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Panchromatic 1,6-bis(N-phenyl-p-(R)-phenylamino)pyre-
nes, 2R, were obtained from Buchwald—Hartwig coupling
reactions between N-phenyl-p-(R)-phenylamines and 1,6-
dibromopyrene. The photophysical properties of 2R corre-
sponded well to the electron-withdrawing and -donating
nature of the diarylamine substituents, exhibiting a full
color visible range between 454 and 620 nm. In particular,
a deep blue 2CN showed a high radiative rate constant of
2.85 x 10* s~! with high emission quantum efficiency of
79%. Further applications of 2CN as a blue dopant were
attempted using multilayer organic light-emitting devices.
A maximum efficiency of 3.98 cd/A with CIE coordinates
of x = 0.14, y = 0.10 were obtained.

Color control and high luminescence efficiency are funda-
mental issues in the development of full-color-emitting mate-
rials for organic light-emitting devices (OLEDs).! The
establishment of a host/dopant combination at the emitting
layer is indispensable in the fabrication of high performance
OLEDs, and considerable effort has been made to search for
the best combination. In particular, the introduction of a
phosphorescent dopant has improved the electroluminescence
(EL) efficiency in green and red OLEDs significantly.>?
However, a high performance blue phosphorescent EL is
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needed due to the scarcity of a suitable host/dopant energy
combination.* Alternatively, the development of a best fluor-
escent host/dopant combination and subsequent device struc-
ture optimization has been a subject of current interest for the
establishment of deep blue EL. Recently, a number of fluor-
escent blue-emitting materials, such as styrylarylene,” fluor-
ene,’ fluoranthene,’ quinoline,8 quinoxaline,9 diarylanthra-
cence,'” triarylamines,'" and pyrene'? derivatives, have been
reported. Among these, pyrene and its derivatives have been
the subject of investigation because the absorption and emis-
sion spectra of pyrene can be tuned by systematic substitution
atthe 1-,2-, 3-, 6-, 7-,and 8-positions.13 Moreover, they exhibit
high quantum efficiency'* and high carrier mobility."

SCHEME 1. Synthesis of 1,6-Bis(/N-phenyl-p-(R)-phenylamino)-
pyrenes (2R)
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In this study, to obtain efficient deep blue pyrenes, sys-
tematic electronic variation was attempted initially by pla-
cing electron-withdrawing (EW) and -donating (ED) groups
at the 4-position of bromobenzene (see Scheme 1). Further
for the synthesis of para-substituted N-phenyl-p-(R)-pheny-
lamine, 1R, aniline, and 4-bromo-1-(R)-benzenes were
coupled using a literature protocol.'® Finally, a series of
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TABLE 1.  Photophysical Properties of 2R Measured in CH,Cl,

pyrenes Dabs” [€]” Aem” [fwhm] [ors 7k (n8s) krag? x 108571 ke % 107 57! kvaa/knr

2CN 407 nm 454 nm 0.79 2.7 2.85 7.34 3.88
(25333) (46)

2F 423 nm 470 nm 0.80 5.5 1.44 3.58 4.02
(22233) (56)

2H 423 nm 472 nm 0.78 5.1 1.52 4.14 3.67
(24833) (55)

2Me 428 nm 484 nm 0.74 6.2 1.20 4.15 2.89
(25166) (63)

2'Bu 428 nm 481 nm 0.71 6.2 1.15 4.68 2.46
(25466) (62)

20Me 432 nm 513 nm 0.46 9.0 0.52 591 0.88
(25166) (84)

2NPh, 438 nm 600 nm 0.13 2.7 0.48 31.8 0.15
(22800) (121)

2NMePh 435 nm 620 nm 0.01 1.1 0.17 90.9 0.02
(23966) (133)

“In CH,Cly. "Molar extinction coefficient (e, M~ 'em™!

. “Relative to 9,10-diphenylanthracene or rhodamine B as standards in CH,Cl, at room

temperature. dValues of kyaq and ky, were calculated according to the equations, kg = P¢/tr and k,, = (1/7g) — krag-

(2)

Absorbance (Normalized)

PL Intensity (Normalized)

T : ; ¥ T T .
400 450 500 550 600 650 700 750 800
Wavelength (nm)

FIGURE 1. Optical absorption (a) and fluorescence (b) spectra of
2R in CHzC]'_)

panchromatic 1,6-bis(N-phenyl-p-(R)-phenylamino)pyrenes,
2R, where R was varied from CN, F, H, Me, ‘Bu, OMe, NPh,,
to NMePh, were obtained by Buchwald—Hartwig cross-
coupling by reacting 2 equiv of 1R with 1,6-dibromopyrene.
The details of this synthesis are given in the Supporting
Information (SI). All 2R compounds were isolated by flash
column chromatography with yields ranging from 40 to 87%,
and their compositions were confirmed based on elemental
and high resolution mass analyses. The structures were
authenticated based on functional group analysis of the 'H
and 'C NMR spectra, as shown in Figures S1 and S2 in the
Supporting Information.

The UV-—visible absorption and fluorescence spectra
were measured in dichloromethane, and the spectral para-
meters are summarized in Table 1. Asshown in Figure la, the
absorption maxima of 2R lie in the range of 407—435 nm due

to the m—a* transition of pyrene. The spectral shifts corre-
spond well to the electronic perturbation by the R group. The
emission maxima of 2R ranged from 454 to 620 nm
(Figure 1b), and the emission profiles covered almost the
entire visible light spectrum from blue to red. 2CN, 2F, 2H,
2Me, and 2'Bu showed blue fluorescence at approximately
454—481 nm with higher PL quantum efficiency in the
71—80% range. In the case of 2NPh, and 2NMePh, large
red-shifted fluorescence emissions were observed at 600 and
620 nm, respectively. Red fluorescent materials, 2NMePh
and 2NPh,, had lower quantum yields consistent with the
energy gap law'” and are listed in Table 1.

It should be noted that the energy gap law, fluorescence
quantum yields, and decay time constants are affected by the
energy gap between the HOMO and LUMO.'® Therefore,
the fluorescence lifetimes (7g) of 2R were measured by a time
correlated single photon counting spectrometer. Using the
relationship between fluorescence lifetimes and quantum
yields, the radiative decay constants (k..q) of 2R were
determined in the order of 10’—10%, notably larger than that
of pyrene (~106).19 The radiationless rate constant, k,,, and
kiaq/kar of 2R were also calculated and are listed in Table 1.
The kaq/kyr values increased gradually with increasing elec-
tron-withdrawing power of 2R (Table 1 and Figure S5 in SI).
There was a general trend in the series. The electron-with-
drawing substituents exhibited superior emissive properties,
as found for 2CN and 2F based on the quantum yields and
kiaq/kar value.

The electrochemical properties of 2R were estimated by
cyclic voltammetry (CV), as shown in Figure 2b and Figure
S6 in SI. A positive change in the oxidation potentials from
0.21 to 0.64 V was observed from 2NMePh to 2CN with the
highest value observed for 2CN. From the first oxidation, the
HOMO energy levels of 2R were estimated to be ca. —4.81 to
—5.31eV, aslisted in Table S1 in the SI. However, no distinct
cathodic reduction process of 2R was recorded when the
electrode potential was swept continuously between 0.0 and
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FIGURE 2. (a) HOMO—LUMO levels of 2R obtained from the
CV and absorption data. (b) CV plot of 2CN in CH,Cl, with
BuyNCIO4 (0.1 M) as the supporting electrolyte.
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FIGURE 3. Plots of HOMO (B) and LUMO (O) levels versus
Hammett substituent constants (op).

—2.5V with the exception of 2CN. The LUMO energy levels
were estimated to be —2.27 ~ —2.51 eV from the absorption
edge of the optical absorption spectra of 2R. The HOMO
levels increased with increasing electron-donating power of
the R groups to a maximum difference of 0.5 eV, whereas the
LUMO levels were less sensitive to electronic variations by
only ~0.24 ¢V (Figure 2a).

In order to better understand the key factors responsible
for the differences observed in the photophysical and elec-
trochemical properties, quantum chemical calculations for
2R were carried out using DFT, as implemented in the Dmol®
package.?® As shown in Figure 2a, the electron density of the
HOMO is delocalized at the peripheral diarylamines,
whereas that of the LUMO is concentrated at the pyrene
core. On the basis of the CV and computational data, the
peripheral R groups of amines control the HOMO effec-
tively, thereby altering the band gap. Figure 3 shows a plot of
the HOMO and LUMO level as a function of the Hammett
substituent constants (ap),21 which correlates well with the
electron-donating or -withdrawing power of the para-sub-
stituents of diarylamines. The HOMO and LUMO energy
levels changed according to the o, values with a good linear
correlation. The HOMO slope was larger than that of the
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FIGURE 4. The I—V—L curve of the 2CN device (ITO/DNTPD/
NPD/ADN:2CN(11%)/PyPySPyPy/LiF/Al). The insets denote the
current efficiency and EL spectrum.

TABLE2. EL Performance of 2CN Dopant with Various Doping Ratio
at 20 mA /em?

dop (0/“) Vonu 4 Lb ”cx( nlumd npwe Lmax/v CIE (xv }")
0 3 57 200 1.1 1.00 0.60 4459 0.15,0.11

5 3 51 620 3.7 310 190 15460 0.14,0.10
7 3 52 636 3.7 318 190 12880 0.14,0.10
9 3 50 710 4.1 355 223 16140 0.14,0.10

11 3 50 728 40 3.64 249 16030 0.14,0.10

“Turn-on voltage (V). “Luminance (cd/m?). “External quantum effi-
ciency (%). “Luminance efficiency (cd/A). “Power efficiency (Im/W).
’Maximum luminance (cd/m?).

LUMO with respect to o,,. These results clearly show that the
spectral shift in absorption and PL was attributed to a
decrease in the HOMO levels rather than a decrease in the
LUMO levels.

The potential application of 2CN as a blue dopant was
evaluated by fabricating OLED devices with various dop-
ing ratios and the following configuration: ITO/DNTPD
(65 nm)/NPD (20 nm)/ADN: 2CN (0, 5, 7,9, 11%) (35 nm)/
PyPySPyPy (20 nm)/LiF (1 nm)/Al (100 nm), where ITO
(indium tin oxide) was the anode, DNTPD (N,N'-[p-di(m-
tolyl)aminophenyl]-N,N'-diphenylbenzidine) served as a
hole-injection layer, NPD (N,N’-bis(naphthalen-1-yl)-N,N'-
bis(phenyl)benzidine) as a hole-transporting layer, ADN
(9,10-di(2-naphthyl)anthracene) and 2CN as emitting layer,
PyPySPyPy (2,5-bis(2’,2"-bipyridin-6-yl)-1,1-dimethyl-3,4-
diphenylsilacyclopentadiene) as an electron-transporting
layer, and LiF:Al as the composite cathode. Figure 4 and
Figure S7 in SI show the current—voltage—luminance
(I—V—L) characteristics of the 2CN devices, and their device
characteristics at 20 mA /cm? are listed in Table 2.

The EL spectrum for the 2CN devices was featureless with
the maximum peak at 456 nm with CIE coordinates of x =
0.14 and y = 0.10. The similarity of the photoluminescence
(PL) and EL spectra suggests that the EL was attributed to
emission from the radiation decay of the excited singlet state
of 2CN. The EL efficiency increased slightly when the 2CN
concentration was increased from 5 to 11%, as shown in
Table 2.

As shown in Figure 4, the 11% doped 2CN device showed
promising performance compared with previous pyrene-
based devices,'' exhibiting a turn-on potential of 3.0 V and
a maximum brightness of 16030 cd/m? at 586 mA/cm?’
(11 V), as well as maximum current and power efficiencies
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of up to 3.98 cd/A and 4.17 Im/W, respectively. Moreover,
the efficiency of the device showed no significant fall off from
a low current density to a higher current density.

In summary, a series of 1,6-bis(N-phenyl-p-(R)-phenyla-
mino)pyrenes, 2R, were prepared using a Buchwald—
Hartwig coupling reaction. The emission colors were con-
trolled by introducing electron-donating or -withdrawing R
groups. The OLED device based on 2CN as a dopant showed
a maximum efficiency of 3.98 cd/A with CIE coordinates of
x = 0.14and y = 0.10. These results suggest that the 2CNisa
promising blue-emitting material for the preparation of
highly efficient deep blue devices. Further studies focusing
on additional structural tuning of the 2R series with the aim
of improving its color purity and quantum efficiency as well
as device optimization are currently underway.

Experimental Section

Compound 2CN. 1,6-Dibromopyrene (1.00 g, 2.78 mmol),
4-(phenylamino)benzonitrile (1.19 g, 6.12 mmol), Pd,(dba);
(0.127 g, 5 mol %), and NaO'Bu (1.92 g, 20 mmol) were added
to a mixture of toluene (60 mL). The resulting mixture was
stirred under N at 110 °C for 12 h. The mixture was hydrolyzed
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with water. The organic layer was extracted with CH,Cl, (3 x 30
mL) and dried over magnesium sulfate. The solvent was re-
moved under reduced pressure, and the residue was purified by
silica gel column chromatography using CH,Cl,/hexane (1:4) as
the eluent. 2CN was obtained as a pale yellow powder (1.35 g,
83%) and further purified by train sublimation in 67% yield: '"H
NMR (CDCls) 6 8.18 (d, 2H), 8.08 (d, 2H), 7.99 (d, 2H), 7.85 (d,
2H), 7.39 (d, 4H), 7.30 (t,4H), 7.24 (d, 4H), 7.13 (t, 2H), 6.88 (d,
4H); C NMR (CDCl;) 6 152.4, 146.4, 139.6, 132.6, 130.4,
130.0, 128.7, 128.5, 128.3, 127.0, 126.5, 125.1, 123.1, 119.9,
118.7,102.5; HRMS(FAB) caled for C4,H»sN4 586.2157, found
586.2112 [M]+. Anal. Calcd for C4,H,¢Ny: C, 85.98; H, 4.47; N,
9.55. Found: C, 85.92; H, 4.41; N, 9.49.
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