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Abstract

We have synthesized and characterized a series of fluorene-based oxadiazole derivatives, in each of which two identical oxadiazole moieties
are linked to a fluorene unit via anpybridized carbon atom (C-9) to form a rigid, nonplanar structure. This structural feature leads to a
reduction in the tendency to crystallize and an increase in the glass transition temperature. Electrochemical studies revealed that teese material
undergo reversible reductions and have high electron affinities. Each fluorene-based oxadiazole exhibited reasonably good performance wher
it was used as the electron-transporting layer in a multi-layer organic EL device.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction amorphous, aromatic polyimides and polyamides with high
values of Tg [9]. Recently, one of us reported a fluorene-
Since the discovery of multi-layered organic light- containing triarylamine derivative as an amorphous, hole-
emitting diodes (OLEDSs) by Tang and Van Slyié electro- transporting material with a high value @ that exhibited
luminescent devices have been the subjects of intensive invessuperior performance when incorporated in electrolumines-
tigations because of their applications in full-color displays cent deviceg8b]. Owing to their electron-deficient nature,
[2]. Recently, various studies have focused on improving the molecular and polymeric derivatives of oxadiazole have been
durability of OLEDs. A considerable amount of evidence in- explored in this context as electron-transporting materials
dicates that an amorphous thin film (in OLEDs) having a [6a,b,10,11]Herein, we report the synthesis and character-
high glass transition temperaturgg) is less vulnerable to ization of highTy and efficient electron-transporting mate-
heat-induced morphological change and, hence, the device'sials, in each of which two identical oxadiazole moieties
performance becomes more stafdg Thus, highTy mate- — the electron-transporting functionalities — are connected
rials are always desirable for applications in OLEDs. Sev- to a fluorene unit via an Sghybridized carbon atom (C-
eral distinct classes of glass-forming small molecules that 9) to form a rigid 3D structure. We report also the fabri-
have elevated values @f have been synthesized, including cation and performance of blue-emitting OLEDs using these
spiro-shaped, “star-burst”, dendritic, tetrahedral, and cardo oxadiazole-based substances as the electron-transporting ma-
moleculed4-8]. terials. Because of the sterically demanding nature of the
It has been demonstrated that incorporating a cyclic cardo sp*-hybridized carbon atom, the presence of the fluorene
side group, such as fluorene unit, into a polymer affords unit not only hinders intermolecular close packing but it
also increases the molecule’s rigidity, which results in amor-

* Corresponding author. Tel.: +886 35 712121; fax: +886 35 723764,  P11OUS glassy materials that have improved thermal stabil-
E-mail addressshu@cc.nctu.edu.tw (C.-F. Shu). ities. In addition, the tetrahedral nature of the C-9 carbon
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atom connects the conjugated oxadiazole moieties throughtion was poured into a mixture of water and MeOH (1:3,
a o-bonded network, which in turn can serve as a conju- 150mL). The resulting precipitate was collected by filtra-
gation interrupt, and, thus, most of the desired electronic tion, washed with water, and dried. The product was purified
and optical properties of the corresponding oxadiazole areby column chromatography using CHGis the eluent fol-
preserved. lowed by recrystallization from toluene/CH{3b:1) to yield
3a(2.129, 89.3%)IH NMR (300 MHz, CDCb): § 1.34 (s,
18H), 7.31(dddJ=7.3,7.3, 1.2 Hz, 2H), 7.36 (d=8.6 Hz,
4H), 7.37-7.45 (m, 4H), 7.52 (d=8.6 Hz, 4H), 7.81 (d,
J=7.4Hz, 2H), 8.00 (dJ=8.6 Hz, 4H), 8.01 (dJ=8.6 Hz,
4H). 13C NMR (75 MHz, CDC}): § 31.0, 35.0, 65.5, 120.5,
121.0,122.7,125.9,126.0,126.7,127.0,128.1,128.2,128.7,
140.2, 149.2, 149.7, 155.3, 164.0, 164.6. HRMGHH]*:
tetraazolylphenyl)fluorene2) were synthesized according calcd. for GgHs3N4O2: 719.3386, found 719.3392. Anal.
to literature procedure$llf]. The solvents were dried Calcd. for GgH42N402: C, 81.86; H, 5.89; N, 7.80. Found:
using standard procedures. All other reagents were usedC, 81.87; H, 6.09; N, 7.94.

as received from commercial sources, unless otherwise

stated'H and'3C NMR spectra were recorded on a Varian 2.3. 9,9-Bis(4-(5-(1-naphthyl)-2-oxadiazolyl)phenyl)

Unity 300 MHz and a Bruker-DRX 300 MHz spectrometer. fluorene 8h)

Mass spectra were obtained on a JEOL JMS-SX 102A

mass spectrometer. Differential scanning calorimetry (DSC) Compound3b was prepared (88.7%) from compoud
was performed on a SEIKO EXSTAR 6000DSC unit and 1l-naphthoyl chloride following the procedure described

2. Experimental section
2.1. General directions

9,9-Bis(4-cyanophenyl)fluorene 1)( and 9,9-bis(4-

using a heating rate of 2€ min~! and a cooling rate of
40°Cmin~!. Samples were scanned from 30 to 370
cooled to 10C, and then scanned again from 30 to 3Z0

for the preparation o8a. 'H NMR (300 MHz, CDCb): §
7.33(dddJ=7.5, 7.5, 1.3Hz, 2H), 7.39-7.48 (m, 4H), 7.41
(d, J=8.6 Hz, 4H), 7.51-7.60 (m, 4H), 7.66 (ddd=7.7,

The glass transition temperature$g) were determined 7.7, 1.5Hz, 2H), 7.83 (d]=7.6 Hz, 2H), 7.90 (d)=7.8 Hz,
from the second heating scan. Thermogravimetric analysis2H), 8.00 (d,J=8.2Hz, 2H), 8.07 (dJ=8.6 Hz, 4H), 8.21
(TGA) was undertaken on a DuPont TGA 2950 instrument. (dd,J=7.3, 1.1 Hz, 2H), 9.25 (d]=8.2 Hz, 2H).23*C NMR

The thermal stability of the samples was determined under (75 MHz, CDCE): § 65.5, 120.4, 120.6, 122.5, 124.8, 126.0,
a nitrogen atmosphere, by measuring the weight loss while 126.1, 126.7,127.2,128.1, 128.2,128.3, 128.6, 128.8, 130.0,
heating at a rate of 2@C min~—1. UV-visible spectra were  132.6, 133.8, 140.2, 149.4, 149.6, 163.8, 164.5. HRMS
measured with an HP 8453 diode-array spectrophotometer[M + H]*: calcd. for GgH31N40, 707.2447, found 707.2454.
Photoluminescence (PL) spectra were obtained on a HitachiAnal. Calcd. for GgH3gN4O2: C, 83.26; H, 4.28; N, 7.93.
F-4500 luminescence spectrometer. The PL quantum yieldsFound: C, 83.14; H, 4.49; N, 7.68.

(®1) of oxadiazole derivatives were determined relative

to that of 2-phenyl-5-(4-biphenyl)-1,3,4-oxadiazole in 2.4. 9,9-Bis(4-(5-(2-naphthyl)-2-oxadiazolyl)phenyl)
benzene ¢;=0.8) [12]. Cyclic voltammetry (CV) and fluorene 8¢c)

differential pulse voltammetry (DPV) measurements were

performed on a BAS 100 B/W electrochemical analyzer. = Compound3c was prepared (66.3%) from compou@d
The oxidation and reduction measurements were carriedand 2-naphthoyl chloride following the procedure described
out, respectively, in anhydrous GHI, and anhydrous THF  for the preparation @a *H NMR (300 MHz, CDC}): § 7.33
containing 0.1M tetrabutylammonium hexafluorophos- (ddd,J=7.4, 7.4, 1.2Hz, 2H), 7.39-7.46 (m, 4H), 7.40 (d,
phate (TBAPFE) as the supporting electrolyte at a scan J=8.6Hz, 4H), 7.52-7.61 (m, 4H), 7.83 (@ 7.6 Hz, 2H),
rate of 50mV sl. The potentials were measured against 7.86—-7.91 (m, 2H), 7.93-7.97 (m, 2H), 7.96 {d& 8.6 Hz,

an Ag/Ag" (0.01M AgNQ) reference electrode using 2H), 8.07 (d,J=8.6 Hz, 4H), 8.17 (ddJ=8.6, 1.4 Hz, 2H),
ferrocene as the internal standard. The onset potentials were8.58 (d,J= 1.4 Hz, 2H)13C NMR (75 MHz, CDC4): § 65.7,
determined from the intersection of two tangents drawn 120.7,121.1,122.7,123.2,126.1,127.2,127.3,127.4,128.1,
at the rising current and background current of the cyclic 128.3,128.4,128.9,129.1, 132.9, 134.8, 140.4, 149.5, 149.8,
voltammogram. 164.4, 164.8. HRMS NI +H]*: calcd. for GgH31N4O»
707.2447, found 707.2451. Anal. Calcd. fosg839N40:

C, 83.26; H, 4.28; N, 7.93. Found: C, 82.94; H, 4.55; N,
7.87.

2.2. 9,9-Bis(4-(5-(4-tert-butylphenyl)-2-
oxadiazolyl)phenyl)fluoren&4)

4-tert-Butylbenzoyl chloride (1.9mL, 9.9 mmol) was
added dropwise to a solution of compourdd (1.504g,
3.3mmol) in pyridine (8.0 mL) at 25C. The reaction mix-
ture was heated at 128 for 3 h. After cooling, the solu-

2.5. Fabrication of light-emitting devices

The hole-transport materials 4Mis[N-(1-naphthyl)-
N-phenylamino]biphenyl (NPB), 4,4licarbazolyl-1,%
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Scheme 1.

biphenyl (CBP) and electron-transport material 1,3,54tks(
phenylbenzimidazol-2-yl)benzene (TPBI) were sublimed
through a temperature-gradient sublimation system. Pre-
patterned ITO glasses with active device areas of 3.14 mm
were thoroughly cleaned by sonication in detergent, ethanol,
and DI water, respectively, for 5min. After blowing dry
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Table 1
Thermal properties of the fluorene-based oxadiazole derivatives
Compound DSCC)? TGA (°C)°
Tg® Te Tm 5wt.% loss 10wt.% loss
3a 162 239 307 454 468
3b 138 n.a. n.a. 440 454
3c 156 220 315 447 466
PBD n.a. 64 142

a Measured at a heating rate of 20min~! and a cooling rate of
40°Cmin~%; n.a.: not available.

b Measured at a heating rate of 20 min~—1 under a nitrogen atmosphere.

¢ Determined during the second heating.

diazole derivative8a— by reacting with aroyl chlorides in
pyridine under reflux. The chemical structures of the obtained
oxadiazolega—c were confirmed byH and'3C NMR spec-
troscopy. Data from high-resolution mass spectrometry and
elemental analyses also verified their structures.

3.2. Thermal properties

The thermal properties of oxadiazolgs-c were investi-
gated by differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA); the results are presented in
Table 1 Fig. 1displays the DSC curves 8&—c. In the first

with a stream of nitrogen, the glasses were than treated withheating cycle, endothermic peaks are observed at 307 and

oxygen plasma for 3min. The glasses were then loaded
into an Ulvac Cryogenic deposition system, which was

then evacuated to a pressure belo® x 10~° Torr. All of

the organic layers were deposited at a rate of 1.5A%5

An alloy of magnesium and silver (ca. 10:1, 50 nm) was

deposited as the cathode, followed by a silver cap (ﬁQOO

315°C; these peaks are due to the melting3afand 3c,
respectively. No melting point was detected 3tx In subse-
quent heating cycles, each oxadiazole exhibits a distinct glass
transition temperaturdg) in the range 138-16ZC, but does

not undergo recrystallization or melting. In contrast, a re-
lated analogue, 2-(4-biphenyl)-5-{ért-butylphenyl)-1,3,4-

The current-voltage luminance of each device was measurecPxadiazole PBD), melts already at 14ZC. We attribute the

with a Keithley 2400 Source meter and a Newport 1835C
optical meter equipped with an 818ST silicon photodiode.
3. Results and discussion

3.1. Synthesis

Scheme lillustrates the synthetic route followed for

the preparation of the fluorene-based 1,3,4-oxadiazole com-

pounds3a—. There are two general approaches for the syn-
thesis of oxadiazole derivatives: cyclocondensation of acyl
hydrazides and ring transformation of acylated tetrazoles
[13,14] The relatively high yields and facile workup pro-

cedures render the tetrazole route more attractive for the

preparation of pure oxadiazole derivatiy&S]. Starting from
fluorene, which contains an activated methylene group at
the C-9 position, 9,9-bis(4-cyanophenyl)fluorerg [L1f]

was prepared by nucleophilic aromatic substitution of 4-
fluorobenzonitrile with the fluorenyl anion generated by re-
action with K;COgz in DMF. By reacting with sodium azide,
compoundl was converted to the tetrazole derivat?dfd 11],
which was subsequently transformed into the desired oxa-

pronounced morphological stability in oxadiazoRes—c to

the nonplanar, 3D cardo-structure that arises from the incor-
poration of the fluorene moief$,16]. In addition, the higher
molecular weights of oxadiaxol&sc, relative toPBD, may
also account for their higher melting points. It has been shown
that morphological changes that result from the thermal in-
stability of amorphous organic layers lead to the degradation
of EL devicedq4]. Devices having a long lifetime require the

(a)

Endothermic

—— Istheating
2nd heating
-~ 3rd heating l

200 250 300 350

Temperature ("C)

50 100 150

Fig. 1. DSC thermograms, with sequential heating and cooling cycles of:
(a)3a, (b) 3b, (c) 3c, and (d)PBD.
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Fig. 2. UV-vis absorption and PL spectra, in chloroform solutions and as

thin films of: (a)3a, (b) 3b, and (c)3c; also depicted in (a) are the UV-vis
absorption and PL spectra of model compodrnid a chloroform solution.

Fig. 3. Cyclic voltammograms of: (8a, (b) 3b, and (c)3c; inset (a): dif-
ferential pulse voltammetry &ain the reduction region.

) ) _ relative to that of 2-phenyl-5-(4-biphenyl)-1,3,4-oxadiazole
of Tg (Tm). In addition to their high glass transition temper-  sponding spectra in dilute solutions, the emission spectra of

atures, compoundsa-c exhibit good film-forming proper-  fjims of 3a— are relatively structureless and are red-shifted
ties and high thermal stabilities. As revealed by TGA, their py 2230 nm.

5wt.% loss temperatures under a nitrogen atmosphere are up

to 440°C. 3.4. Electrochemistry

3.3. Photophysical properties The electrochemical behavior of oxadiazoRss-c was
investigated by cyclic voltammetry using ferrocene as the in-
Fig. 2 displays the solution and thin film absorption and ternal standardFig. 3 displays the cyclic voltammograms
photoluminescence (PL) spectra of oxadiazdasc; their of 3a—c and the data are tabulated Table 3 During the
spectral properties are summarizedable 2 In chloroform cathodic scan3a exhibits two poorly resolved, reversible
solution,3a exhibits an absorption in the range 299-324 nm reductions with the onset potential a2.48 V. Differential
that results from ar—r" transition, while the emission spec-  pulse voltammetry (DPV) clearly shows the appearance of
trum displays a vibronic fine structure with three bands at 333, two distinguishable reductions at2.51 and—2.61V [E°).
348, and 364 nm. Compared wila, the absorption (emis-  The relatively small potential difference in the reduction in-
sion) spectra 08b and3c are red-shifted by 24 (30) and 11 dicates that the mono-anionic species generated during the
(19) nm, respectively, as aresult of the increase in conjugationfirst reduction may not delocalize the charge efficiently over
length. As illustrated irfFig. 2a, the solution UV-vis absorp-  the two oxadiazole moieties, which are connected through

tion and PL spectra of a model compound, 2,5-diH{ an sp-hybridized carbon atom. WitBb and 3c, only one
butyl)phenyl]-1,3,4-oxadiazoled), which is a monomeric  reversible reduction is observed in each case, with formal re-
oxadiazole, are almost superimposable with thogaoT his duction potentialsE>’) at —2.34 and—2.42V, respectively,

observation indicates that the tetrahedrally bonded carbonand onsetpotentialsa2.25and-2.31V, respectively. Upon
atom (C-9) of the fluorene unit serves as a conjugation inter- the anodic swee@a—c show irreversible oxidation processes
rupt and that ther systems of the two connected oxadiazole with onset potentials at 1.18, 1.17, and 1.19V, respectively.
moieties have little or no interaction with one another. The Based on the onset potentials for the oxidation and reduc-
solution fluorescence quantum yields) of 3a—c and4, all tion, the HOMO and LUMO energy levels of oxadiazoles
of which fall in the range®; =0.60-0.74, were determined 3a-c were estimated with regard to the energy level of the

Table 2

Optical properties of the fluorene-based oxadiazole derivatives

Compound Absorption (nm) Emission (nm) @5 (%)?
Solutior? Filme Solutior? Filme

3a 299, 308, 324 298, 309, 325 333, 348, 364 355, 370, 392 74

3b 320, 332, 346 324,337,354 361, 378, 396 403 65

3c 310, 319, 334 312, 322, 340 349, 367, 384 397 60

4 294, 304, 318 329, 343, 357 73

a ¢x: fluorescence quantum efficiency, relative to 2-phenyl-5-(4-biphenyl)-1,3,4-oxadiazole in bedzereg).
b Evaluated in a chloroform solution.
¢ Measured in the solid state on a quartz plate.
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Table 3

Electrochemical properties of the fluorene-based oxadiazole derivatives

Compound Eonsef (V) Energy levels (eV) Bandgap energy (eV)
n-Doping p-Doping LUMOP HOMO® (S Eopt®

3a —2.48 1.18 2.32 5.98 3.66 3.73

3b -2.25 117 2.55 5.97 3.42 3.44

3c -2.31 1.19 2.49 5.99 3.50 3.55

@ Measured vs. ferrocene/ferrocenium.

b LUMO = 4.8 +Egnse(n-doping).

¢ HOMO = 4.8 +Egnsefp-doping).

94 Egle=HOMO — LUMO.

€ Eopt: the bandgap energy estimated from the onset wavelength of the optical absorption.
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the potential for use as electron-transporting materials in or-
ganic LEDs.

3.5. Electroluminescent devices

Two types of EL devices, in which compourgsc served
as electron-transport materials, were fabricated to assess their
transporting properties. Firstly, we prepared standard two-
layer devices with the configuration ITO/NPB (40 nBg+c
(40nm)/Mg:Ag (Table 4. Fig. 4displays thd—-V character-
istics for the devices made from the three derivatives. We see
that3b and3cboth gave higher current densities than 8éd
Ata driving voltage of 10 V, a current density of 500 mA&m
was reached. This value is comparable to that obtained when
using another typical electron-transporting material, TPBI
[18], butitis smaller than that obtained from an Alg-based de-
vice. The EL spectra of the two-layer devices differ from their
respective PL spectra in that they all hawgx located at ca.
448 nm, the same value as that observed in the PL spectrum of
NPB. This result indicates that, in a manner similar to that of
TPBI, 3a-c serve as hole blockers in the current device struc-
tures because of the large energy barrier between the HOMO
of NPB and those d8a—c, which prevents the holes from in-
jecting into theBa—c layer (Fig. 5. Instead, the smaller barrier

Fig. 4. (a) Plotof current density vs. voltage and (b) EL spectra of the devices D€tween the LUMOs of these materials and that of NPB re-
ITO/NPBBa—/Mg:Ag, and solid PL spectra of films &a—c.

FOC reference (4.8 eV below the vacuum ley&p)]; the val-

sults in a recombination zone located mainly within the NPB
layer. The blue devices, while unoptimized, exhibited maxi-
mum brightnesses between 450 and 1600 éainal external

ues are summarized Trable 3 The band gaps of oxadiazoles quantum efficiencies between 0.2 and 0.3%i(e 4.
3a—cestimated from these electrochemical measurementsare Secondly, we prepared three three-layer devices, each
in agreement with the results determined from the optical ab- of which incorporated a compourgg— as the electron-
sorption threshold. From their reversible reductions and high transporting layer and a blue dye PAP-NPE9] inserted

electron affinities, it would appear that oxadiaz@asc have

between the NPB an8 layers. Previously, the PAP-NPA

Table 4

Performance of the ITO/NPB (40 nr8g-c (40 nm)/Mg:Ag devices

Device structure Amax (NM) Maximum QE (%) Luminescent Power efficiency CIE (x,y)
luminescence (cd/f) efficiency (cd/A} (Im/wW)2

NPB/Ra 448 448 0.33 0.19 0.054 0.14, 0.06

NPB/A3b 448 867 0.20 0.17 0.078 0.15,0.10

NPB/A3c 448 1600 0.25 0.22 0.098 0.15,0.10

a At current density = 100 mA/ch
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Table 5

Performance of the ITO/NPB/PAP-NR2¢-c/Mg:Ag devices

Layer structurg Amax (M) Maximum luminescence (cdfn QE (%)f Luminescent efficiency (cd/R) Power efficiency Im/M) CIE (x, y)
NPB/PAP-NPABa 454 5399 1.47 1.29 0.49 0.14,0.10
NPB/PAP-NPABb 454 6076 1.54 1.39 0.62 0.15,0.10
NPB/PAP-NPABc 454 7173 1.75 1.57 0.68 0.14,0.10
NPB/PAP-NPA/TPBI 452 16760 2.36 2.06 1.07 0.15,0.10

a At current density = 100 mA/cfn
b Device configuration is NPB (40 nm)/PAP-NPA (10 nBg4c or TPBI (30 nm).

1600

2.32~2.55 2.32~2.55 N
2.7 | — 1400 4 —— NPB/PAP-NPA/TPBI
P NPB/PAP-NPA/3a
“E 12004  — NPB/PAP-NPA/3b
. g - - - - NPB/PAP-NPA/3¢
- Mg : Ag : v
=z oE Me: Ag Z 10004 .
= |3a-c| 3.7 3a-c| 3.7 -
g E 800
ITO = 2
43 = 600+
£ 400
5.6 L | £
~5.9 ~5.9 < 2004
B
Fig. 5. Energy alignment of the various layers in the devices ITO/SRR/ 0 2 4 6 8 10 12 14 1s
and ITO/NPB/PAP-NP/AGa—. Voltage (V)

dye was found to give a strong blue emission from a Fig. 7. Plot of current density vs. voltage for the devices ITO/NPB/PAP-
device having the structure ITO/NPB (40 nm)/PAP-NPA NPABa-c/Mg:Ag and ITO/NPB/PAP-NPA/TPBI/MG:AG.

(20 nm)/TPBI (30 nm)/Mg:Ad19]. Here, with similar device
configurations of ITO/NPB (40 nm)/PAP-NPA (10 ni3g/c
(30nm), all three devices displayed the same EL spectra, with
Amax=454 nm resulting from PAP-NPA, with CIE coordi-
nates around (0.15, 0.10Fi§. 6). Thus3a-c successfully
transported electrons from the cathode into the PAP-NPA
layer, where they were recombined with the holes. This sit-

uation is reasonable in view of the alignments of the energy sonably good EL performances were obtained when these

Ievelg OT the various Iaye'rE(g. 9. Fig. 7ShOWS the-v char- . __materials were used as the electron-transporting layer in both
acteristics for these devices together with a reference device

) ) two- and three-layer device configurations. Further modifica-
that used _T_PBI asthe electron-t_ransportmg material. The CUtion and optimization of the structures and devices currently
rent densities for th@-based devices were lower than that for are in progress.
the TPBI-based one. This observation may be aresult of lower
electron mobility in3a— relative to TPBI.Table S5presents
the performance characteristics for wbased devices. The
external quantum efficiencies ranged between 1.4 and 1_7%Acknowledgment
and the maximum brightness reached ca. 5400-700Ccd/m

In summary, we have synthesized and characterized a se-
ries of fluorene-based oxadiazole derivatives. These com-
pounds exhibited high values ©§ and thermal stability, pre-
sumably because of the incorporation of the fluorene units
as linkers between the two oxadiazole fragments. Neverthe-
less, these derivatives preserve the optical and electrochem-
ical characteristics of their pristine oxadiazole units. Rea-

We thank the National Science Council of the Republic of
China for financial support.
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