0.10 mmol)
were added, and the resultant mixture was stirred for 14 h at
reflux temperature under N2 flow. The precipitate was filtered
and washed with brine, dried over anhydrous MgSO4, filtered,
and evaporated to dryness. The resulting solid was purified by
chromatography on silica gel (eluent: toluene) to afford 2AcNN

(0.74 g, 67%) as a white solid: 1H NMR (400 MHz, DMSO-d6):
δ = 9.01 (d, J = 5.0Hz, 1H), 8.51 (d, J = 6.8Hz, 1H), 8.20 (d, J
= 8.2Hz, 2H), 7.68 (dd, J = 7.9, 4.8Hz, 1H), 7.59 (d, J = 8.2Hz,
2H), 7.52 (d, J = 7.2Hz, 2H), 7.02 (t, J = 7.5Hz, 2H), 6.94 (t, J =

7.5Hz, 2H), 6.23 (d, J= 8.2Hz, 2H), 1.64 (s, 6H); 13C NMR (100
MHz, CDCl3): δ = 160.11, 152.82, 143.21, 142.04, 140.57, 136.91,
131.72, 131.49, 130.11, 126.44, 125.26, 121.95, 120.79, 117.54,
114.18, 107.56, 35.98, 31.20; MS: m/z = 388 [M+1]+; Anal calcd
for C27H21N3: C, 83.69; H, 5.46; N, 10.84%. Found: C, 83.73; H,
5.38; N, 10.80%.

Synthesis of 2PXZNN
PXZPhBpin (1.28 g, 3.3 mmol), 2-cloro-3-pyridinecarbonitrile
(0.48 g, 3.3 mmol), and aqueous K3PO4 (1.2M, 8.7ml) were
added to a round bottom flask. 1,4-Dioxane (42ml) was added,
and nitrogen bubbled through the mixture for an hour. Then,
Pd2(dba)3 (0.31 g, 0.33 mmol) and S-phos (0.14 g, 0.33 mmol)
were added, and the resultant mixture was stirred for 18 h at
reflux temperature under N2 flow. The precipitate was filtered
and washed with brine, dried over anhydrous MgSO4, filtered,
and evaporated to dryness. The resulting solid was purified by
chromatography on silica gel (eluent: dichloromethane/hexane
= 4:1) to afford 2PXZNN (0.94 g, 78%) as an orange solid: 1H
NMR (400 MHz, DMSO-d6): δ = 8.98 (dd, J = 4.8, 1.6Hz, 1H),
8.49 (dd, J = 7.9, 1.6Hz, 1H), 8.16 (d, J = 8.6Hz, 2H), 7.62–7.68
(m, 3H), 6.67–6.78 (m, 6H), 5.91–5.94 (m, 2H) ppm; 13C NMR
(100 MHz, CDCl3): δ = 159.93, 152.84, 143.88, 142.01, 140.90,
137.17, 133.92, 131.68, 131.26, 123.31, 122.03, 121.59, 117.48,
115.53, 113.37, 107.55; MS: m/z = 362 [M+1]+; Anal calcd for
C24H15N3O: C, 79.76; H, 4.18; N, 11.63; O, 4.43%. Found: C,
79.73; H, 4.35; N, 11.54%.

Synthesis of 5PXZNN
PXZPhBpin (1.28 g, 3.3 mmol), 5-bromo-3-pyridinecarbonitrile
(0.606 g, 3.3 mmol), and aqueous K3PO4 (1.2M, 8.7ml) were
added to a round bottom flask. 1,4-Dioxane (42ml) was added,
and nitrogen bubbled through the mixture for an hour. Then,
Pd2(dba)3 (0.31 g, 0.33 mmol) and S-phos (0.14 g, 0.33 mmol)
were added, and the resultant mixture was stirred for 17 h at
reflux temperature under N2 flow. The precipitate was filtered
and washed with brine, dried over anhydrous MgSO4, filtered,
and evaporated to dryness. The resulting solid was purified by
chromatography on silica gel (eluent: dichloromethane) to afford
5PXZNN (0.91 g, 76%) as a yellow solid: 1H NMR (400 MHz,
DMSO-d6): δ = 9.31 (d, J = 2.3Hz, 1H), 9.07 (d, J = 1.4Hz,
1H), 8.77 (t, J = 2.0Hz, 1H), 8.13 (d, J = 8.6Hz, 2H), 7.60 (d,
J = 8.6Hz, 2H), 6.65–6.77 (m, 6H), 5.91–5.93 (m, 2H) ppm;
13C NMR (100 MHz, CDCl3): δ =151.48, 151.12, 143.91, 140.22,
137.34, 136.00, 135.56, 133.93, 132.12, 129.89, 123.27, 121.71,
116.41, 115.65, 113.16, 110.26; MS: m/z = 362 [M+1]+; Anal
calcd for C24H15N3O: C, 79.76; H, 4.18; N, 11.63; O, 4.43%.
Found: C, 79.71; H, 4.04; N, 11.63%.

AUTHOR CONTRIBUTIONS

HS conceived the project. HS and YM interpreted the
data. HS and JK supervised the project. HS, NO, and YM
designed the experiments. YM, HA, and NO prepared the
samples and performed the data analyses. YM and HA
synthesized and characterized the materials. YM and HA
performed the quantum chemical calculations. YM and

Frontiers in Chemistry | www.frontiersin.org 6 April 2019 | Volume 7 | Article 254

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Masuda et al. 3-Pyridinecarbonitrile-Based TADF Emitters

HS prepared the manuscript and supplementary materials.
All authors discussed the results and commented on
the manuscript.

ACKNOWLEDGMENTS

We greatly acknowledge the partial financial support from the
Center of Innovation (COI) Program from Japan Science and

Technology Agency, JST. HS acknowledges financial support in
part by JSPS KAKENHI (17H03131) from JSPS.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00254/full#supplementary-material

REFERENCES

Adachi, C. (2014). Third-generation organic electroluminescence materials. Jpn. J.
Appl. Phys. 53:60101. doi: 10.7567/JJAP.53.060101

dos Santo, P. L., Ward, J. S., Congrave, D. G., Batsanov, A. S., Eng, J., Stacey, J. E.,
et al. (2018). Triazatruxene: a rigid central donor unit for a D-A3 thermally
activated delayed fluorescence material exhibiting sub-microsecond reverse
intersystem crossing and unity quantum yield via multiple singlet–triplet state
pairs. Adv. Sci. 5:1700989. doi: 10.1002/advs.201700989

Im, Y., Kim, M., Cho, Y.-J., Seo, J.-A., Yook, K.-S., and Lee, J.-Y. (2017). Molecular
design strategy of organic thermally activated delayed fluorescence emitters.
Chem. Mater. 29, 1946–1963. doi: 10.1021/acs.chemmater.6b05324

Kaji, H., Suzuki, H., Fukushima, T., Shizu, K., Suzuki, K., Kubo, S., et al. (2015).
Purely organic electroluminescent material realizing 100% conversion from
electricity to light. Nat. Commun. 6:8476. doi: 10.1038/ncomms9476

Kido, J., Harada, G., Komada, M., Shionoya, H., and Nagai, K. (1997). Aromatic-
amine-containing polymers for organic electroluminescent devices. ACS Symp.

Ser. 672, 381–394. doi: 10.1021/bk-1997-0672.ch025
Kim, K.-H., and Kim, J.-J. (2018). Origin and control of orientation of

phosphorescent and TADF dyes for high-efficiency OLEDs. Adv. Mater.

30:1705600. doi: 10.1002/adma.201705600
Komatsu, R., Sasabe, H., and Kido, J. (2018). Recent progress of pyrimidine

derivatives for high-performance organic light-emitting devices. J. Phon. Ener.
8:32108. doi: 10.1117/1.JPE.8.032108

Komatsu, R., Sasabe, H., Seino, Y., Nakao, K., and Kido, J. (2016). Light-blue
thermally activated delayed fluorescent emitters realizing a high external
quantum efficiency of 25% and unprecedented low drive voltages in OLEDs.
J. Mater. Chem. C 4, 2274–2278. doi: 10.1039/C5TC04057D

Lin, T.-A., Chatterjee, T., Tsai, W.-L., Lee, W.-K., Wu, M.-J., Jiao, M., et al. (2016).
Sky-blue organic light emitting diode with 37% external quantum efficiency
using thermally activated delayed fluorescence from spiroacridine-triazine
hybrid. Adv. Mater. 28, 6976–6983. doi: 10.1002/adma.201601675

Liu, M., Komatsu, R., Cai, X., Hotta, K., Sato, S., Liu, K., et al. (2017).
Horizontally orientated sticklike emitters: enhancement of intrinsic out-
coupling factor and electroluminescence performance. Chem. Mater. 29,
8630–8636. doi: 10.1021/acs.chemmater.7b02403

Liu, W., Zheng, C.-J., Wang, K., Chen, Z., Chen, D.-Y., Li, F., et al. (2015). Novel
carbazol-pyridine-carbonitrile derivative as excellent blue thermally activated
delayed fluorescence emitter for highly efficient organic light-emitting devices.
ACS Appl. Mater. Interf. 7, 18930–18936. doi: 10.1021/acsami.5b05648

Pan, K.-C., Li, S.-W., Ho, Y.-Y., Shiu, Y.-J., Tsai, W.-L., Jiao, M., et al. (2016).
Efficient and tunable thermally activated delayed fluorescence emitters having
orientation-adjustable CN-substituted pyridine and pyrimidine acceptor units.
Adv. Funct. Mater. 26, 7560–7571. doi: 10.1002/adfm.201602501

Rajamalli, P., Senthilkumar, N., Huang, P.-Y., Ren-Wu, C.-C., Lin, H.-W., and
Cheng, C.-H. (2017). New molecular design concurrently providing superior
pure blue, thermally activated delayed fluorescence and optical out-coupling
efficiencies. J. Am. Chem. Soc. 139, 10948–10951. doi: 10.1021/jacs.7b03848

Sasabe, H., Chiba, T., Su, S.-J., Pu, Y.-J., Nakayama, K.-I., and Kido, J. (2008a).
2-Phenylpyrimidine skeleton-based electron-transport materials for extremely
efficient green organic light-emitting devices. Chem. Commun. 5821–5823.
doi: 10.1039/b812270a

Sasabe, H., Gonmori, E., Chiba, T., Li, Y.-J., Tanaka, D., Su, S.-J., et al. (2008b).
Wide-energy-gap electron-transport materials containing 3,5-dipyridylphenyl
moieties for an ultra high efficiency blue organic light-emitting device. Chem.

Mater. 20, 5951–5953. doi: 10.1021/cm801727d
Sasabe, H., and Kido, J. (2013). Development of high performance OLEDs

for general lighting. J. Mater. Chem. C 1, 1699–1707. doi: 10.1039/c2tc0
0584k

Sasabe, H., Onuma, N., Nagai, Y., Ito, T., and Kido, J. (2017). High power
efficiency blue-to-green organic light-emitting diodes using isonicotinonitrile-
based fluorescent emitters. Chem. Asian J. 12, 648–654. doi: 10.1002/asia.201
601641

Sasabe, H., Sato, R., Suzuki, K., Watanabe, Y., Adachi, C., Kaji, H., et al. (2018).
Ultrahigh power efficiency thermally activated delayed fluorescent OLEDs by
the strategic use of electron-transport materials. Adv. Opt. Mater. 6:1800376.
doi: 10.1002/adom.201800376

Sasabe, H., Tanaka, D., Yokoyama, D., Chiba, T., Pu, Y.-J., Nakayama,
K., et al. (2011). Influence of substituted pyridine rings on physical
properties and electron mobilities of 2-methylpyrimidine skeleton-based
electron transporters. Adv. Funct. Mater. 21, 336–342. doi: 10.1002/adfm.201
001252

Seino, Y., Inomata, S., Sasabe, H., Pu, Y.-J., and Kido, J. (2016). High-
performance green OLEDs using thermally activated delayed fluorescence
with a power efficiency of over 100 lm W(-1). Adv. Mater. 28, 2638–2643.
doi: 10.1002/adma.201503782

Uoyama, H., Goushi, K., Shizu, K., Nomura, H., and Adachi, C. (2012). Highly
efficient organic light-emitting diodes from delayed fluorescence. Nature 492,
234–238. doi: 10.1038/nature11687

Walzer, K., Maennig, B., Pfeiffer, M., and Leo, K. (2007). Highly efficient
organic devices based on electrically doped transport layers. Chem. Rev. 107,
1233–1271. doi: 10.1021/cr050156n

Wong, M.-Y., and Z.-Colman, E. (2017). Purely organic thermally activated
delayed fluorescence materials for organic light-emitting diodes. Adv. Mater.

29:1605444. doi: 10.1002/adma.201605444
Wu, T.-L., Huang, M.-J., Lin, C.-C., Huang, P.-Y., Chou, T.-Y., Chen-Cheng,

R.-W., et al. (2018). Diboron compound-based organic light-emitting diodes
with high efficiency and reduced efficiency roll-off. Nat. Photonics 12, 235–240.
doi: 10.1038/s41566-018-0112-9

Yang, Z., Mao, Z., Xie, Z., Zhang, Y., Liu, S., Zhao, J., et al. (2017). Recent advances
in organic thermally activated delayed fluorescence materials. Chem. Soc. Rev.

46, 915–1016. doi: 10.1039/C6CS00368K

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Masuda, Sasabe, Arai, Onuma and Kido. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 7 April 2019 | Volume 7 | Article 254

https://www.frontiersin.org/articles/10.3389/fchem.2019.00254/full#supplementary-material
https://doi.org/10.7567/JJAP.53.060101
https://doi.org/10.1002/advs.201700989
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1038/ncomms9476
https://doi.org/10.1021/bk-1997-0672.ch025
https://doi.org/10.1002/adma.201705600
https://doi.org/10.1117/1.JPE.8.032108
https://doi.org/10.1039/C5TC04057D
https://doi.org/10.1002/adma.201601675
https://doi.org/10.1021/acs.chemmater.7b02403
https://doi.org/10.1021/acsami.5b05648
https://doi.org/10.1002/adfm.201602501
https://doi.org/10.1021/jacs.7b03848
https://doi.org/10.1039/b812270a
https://doi.org/10.1021/cm801727d
https://doi.org/10.1039/c2tc00584k
https://doi.org/10.1002/asia.201601641
https://doi.org/10.1002/adom.201800376
https://doi.org/10.1002/adfm.201001252
https://doi.org/10.1002/adma.201503782
https://doi.org/10.1038/nature11687
https://doi.org/10.1021/cr050156n
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1038/s41566-018-0112-9
https://doi.org/10.1039/C6CS00368K
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	High-Efficiency Sky Blue-To-Green Fluorescent Emitters Based on 3-Pyridinecarbonitrile Derivatives
	Introduction
	Results and Discussion
	Density Functional Theory Calculation and Synthesis
	Thermal and Photophysical Properties
	Organic Light-Emitting Device Performance
	Low-Operating-Voltage 2PXZNN-Based Organic Light-Emitting Devices

	Conclusion
	Experimental Section
	General Considerations
	Device Fabrication and Characterization
	Syntheses of Materials
	Synthesis of 2AcNN
	Synthesis of 2PXZNN
	Synthesis of 5PXZNN


	Author Contributions
	Acknowledgments
	Supplementary Material
	References




