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developing as its superiorities such as 
low energy consumption, light weight, 
large display area and flexibility.[1] Blue, 
green, and red three emitters are essen-
tial of the full color OLED display. At 
present, despite these OLED devices have 
performed satisfactorily and contented the 
demand of practical applications,[2–4] high 
efficiency deep blue emitters with small 
Commission International de L’Eclairage 
(CIEx,y) coordinates (y < 0.10) are rare and 
required for wider color gamut on the 
superior full color OLED displays.[5]

Generally, electron donating-accepting 
(D-A) π-conjugated systems are often 
designed and used in OLED emitters 
because the molecular structures can 
be simply modified to adjust the excited 
states’ feature for the specific purpose.[5b,6] 
Furthermore, D-A typed structure is seen 
as the model of bipolar materials that pos-
sess good charge mobility. Triphenylamine 
(TPA) and carbazole are two representa-

tive electron-donating groups and typically as the hole-transport 
units,[5b,7,8] while the azacycle structures, for example, pyridine, 
pyrazine, and triazine are usually as the electron-accepting 
groups.[9-–11] Inevitably, D-A π-conjugated systems always 
accompany with intramolecular charge transfer (ICT) character-
istic. ICT state possibly causes the redshifted emission which 
is often the case in green, yellow and red luminophores, but 
is the adverse factor to construct the blue and deep blue emit-
ting materials.[12] Therefore, it’s very necessary to choose the 
suitable structures and modulate the ICT effect to achieve high 
efficiency deep blue emitters.[5g,13]

Pyrazine derivatives have been explored in the OLED appli-
cations because its electron deficiency can be tuned easily via 
benzo, thieno, etc. modifications.[14] In deep blue OLEDs, a 
device fabricated with benzopyrazine-carbazole derivative dis-
played the maximum external quantum efficiency of 1.20% 
and CIE coordinates of (0,16,0.07).[15] Liao and his co-workers 
designed a twisting carbazole-benzofuro[2,3-b]pyrazine emitter 
whose OLED device achieved the maximum EQE of 4.34% 
and excellent color purity with CIEx,y (0.15,0.05).[16] Jiang et al. 
reported several blue OLED devices with EQEs range from 
2.19% to 3.85%.[17] Our group reported some devices based on 
tetraphenylpyrazine (TPP) derivatives, but the CIE coordinates 
did not content the standard of deep blue emission.[18] When 
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1. Introduction

Display technologies are the direct way for the smart electronic 
devices, for example, computers and mobile phones transmit-
ting the message to us. Among many display technologies, 
organic light-emitting diodes (OLEDs) has been exploring and 
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the ortho phenyl group replacing by a methyl group on TPP, the 
deep blue EL emission with EQE of 2.89% could be achieved.[19] 
Nevertheless, the high efficiency deep blue OLEDs based on 
pyrazine structures still has much development potential.

Recently, our group figured out the structure-property rela-
tionship of TPP compounds that ortho-substitution can distort 
the molecular structure and prevent the serious π-π stacking 
while the substitution on para-position can significantly 
enhance the luminescence.[20] Besides, the replacement of 
phenyl group by methyl group can blueshift its emission.[19] 
Considering that, the linear D-A-D pyrazine structure was 
designed to maximize the para-substitution effect while two 
methyl groups on ortho-position of pyrazine was expected to 
avoid the intermolecular stacking between pyrazine center 
(A) and D units.[21] Follow this strategy, classical blue fluoro-
phores N-phenylcarbazole and triphenylamine were chosen 
to construct three deep blue and blue luminescent molecules, 
namely DPP-DPhC, DPP-D3C, and DPP-DTPA (Figure  1). 
Photo physical properties, single crystal structures and theo-
retical calculation reveal that the donors influence the elec-
tron-hole distribution and the luminescence process can be 
simply tuned by their electron-donating ability. Consequently, 

all the doped and non-doped fabricated with three diphe-
nylpyrazine (DPP) derivatives exhibit deep blue to blue elec-
troluminescence (EL) emission with the peaks at 406–462 nm 
and >4% maximum EQE. In particular, the non-doped device 
based on DPP-DPhC shows the excellent deep blue OLED 
performance with the maximum EQE and CIE coordinate of 
5.73% and (0.151, 0.078), respectively. This contribution offers 
a feasible approach for developing high performance deep 
blue emitters.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic route of the three target products was outlined in 
Figure S1, Supporting Information. Detail synthesis process and 
characterization were provided in the Supporting Information 
(Figures  S2–S11, Supporting Information). 1-(4-bromophenyl)-
2-hydroxypropan-1-one was prepared according to the reported 
literature[19] and it transformed to DPP-2Br under the ammo-
nium acetate and cerous chloride heptahydrate condition. DPP-
DPhC, DPP-D3C, and DPP-DTPA were obtained from DPP-2Br 
and corresponding boronic acid derivatives via Suzuki coupling 
reaction. Good thermal stability and morphological stability 
are the basic requirement of OLED emitters, so the three DPP 
derivatives were tested by thermogravimetric analysis and dif-
ferential scanning calorimetry. They possess the excellent 
thermal stability with the temperatures of 5% weight loss (Td) 
as high as 472, 501, and 478 °C respective for DPP-DPhC, DPP-
D3C, and DPP-DTPA (listed in Table 1). Besides, DPP-D3C and 
DPP-DTPA show the good morphological stability with glass 
transition temperatures (Tg) of 129 and 108  °C, while DPP-
DPhC does not transform into another phase in wide tempera-
ture range (Figure S12, Supporting Information).

2.2. Photophysical Properties

Photophysical properties of the DPP compounds were analyzed 
based on the absorption spectra and photoluminescence (PL) 
spectra. As shown in Figure 2A, three DPP derivatives exhibit 
the analogous absorption profile. DPP-DPhC shows the absorp-
tive band of 300–380  nm with the peak at 341  nm in tetrahy-
drofuran (THF) solution, referred to the π-π transition of whole 
skeleton, while the absorptive bands (peaks) of DPP-D3C and 
DPP-DTPA redshift to 310–400 nm (341 nm) and 320–430 nm 
(360  nm) accompanying with larger absorptivity, respectively, 
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Figure 1. The molecular design of deep-blue emitters and the structures 
of the three DPP derivatives.

Table 1. The photophysical property of three DPP compounds.

Compound λabs
a) [nm] λem

b) [nm] Φc) τd) [ns] Td
e) [°C] Tg

f) [°C]

THF solid THF solid THF solid

DPP-DPhC 341 426 415 0.258 0.312 0.59 1.05 472 –

DPP-D3C 342 436 439 0.483 0.888 0.71 1.12 501 129

DPP-DTPA 360 472 464 0.861 0.708 1.63 1.32 478 108

a)maximum absorption wavelength, concentration: 10−5 m; b)maximum emission wavelength; c)absolute fluorescence quantum efficiency; d)fluorescence lifetime; 
e)temperature of 5% weight loss; f)glass transition temperatures.
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due to the stronger donating nature of D units and their larger 
π-conjugation. Under excitation of UV lamp, DPP-DPhC 
shows deep blue luminescence with the emission peak (λem) 
of 426  nm and the absolute fluorescence quantum efficiency 
(Φ) of 0.258 in THF solution, when the λem of DPP-D3C and 
DPP-DTPA respectively shift to 436 and 472 nm as well as their 
Φs are up to 0.483 and 0.861 in THF solutions (Figure 2B and 
Table 1). The redshifted and efficient PL emission is attributed 
to the stronger ICT effect caused by the difference of donors 
(ICT effect were measured and analyzed in Figure S13 and 
Table S1, Supporting Information). Besides, the lifetimes with 
0.5–1.8  ns demonstrates their ordinary fluorescence nature 
(Figure S14, Supporting Information). As expected, three DPP 
derivatives emit bright deep blue to blue fluorescence with Φs 
of 0.312–0.888 in solid states, strongly suggesting the feasibility 
of our strategy on high efficiency emitters.

2.3. Single Crystal Structure

The single crystals of three DPP derivatives were achieved 
by the evaporation from dichloromethane solution or 
n-hexane/dichloromethane mixtures. Detailed analysis of the 
resulting X-ray diffraction (XRD) data were shown in supporting 
information (Table S2 and Figures S15, S16, Supporting Infor-
mation). As shown in Figure  3, the twisting angles between 
pyrazine center and phenyl bridge are 42–43° in three DPP 
compounds, whilst the π-D angles increase in the order of the 
electron-donating ability of D units (22° for DPP-DPhC, 35° for 
DPP-D3C and 39° for DPP-DTPA). It’s worth mentioning that 
some bending among D units and π-A-π moiety was observed 
in the carbazole-substituted compounds DPP-DPhC and 
DPP-D3C. From the perspective of packing situation (Figure S15,  
Supporting Information), no π–π stacking happen on the 
DPP-DPhC and DPP-DTPA, but only carbazole to carbazole 
π–π interactions with the distance of 3.379 and 3.526 Å exist 
in the DPP-D3C crystal. It seems that the π–π stacking among  
D units will not undermine the luminescence efficiency, but 
can cause the redshift of fluorescence (Table  1). Usually, the 
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Figure 2. A) The absorption spectra of three compounds in THF solutions (10−5 m). The PL spectra of three compounds in B) THF solutions (10−5 m) 
and C) solid states.

Figure 3. The molecular structures of the three DPP derivatives in single 
crystals.
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strong and more C-H∙∙∙π intermolecular interactions can 
afford a rigid environment and block the molecular motions. 
As illustrated in Figure S16, Supporting Information, DPP-
DPhC only has two C-H∙∙∙π interactions with the relatively 
long distance of 3.016 Å, however, four C-H∙∙∙π interactions 
(2.707–2.987 Å) and six C-H∙∙∙π interactions (2.843–3.091 Å) 
were shown in DPP-D3C and DPP-DTPA crystal, respectively, 
thus their rigid environment is partly responsible for the high 
Φs of DPP-D3C and DPP-DTPA in solid states.

2.4. Theoretical Calculation

To get deep insight the disparity of three DPP compounds, 
their geometries of ground states (S0) and the first singlet 
excited states (S1) were optimized at M06-2X/6-31G (d,p) level 
with the polarizable continuum model of THF solvent in 
Gaussian 16 package. In S0 states, three DPP derivatives are the 
relatively twisted structures that the pyrazine centers, phenyl 
bridges and D units all show the distorted angle of 36–40o, 
while their two substituted arms bend with only 6–7o; Interest-
ingly, the torsion angles among pyrazine, phenyl bridges and 
D units decrease but the bending angles of two arms increase 
for three DPP compounds in S1 states with respect to these in 

S0 states (Figure S17 and Table S3, Supporting Information). 
The large geometrical change is commonly restricted in solid 
states, which is the main reason for the blue-shifted emission 
of DPP-DPhC and DPP-DTPA in solid states comparing to 
their THF solutions.[22] For DPP-D3C, although this restric-
tion can be activated in solid state, its carbazole to carbazole 
stacking effect overwhelms the former effect and results in its 
slightly redshifted PL spectrum in solid states. To understand 
their S1 transition nature, natural transition orbitals (NTO) 
based on their S1 geometries were performed and shown in 
Figure 4. Both holes and particles are almost dispersed on the 
pyrazine center, phenyl bridges and phenyl groups of D units 
for three DPP compounds, implying for the relatively obvious 
electron-hole overlap. The transition density matrices of S1 state 
were analyzed in the multiwfn program.[23] In the matrix, the 
value of each block (noted {X, Y}) represents the transition den-
sity of the hole on X unit transiting to the particle on Y unit. 
Obviously, the blocks {DPP, DPP} of three compounds possess 
the maximum transition densities, suggesting that their transi-
tion of S1 states are mainly related to DPP units, especially for 
DPP-DPhC. Comparing to DPP-DPhC, altering the connection 
mode of N-phenylcarbazole can increase its conjugation effect, 
which results in an increase contribution of the D units and 
slight decrease contribution of DPP unit to the S1 transition. 
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Figure 4. The NTO distribution (isovalue = 0.02) and transition density matrices of the three compounds in S1 states.
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For example, {3C1, DPP} and {3C2, DPP} of DPP-D3C show the 
increase transition densities, while its {DPP, DPP} transition 
density decreases, against to DPP-DPhC. For triphenylamine-
disubstituted derivative, despite the highest density value still 
on {DPP, DPP} block, it decreases remarkably, whilst the tran-
sition densities relative to TPA ({TPA1, DPP}, {TPA2, DPP}, 
{TPA1, TPA1}, and {TPA2, TPA2}) increase significantly. These 
analyses indicate that the introduction of strong D units can 
delocalize the S1 transition distribution more on the whole 
molecules and enhance the ICT strength. Meanwhile, the oscil-
lator strength (f) increment in the order of DPP-DPhC (2.5603), 
DPP-D3C (2.6672), and DPP-DTPA (2.8415) demonstrates 
the modification with strong D units is benefit to S1 radiative 
transition process again. Therefore, the strong D units such 
as TPA can significantly reduce the DPP involvement on the 
S1 radiation and enlarge the conjugation, which facilitates the 
intense fluorescence in DPP-DTPA. However, the enhanced 
ICT characteristic due to the strong electron-donating substitu-
tion will also cause the redshifted λem of DPP-DTPA which is 
detrimental to achieve deep blue emitters, thus DPP-DTPA can 
merely serve as the blue emitting materials.

2.5. Electroluminescence Performance

As the efficient deep blue and blue emission of DPP-DPhC, 
DPP-D3C, and DPP-DTPA, we evaluated their electrolumi-
nescence (EL) performance. First, the HOMO/LUMO levels 
were approximatively acquired and showed in Figure S18 
and Table S4, Supporting Information. After that, the non-
doped devices were fabricated with the configuration of ITO/
HATCN (5  nm)/TAPC (40  nm)/TCTA (5  nm)/EML (20  nm)/
TPBi (40  nm)/LiF (1nm)/Al  (120  nm),  in  which  HATCN 
((2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexaazatriphe-nylene)) 
and TAPC (1,1-bis(4-di-p-tolylaminophenyl)cyclohexane) serve 

as the hole-injecting layer and hole-transporting layer, respec-
tively. TCTA (4,4′,4″-tri-9-carbazolytriphenylamine) acts as the 
hole-transporting layer and electron-blocking layer, and TPBi 
(2,2′2″-(1,3,5-benzinetriyl)tris(1-phenyl-1-H-benzimidazole)) are 
used as the electron-transporting layer and hole-blocking layer. 
The key data and characteristic curves are given in Table 2 and 
Figure 5. The turn-on voltage of non-doped devices increase in 
order of DPP-DTPA, DPP-D3C, and DPP-DPhC, which is con-
sistent to their energy gap. Expectedly, the non-doped device 
based on DPP-DPhC displays the deep blue EL emission with 
the maximum EQE up to 5.73% and CIE coordinate of (0.151, 
0.078). Similarly, the non-doped device based on DPP-D3C 
also shows the deep blue EL performance with the maximum 
EQE of 4.68% and CIE coordinate of (0.149, 0.093). To DPP-
DTPA, its non-doped device exhibits the blue emission with the 
maximum EQE of 4.13% and CIEx,y (0.145, 0.166). To achieve 
the higher efficiency EL performance, the 4,4′-bis(N-carbazolyl)-
1,1′-biphenyl (CBP), 1,3-bis(carbazol-9-yl)benzene (mCP) and 
bis[2-(diphenylphosphino)phenyl]ether oxidethe (DPEPO) 
were chosen as the host materials and the doped devices  
with the structure of ITO/HATCN (5  nm)/TAPC (50  nm)/
TCTA (5  nm)/host:10  wt%guest (20  nm)/TPBi (40  nm)/
LiF (1  nm)/Al  (120  nm)  were  prepared  (curves are listed in  
Figures S19–S21, Supporting Information).

As shown in Table 2, the turn-on voltages of doped devices 
are almost higher than that of their respective non-doped 
devices and the EL peaks (λEL) nearly shift to the bluer region. 
For DPP-DPhC, doping in the mCP host material can only 
slightly increase the EQE to 5.80%, but with the scarification 
of the color purity, while the contrary circumstance happened 
on doping in CBP and DPEPO host materials (Figure  5F and 
Figure S19). Comparing to DPP-DPhC, doping fabrication on 
DPP-D3C with three chosen host materials can concurrently 
improve the EQE and decrease the CIEy. Among the DPP-D3C  
devices, the device based on DPEPO:DPP-D3C shows the 
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Table 2. The EL performance of these non-doped and doped devices.

Emitter Layers λEL [nm] Von
a) [V] Lb) [cd m−2] ηC

b) [cd A−1] ηP
b) [lm W−1] EQEmax/EQE @ 

1000 cd m−2 [%]
ROc) [%] CIEd) (x, y)

DPP-DPhC 424 3.6 2741 3.12 2.23 5.73/4.51 21 (0.151, 0.078)

DPP-D3C 434 3.2 7905 3.13 2.88 4.68/4.54 3 (0.149, 0.093)

DPP-DTPA 454 3.0 12 903 4.93 5.16 4.13/3.87 6 (0.145, 0.166)

CBP: DPP-DPhC 406 3.6 2058 1.87 1.47 5.53/3.78 32 (0.157, 0.061)

mCP: DPP-DPhC 404 3.6 2653 2.14 1.84 5.80/3.83 34 (0.167, 0.084)

DPEPO: 
DPP-DPhC

418 3.6 783 1.74 1.30 4.66/- 100 (0.153, 0.066)

CBP: DPP-D3C 420 3.4 3412 2.28 1.83 5.13/4.78 7 (0.152, 0.071)

mCP: DPP-D3C 420 3.4 2783 2.08 1.59 4.91/4.47 9 (0.153, 0.070)

DPEPO: DPP-D3C 428 3.6 792 3.01 2.36 5.33/- 100 (0.150, 0.084)

CBP: DPP-DTPA 450 3.0 7200 5.27 4.79 5.15/4.60 11 (0.146, 0.138)

mCP: DPP-DTPA 450 3.2 7371 4.07 3.45 4.05/3.70 9 (0.147, 0.135)

DPEPO: 
DPP-DTPA

462 3.2 2642 7.46 6.89 5.81/3.55 39 (0.147, 0.184)

a)Von is the turn-on voltage at 1 cd m−2; b)The luminance (L), current efficiency (ηc) and power efficiency (ηP) are the maximum values of the devices; c)roll-off on EQE; d)CIE 
coordinates at 10 mA cm−2.



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101085 (6 of 8)

www.advopticalmat.de

Adv. Optical Mater. 2021, 2101085

highest EQE of 5.33% with the CIEx,y (0.150, 0.084) (Figure S20,  
Supporting Information). For DPP-DTPA, the polar host 
DPEPO can elevate the maximum EQE to 5.81%, but cause the 
unexpected redshift (Figure S21, Supporting Information). It 
must be mentioned that the doped devices exhibit large roll-off 

on EQEs, especially in the DPEPO host material. Comprehen-
sively considering all the parameters, non-doped OLED fabrica-
tion can furnish the excellent EL performance for DPP-DPhC, 
when selecting CBP as host is the optimum scheme for both 
DPP-D3C and DPP-DTPA. In all these devices, the non-doped 

Figure 5. A) The device configuration. B) EL spectra, C) current density−voltage−luminance, D) current efficiency−luminance−power efficiency, and  
E) EQE−luminance curves of three non-doped devices. F) The CIE coordinates of all the OLED devices.
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device of DPP-DPhC displays the best deep blue OLED 
performances.

3. Conclusion

Two deep blue emitters (DPP-DPhC and DPP-D3C) and a blue 
emitter (DPP-DTPA) with the linear D-π-A-π-D mode were 
designed. In solutions, the fluorescence gradually increases 
from DPP-DPhC, DPP-D3C to DPP-DTPA because modifying 
with strong D units can reduce the contribution of electron-
deficient pyrazine on S1 state and expand the delocalization. In 
solid states, no deleterious π-π packing exists, which can pro-
vide them with good luminescence. As expected, the nondoped 
device based on DPP-DPhC achieves the best deep blue EL 
emission with the maximum EQE of 5.70% and the CIE coor-
dinate of (0.151, 0.078). By the means of doping, the maximum 
EQE up to 5% of DPP-D3C and DPP-DTPA based devices can 
be easily attained. This work introduces a simple and effective 
avenue for developing deep blue emitters and it’s anticipated 
that the high efficiency violet-blue emitters with small CIEy can 
be realized in the V-shaped structure or meta-connection.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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