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A novel p—n diblock copolymer, polyfi-(2'-ethylhexyl)-carbazole-3,6-diyl“13",4"-oxadiazole-2,5"-diyl-

2" 5"-dioctyloxy-1",4"-phenylene-1",3"",4""-oxadiazole-2",5""-diyl] (PCOPQ composed of an electron-

rich moiety carbazole and an electron-deficient unit aromatic oxadiazole was synthesized aiming at balancing
the abilities of conducting holes and electrons. Electrochemical analyses by cyclic voltammetry indicate that
PCOPO can be reversiblydoped and irreversiblp-doped. The cathodic sweep reveals that the reduction
involves two-electron process with respect to the successive reduction of oxadiazole rings and carbazole
moieties in the polymer chain. The highest occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) energy levels of the polymer are estimated to be 5.60 and 2.66 eV from the onset
of oxidation and reduction potentials, respectively. The band gap energy of the polymer estimated by the
electrochemical measurement (2.94 eV) is in good agreement with that from the optical method (2.82 eV).
The photoluminescence (PL) of film samples shows that the polymer emits greenish-blue light (475 nm).
The PL of solutions is concentration-dependent. In dilute solutions, the PL emission is from the singlet exciton
transition, whereas in the concentrated solutions, it is mainly originated from excimers. The excimer formation
is related to the incorporation of oxadiazole rings into the polymer backbone, which can enhance the interchain
interactions. Both photophysical and electronic properties demonstrate that the polymer may be a promising

candidate material for the fabrication of an efficient blue light-emitting device.

Introduction

The discovery of electroluminescence (EL) from pply(
phenylenevinylene) (PPV)has triggered enormous research
interest in the field of electroluminescent conjugated polymers.
On one hand, this encourages material chemists to synthesize
variety of novel conjugated polymers with exciting and diverse
physicochemical properties. On the other hand, this gives

physicists opportunities to achieve a better understanding of

photophysics, charge transport, and optoelectronic properties o
various conjugated polymers.

From the viewpoint of material synthesis, many efforts have
been devoted to developing blue light-emitting polymers with
high efficiencies in the past several years. This is because blu
light emission is the most difficult to be realized of the three
primary colors?3 Blue light generation from emissive polymers

is much more attractive compared to the inorganic semiconduc-
tor counterparts for applications in display technology because

of the solution processability, flexibility of the synthetic

(S

imbalance of the charge injection rates from opposite contacts
into the emission layer. For most of the electroluminescent
polymers investigated so far, the barrier for the electron injection
from metal contact is much larger than that for the hole injection,
which leads to the charge capture near the metal contact. This
Pesults in poor quantum efficiency. To overcome this problem,
two approaches were developed. One approach is to use low
work function metals such as Ca or Mg as the cathode so as to

jmprove the ability of electron injection. The other approach is

to introduce an electron transporting and hole blocking layer to
lower the energy barrier for electron injection and also to provide
an intermediate area for charges to capture each other. However,
there are some technical problems for the practical device
fabrication utilizing the above two approaches. Alternatively,
conjugated polymers with well-matched HOMO and LUMO
energy levels with respect to the electrode energy barrier heights
will lead to high efficiency for light-emitting device application.

Carbazole-based conjugated polymers have demonstrated

strategies, and facile ways of tuning the chemical structures of strong hole-transporting ability in optoelectronic deviéés,
conjugated polymers to adjust the energy levels of the highestwhereas oxadiazole-based polymers have played an important

occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) to achieve highly efficient emission.
Polyfluorenes (PFs)polycarbazoles (PC8)yand polythiophenes
(PTs)8 as well as polyoxadiazoles (POsyye some examples
of blue light-emitting polymers.

Reportedly, the obstacle for improving the EL efficiency of
light-emitting diode (LED) devices is mainly due to the

*To whom correspondence should be addressed. Tel/Fax: (65) 872-
7455. E-mail: wei-huang@imre.org.sg.

role in the fabrication of multilayer LED devices as good
electron transport materiald!'Both carbazole- and oxadiazole-
based electroluminescent polymers demonstrate quite different
charge injection and transporting abilities for holes and electrons
in polymer light-emitting diode (PLED) devices. High quantum
efficiencies are difficult to achieve using either carbazole- or
oxadiazole-based polymers alone. Combining carbazole moiety
(a typical hole injection unit) and oxadiazole segment (an
electron injection unit) into the same polymer backbone might
meet this requirement. Our previous work that was based on
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combined oligothiophene and oxadiazole units as functional SCHEME 1. The Synthetic Route to PCOPO
materials for blue light-emission LED devices demonstrated

; . . o (o} 0
2—-14 Il
good resultdZ~1* which motivates our continuous efforts in this OCgH, Cl& &al

regard. 0 0
Note that many efforts have focused on the photophysics of HZNHNE (HZNHNHz "

electroluminescent polymers aimed at understanding the excited

states and emission characteristics of conjugated polymers. H,,C50
Recent studies on the supramolecular structures and morphol-

ogies of the conjugated polymers indicate that the electrolumi- .
nescent properties of conjugated polymers are also affected by Pyridine
the molecular interaction pattern in addition to the intrinsic NMP
optoelectronic nature of the isolated polymer chains in the film 90%
state as well as in solutions. In the excited state, conjugated

polymer chains may exist in the forms of several charged or

neutral species, such as polarons, bipolarons, excitons, excimers,

or aggregates. As films or in concentrated solutions, the (“:NHHN& %NHHN&
interchain/intrachain interactions of the excited species in one

polymer chain with one or more adjacent polymer chains lead O O H,,CgO

to the formation of excimers and/or aggregates with new optical N

properties by delocalization of the species over the polymer

chains!>181t is well known that the formation of excited-state Pre-polymer
complexes can lower the luminescent efficiencies because
nonradiative decays compete with radiative rodfedsowever,

OCgH
57

in the absence of significant interchain interactions, for example, ];g);h
by dispersing the luminescent polymers into nonconjugated ?
matrixes, relatively high luminescent efficiency can be achié¥ed.
In addition, the formation of excited-state complexes provides OC.H
- - s gty
another opportunity to tune the light-emitting col8/part from
luminescence, other photophysical processes such as photocon- N’N\ o
ductivity and charge photogeneration of conjugated polymers \ 4 }\I_I{I
are also involved with the excimer mechanism. Consequently, Hi-CeO
a better understanding of the photophysics of the luminescent O O 178
polymers can provide guidelines on the development of various N n

applications in optoelectronics.
In this paper we present the work of characterization of a
new polymer, polyiN-(2'-ethylhexyl)-carbazole-3,6-diyl“13",4"- PCOPO
oxadiazole-2,5"-diyl-2"",5"""-dioctyloxy-1",4""-phenylene-
1"".3"" 4" -oxadiazole-2",5""-diyl] (PCOPQ (Scheme 1), in
which the oxadiazole moiety as the electron injection and

transporting unit is incorporated into the carbazole main chain  \1aterials. A brief synthetic procedure for polymer PCOPO
to form ap—n diblock structure? On the basis of this concept, s gepicted in Scheme 1. The final polymer was converted from
itis e>.<pected that the qle5|gned pplymer will possess good chargeg precursor by cyclization and dehydration in P@i@la yield
injection and transporting properties for both holes_and electrons. ¢ g30413.14 The light yellow precursor polymer, which was
This property will be investigated by electrochemical measure- ¢ ple in dimethyl sulfoxide (DMSO), 1-methyl-2-pyrrolidi-
ments to provide information about the redox properties and 4 (NMP), and dimethyl formamide (DMF), was facilely
the HOMO and LUMO energy levels. The absorption and piained by polycondensation of the di-alkoxy substituted
photoluminescence (PL) behavior of the films as well as in phenylene dihydrazine with the bischlorocarbonyl N#(2'-
various concentrations of solutions will be studied to determine ethylhexyl)-carbazole using pyridine as the base to promote the
the photophysical process and emission characteristics. reaction (yield 90%). Thal-alkyl carbazole diacid chloride was
) ) prepared from its acid, which was obtained from 3,64j5f

Experimental Section dimethylcarbamoyl)-9-(2ethylhexyl)carbazolé® The N,N-di-

Measurements.FTIR spectra were recorded on a Bio-Rad Methylcarbamoyl substituted carbazole was synthesized through

FTS 165 spectrometer by dispersing samples in KBr disks-UV Friedel-Crafts carbonylation reaction froid-(2'-ethylhexyl)-

vis and fluorescence spectra were obtained on a Shimadzu uycarPazole andN,N-dimethylcarbamoyl chloride catalyzed by
3101PC UV-vis—NIR spectrophotometer and Perkin-Elmer LS aluminum chloride (yield 73%). The detailed synthetic procedure

50B Iuminescence spectrometer with a xenon lamp as light Will P& published elsewhere.

source, respectively. Elemental analyses were performed on Aesults and Discussion

Perkin-Elmer 2400 elemental analyzer for C, H, N, and S

determinations. Cyclic voltammograms were performed using  The final polymer PCOPO was obtained as a greenish-yellow
an EG&G model 273A potentiostat/galvanostat under argon solid. The polymer is partially soluble in common organic
atmosphere. All potentials were measured against a Ag(8d. solvents such as chloroform, tetrahydrofuran, xylene, and
M in acetonitrile) electrode (0.34 V vs saturated calomel DMSO. However, it is readily dissolved in chloroform with a
electrode (SCE)) and all experimental values in this report were small amount of trifluoroacetic acid (TFA). The complete
corrected with respect to SCE. conversion of prepolymer to final polyoxadiazole can be
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Figure 1. FT-IR spectra of PCOPO and its prepolymer. Wavelength (nm)
0.80 600 Figure 3. The dependence of the absorption and PL spectra of PCOPO
in chloroform on the concentration of the polymer: (ax1107* M;
—_ (b) 1 x 1075 M (UV absorbancex 5); (c) 1 x 10°®M (UV absorbance
g 0.60 - T x 30); (d) 1x 10*M; (e) 1 x 10°M; (f) 1 x 10°® M. Curves d, e,
e L 400 _3'__ and f are normalized for clarity.
O —
c [0}
3 0.40 § a hypsochromic effect of the absorption bands was obsé#éd.
3 = The blue shift can be attributed to the linkage through 3,6
2 200 2 position of the carbazole group incorporated in the polymer.
> 020 ~ The conjugation of ther electrons along the polymer chain will

be partially interrupted in such a linkage. A similar phenomenon
0.00 . : ; 0 was found in polyll-alkylcarbazole)(s), in which the delocal-
ization of r electrons is limited to a dimét?

The emission spectra of the polymer in solution and as solid
Wavelength (nm) films are quite different. In comparison with its solution emission

Figure 2. UV —vis spectra and fluorescence spectra of the polymer in peak at 448 nm, the main emission peak in the solid films shifted
solution and as films. (a) UV in solution; (b) UV in film; (c) PL in  about 25 nm toward longer wavelength. Note that the emission
solution; (d) PL in film. peak is more broadened in the film state than that in the solution
) o state. The red-shift of the emission band of the film samples
confirmed by FT-IR. The FT-IR spectra are shown in Figure 1. compared to the polymer in solution may be due to the intrachain
The absorption peak at 1620 cfrowing to the carbonyl group  andjor interchain excimers generated in the polymer. The

and the absorption broad peak in the range of 3300'@wing possible formation of excimer was investigated in a concentra-
to the amide groups of the precursor polymer disappeared afterijon—dependent PL measurement.

the treatment with POGIA new peak at 1540 cn attributed

to the G=N in oxadiazole ring clearly appeared in the spectrum
of the final polymer. These results indicate that the cyclode-
hydration reaction was completétilt is well known that high
purity of the electroluminescent materials is a crucial factor for
good performance in a PLED device. Impurities existing in the
emission layer will quench the excitons, which will lower the

300 400 500 600 700

Figure 3 shows the dependence of the absorption and PL
spectra of the polymer solution on the concentration of the
polymer. The absorption spectra of the samples in three
concentrations from X 1076 to 1 x 104 M resemble each
other in shape; they all center at 398 nm with two shoulders at
358 and 418 nm, respectively. The absorption edges are all about

. - . '~ 445 nm for the three concentrations. However, the shoulders
electroluminescent quantum efficiency. During the conversion po.ome clear as the polymer solution is diluted. The resolved

of the prepolymer to the final polymer, a complete cyclization 4psorption spectrum results from the excitonic transition
ensures the required purity for PLED application and also clears coupling to vibrations. The energy space is 150 meV, which is
quench sites of the carbonyl groups in the final polymer. a typical vibrational energy of carbercarbon or carbon

The UV—vis absorption and photoluminescence spectra of nitrogen bond stretchingf. Because of the intense absorption,
the polymer, both in a dilute solution (ca.x 107> M) of we cannot obtain the UVvis spectra of those solutions with
chloroform with a small amount of TFA and as thin films which  concentration higher than £ 104 M. Unlike the absorption
were prepared by spin-coating the solution on quartz plates, werespectra, the PL spectra clearly demonstrate a concentration-
measured at room temperature. The spectra are displayed irdependent feature. At & 10°¢ M, the emission band is
Figure 2. The solution sample gives a main absorption peak atcomposed of two peaks at 430 and 449 nm, respectively, which
398 nm and a shoulder at 418 nm, whereas the maximumcan be ascribed to a vibronic progression with respect to the
absorption peak of the solid films of the polymer appears at absorption spectrum. The red shift of the emission spectrum of
418 nm with a shoulder at 398 nm. The relatively identical the dilute solution compared to its absorption spectrum origi-
absorption spectra of the polymer in solution and as solid films nated from the Stokes shift, which is in agreement with the
indicates that there is little difference in the conformation of typical 0.2-0.3 eV of energy differenc&.The Stokes shift can
polymer in the two state®.When the absorption spectra of the come from two sources: emission either from the excited
film samples were compared to that of a copolymer composed segments of conjugated polymer undergoing a deformation into
of thiophene unit and oxadiazetdenzene-oxadiazole block, more planar conformation along the chain or from the migrated
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excitons in other segments where ring rotations are not 1000 g
hindered?? ] 1oV

A similar fine structure was observed in the PL spectrum of 500 7
the solution with concentration of Xk 10~4 M, which is ] 178V onset 1.20 V
composed of a main peak at 482 nm accompanied by two z 0] T
shoulders at 459 and 509 nm, respectively. Compared to the 1= ] \ 1.56 V
x 1076 M solution sample, the emission band is broadened and ~ -500 8oV
the maximum emission peak is red-shifted by 33 nm. This
spectrum is much like that of the film samples. The bathochro-  -1000 1
mic shift in the PL spectra of concentrated solution and films
indicates the formation of excimers. However, the spectrum of  -1500 +—— Hintihe L S e I S
the middle concentration sample x110~° M) is less structured, -3.00 -2.00 -1.00 0.00 1.00 2.00
in which only one main peak at 448 nm is observed with the E vs SCE (V)
tailed emission at about 480 and 510 nm, respectively. The gjgyre 4. Cv of PCOPO coated on Pt electrodes in acetonitrile
emission peak at about 450 nm, which corresponds to the containing 0.1 Mn-BusNCIO; at a scan rate of 50 mV/s.
absorption edge, is always observed in the three samples with
different concentrations. This emission originates from the
isolated exciton decay, which is a dominant emission in dilute
solution, whereas in concentrated solutions or in films, the
emission from excimers is observed and even becomes the mai
source of the PL. Excimer formation was found to be quite
common in concentrated solution or films of some conjugated
polymers such as PPV derivativ&s%:24n dilute solutions, the
polymer chains are well-separated from each other. While in

concentrated solution or in films, a pair of chain segments with -
similar length can align parallel to each other and if they are tmhgrZ(BSMA(zc?)?ginIE;Utl\cf?heen:c;%tilgxerlesngfrtg dcg;J%%aieedeﬁﬁlﬁt
close enough, ther wave functions on these segments will -

g g al.?® Eiumo = (E®Y%onsetvs scey + 4.4 eV) and Enomo

overlap sufficiently and the energies of the excited states will —" _ ox
be lowered, which leads to the lower frequency emission. _ (E%onsetvs sce) + 4.4 eV), where E%onset vs sce) and

red . . .
Sxcimer formaton & sample-dependent and pobmers or [t oS 1 el o o e oucgton sl
copolymers with electron withdrawing segments such as cy- P poly ’ P

ano? pyridine2® benzobisoxazole, and benzobisthiaZbloups were determined from the intersection of the two tangents drawn

can enhance the interchain interactions by the greater electronefjIt the rising current and baseline charging current of the CV

o . . : . curves. The LUMO energy of the polymer is thus determined
gativity resulting from the Incorporation of tk_\ese groups, which to be 2.66 eV. This value is almost the same as that of poly[2-
may be due to the effect of reducing the distance between the .

S . methoxy-5-(2-ethyl-hexyloxy)p-phenylenevinylene] (MEH-
polymer chains in the ground state. In each repeat unit of - S
. . . PPV) (2.6 eV) reported by Cervini et #.It implies that the
polymer PCOPO, the two oxadiazole groups incorporated into e L
- - polymer may have similar electron-injection property to MEH
the polymer backbone, which have the same function as those 2 ) .
2 PPV when it is successfully used as the red-orange emitter in
of pyridinyl or cyano groups, may be one of the reasons for the

observed excimer emission. Further work related to determinin PLEDs. The LUMO energy level of 2.66 eV is smaller than
S T 9 that of CN-PPV (3.02 eV) and some poly(aromatic oxadiaz-
the emission lifetime is in progress.

_ oles) (2.8-2.9 eV)2° which all exhibit good electron-injection
The redox properties as well as the HOMO and LUMO  ,qherties. When we scanned the polymer films anodically, the
energy levels of the polymers are crucial parameters for the polymer showed an anodic peak at 1.69 V with a cathodic peak
device configuration consideration. Usually the ionization 4t 1 56V (vs SCE). The onset potential was determined to be
potential (IP, i.e., the HOMO of an organic molecule) is 1 20 v, so that the HOMO energy level was estimated to be
measured by ultraviolet photoelectron spectroscopy (UPS), while 5 g9 eV. This value is almost the same as that of-ERV
the electrqn affinity (EA, i.e., the LUMO of the organic (5.55 eV), but is larger than that of MEHPPV (4.87 eV
molecule) is deduced from the IP value and the band gap Thjs means that the polymer has similar hole-injection ability
obtained from optical absorption spectra, which is not a direct yith CN—PPV as that of it is used in PLEDs, but the hole-
measurem.ent. Cyclic voltammetry (CV) is an alternate approach injection ability is poorer than that of MEHPPV. Note that
to determine both the HOMO, LUMO energy levels and poth thep-doping andn-doping processes are reproducible up
evaluate the redox reversibility, reproducibility, and stability g being repeatedly swept for five times without any significant
of the polymer films on the electrode. The electrochemical changes of the curves.
processes are similar to the situation of charge injection and  The electrochemical analysis results suggest that the hole
transport in LED deViceS. Therefore, CV iS a Simp|e and Useful |nject|on ab"lty of the po'ymer was |0wered by incorporating
technique to measure the HOMO and LUMO energy levels of the two oxadiazole rings into the polymer backbone, whereas
the polymer2! the electron affinity was maintained at the level of MEFPV.
Figure 4 depicts the CV curves of both tpedoping and To increase the quantum efficiency of PLEDs, it is necessary
n-doping processes. The polymer film on Pt electrode was to balance the energy barriers of injection electrons and holes
scanned anodically and cathodically separately in an acetonitrileinto the polymer layers from the opposite contacts. However,
solution ofn-BusNCIO,. During cathodical scan, the polymer most of the current existing EL polymers, e.g., MERPV,
exhibits a reversible two-electron reduction process. The ca- one of the best soluble EL polymers so far, are more favorable
thodical peaks occur at1.90 and—2.25 V (vs SCE) with for hole injection when a stable metal, e.g., aluminum, is used
corresponding anodical peak atl.78 V (vs SCE). The first as cathode. The new blue EL polymer can be expected to

onset -1.74 V

redox peaks can be attributed to the reduction and oxidation of
the oxadiazole rings and the second cathodical peak can be
attributed to the reduction of the carbazole moiety in the polymer
hain. The onset potential of the reductior-$.74 V (vs SCE).
he reduction potential is comparable with that of 2-(4-
biphenylyl)-5-(4tert-butylphenyl)-1,3,4-oxadiazole (PBD)-(L.95
to —1.94 V vs SCE}* which is one of the most widely used
electron-transporting/hole-blocking materials. The onset poten-
tials of n-doping andp-doping processes can be used to estimate
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improve EL quantum efficiency when this polymer is used to

J. Phys. Chem. B, Vol. 103, No. 31, 199933

(7) Huang, W.; Meng, H.; Yu, W.-L.; Gao, J.; Heeger, AAdl. Mater.

fabricate single-layer PLEDs using stable metals as cathodes 1998 10. 593.

These results reinforce our previous idea regarding the design,,,

of p—n diblock copolymers by tuning the intrinsic properties
for possible applications as optoelectronic devices.

Conclusion
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atanabe, T.; Miyata, SAdv. Mater. 1998 10, 226.
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Met 1997 91, 223.
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A new conjugated copolymer, PCOPO, which constituted Thomas, E. L.; Bawendi, M. GMacromoleculesl997, 30, 8433.

alternatingN-(2'-ethyl hexyl)carbazole and 1,4-bis(1,3,4-oxa-

(12) (a) Yu, W.-L.; Meng, H.; Pei, J.; Huang, W.; Li, Y.-F.; Heeger, A.
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(13) (a) Yu, W.-L.; Meng, H.; Pei, J.; Huang, W. Am. Chem. Soc

and film samples indicated that PCOPO is a blue light-emitting 1998 120, 11808. (b) Huang, W.; Yu, W.-L.; Meng, H.; Pei, J.; Li, S. F.
material. CV investigation revealed that the LUMO and HOMO Y- Chem. Mater1998 10, 3340.

(14) Yu, W.-L.; Meng, H.; Pei, J.; Lai, Y.-H.; Chua, S.-J.; Huang, W.

energy levels of the polymer were adjusted by combining the Chem. Commuri.998 1957.

electron-deficient oxadiazole moiety and the electron-rich
carbazole segment into the polymer backbone together, which
can improve the imbalanced hole-electron injection/transporting
ability of most conjugated polymers encountered in PLED

(15) Conwell, E.Trends Polym. Scil997, 5, 218.
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strated a concentration-dependent feature of the polymer. Thephys. Lett.1995 241, 89.

emission in dilute solutions is the result of singlet exciton

(19) Lemmer, U.; Heun, S.; Mahrt, R. F.; Scherf, U.; Hopmeier, M.;

transition, whereas the bathochromic shift emission from Siegner, U.; Gobel, E. O.; Mullen, K.; Bassler, 8hem. Phys. Let1995

concentrated solutions is attributed to the formation of excimers.

240, 373.
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The excited-state complexes formation can be related to themusgrave, R.; Reynolds, J. Rhem. Mater 1997 9, 1578.

introduction of oxadiazole units, which can enhance the inter-
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