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Well defined carbazol-3,9-diyl based oligomers with diphenylamino
end-cap as novel amorphous molecular materials for optoelectronics
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Abstract

Well defined carbazol-3,9-diyl-based oligomers of new type have been synthesized by the modified Ullmann reaction starting from 3-iodo-
9H-carbazole and diphenylamine. The full characterization of their structure is presented. The amorphous compounds with glass transition
temperatures of 111–162◦C possess high thermal stability with onset decomposition temperatures of 320–380◦C. Amorphous films of the
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aterials were fabricated by vacuum evaporation. They were used for the preparation of multilayer electroluminescent devices.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Low molecular weight organic compounds that read-
ly form stable glasses are called molecular glasses or
morphous molecular materials. They show excellent
rocessability, transparency, isotropic and homogeneous
roperties and receive growing attention both in terms of
cademic interest and technological applications. Aromatic
mine-based molecular glasses belong to the classes of light
mitting and charge-transporting materials and are known

or various applications such as displays, photovoltaic cells,
hotorefractive materials and organic photoreceptors[1–3].

The main advantages of electroactive molecular glasses
gainst their polymeric counterparts are their low melt
iscosity, possibility of purification by common methods
f preparative organic chemistry and a large variety of the
ethods of synthesis. Molecular glasses can also be obtained
y separation of the mixtures of oligomer homologues. In

his presentation we report on the preparation of well defined

∗

carbazol-3,9-diyl based oligomer homologues by Ullm
condensation of 3-iodo-9H-carbazole in the presence o
excess of diphenylamine and the following separation
adsorption chromatography. Variation of the chain len
and the end-cap enabled us to obtain a set of amorphou
forming oligomer homologues with relative wide range
glass transition temperatures (Tg).

2. Experimental

2.1. Instrumentation

Fourier transform infrared (FTIR) spectra were meas
using a Bio-Rad Digilab FTS-40 spectrometer.1H NMR
spectra were recorded using a Bruker DPX 250 app
tus. Mass spectra were obtained on a Varian MAT-3
Spectrometer Waters ZQ 200 spectrochromatograph.

Thin films of organic compounds for optical character
tion were prepared by vacuum deposition in a high vac
chamber with a base pressure of <10−6 Torr.

Ultraviolet (UV) spectra were measured with a Shima
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Fluorescence (FL) spectra were recorded with a charge-
coupled-device (CCD) Aminco-Bowman Series 2 spectro-
graph by pumping samples with a monochromatic light taken
from a xenon arc lamp. Fluorescence quantum yields of thin
films were determined using a calibrated integrating sphere
system[4].

Differential scanning calorimetry (DSC) measurements
were carried out using a TA Instrument DSC-2920 low-
temperature difference scanning calorimeter.

Thermogravimetric analysis (TGA) was performed on a
TA Instrument 2950 TGA thermal analyzer. The TGA and
DSC measurements were recorded in a nitrogen atmosphere
at a heating rate of 10◦C/min.

The electroluminescence (EL) devices were fabricated
on glass substrates and have the typical structure of multiple
organic layers sandwiched between the bottom ITO anode
and the top metal cathode. Before use in device fabrication,
the ITO-coated glass substrates were carefully cleaned
and treated with UV-ozone right before organic deposition
[5]. The stack of organic layers on ITO in sequence con-
sists of a thin layer of conducting polymer polyethylene
dioxythiophene/polystyrene sulphonate (PEDT:PSS) and
other functional layers of low molecular weight. The
PEDT:PSS layer served as the hole-injection layer and was
deposited by spin coating[6]. All the other material layers
in devices, including the metal cathode, were deposited by
t ber
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the following procedure. An amount of 16.9 g (0.1 mol) of
diphenylamine (2), 2.25 g (35.4 mmol) of copper powder,
9.7 g (70.11 mmol) of potassium carbonate and 0.45 g
(1.65 mmol) of 18-crown-6 in 30 ml of 1,2-dichlorobenzene
were heated to 170◦C. An amount of 2.93 g (10 mmol) of
3-iodo-9H-carbazole (1) in 10 ml of 1,2-dichlorobenzene
was added slowly and the mixture was refluxed for 5 h.
The inorganic components were then removed by fil-
tration of the hot reaction mixture. The solvent and the
excess of diphenylamine were distilled under reduced
pressure and the crude mixture of oligomers was pre-
cipitated into hexane, filtered and used for the next step
reaction.

Ethyl-substituted oligo(carbazol-3,9-diyl)s with dipheny-
lamino end-capp (6 and 7) were prepared by the fol-
lowing procedure. An amount of 2.35 g (ca. 5 mmol) of
the mixture of oligomers (3–5), 3.7 g (11.5 mmol) of 3-
iodo-9-ethylcarbazole, copper powder (1.13 g, 17.83 mmol),
18-crown-6 (0.23 g, 0.89 mmol) and potassium carbonate
(4.24 g, 30.76 mmol) were dissolved ino-dichlorobenzene
(20 ml). The solution was stirred at 180◦C for 24 h. Cop-
per powder and inorganic components were then removed by
filtration of the hot reaction mixture. The oligomers were
precipitated into 200 ml of methyl alcohol and separated
to individual compounds6, 7 and higher molecular weight
fraction by silica gel column chromatography using hex-
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hermal evaporation in a multiple-source vacuum cham
ith a base pressure of <10−6 Torr. The deposition rate
rganic layers was kept at about 0.2 nm/s. The active
f the device was 1 mm× 1 mm, as defined by the shad
ask for cathode deposition. Thickness of the films
easured by ellipsometry.
The current–voltage–brightness (I–V–L) characteristic

f EL devices were measured using a Keithley sou
easurement unit and a Si photodiode calibrated
hoto-Research PR-650 spectroradiometer. The EL sp
f OLEDs were taken with a calibrated CCD SLM-Amin
B2 spectrograph.

.2. Materials

PEDT:PSS was received from Bayer Corp., 4,4′,4′′-tri
N-carbazolyl)triphenylamine (TCTA), 4,4′-dicarbazolyl-
,1′-biphenyl (CBP) and 2,2′,2′′-(1,3,5-benzenetriyl)tris

1-phenyl-1H-benzimidazole] (TPBI) were received fr
ynTec Gmbh. They were used in this study for prepara
f multilayer electroluminescent devices.

Diphenylamine (2), copper powder, 4-iodoanizo
otassium carbonate, 18-crown-6 and 1,2-dichloroben
ere purchased from Aldrich and used as received. 3-I
H-carbazole (1) was obtained by a procedure of Tuc

7]. 3-Iodo-9-ethylcarbazole was prepared by alkyla
f 3-iodo-9H-carbazole in the presence of a phase tra
atalyst[8].

Diphenylamino end-capped oligo(carbazol-3,9-di
ith secondary amine functions (3–5) were prepared b
ne/ethylacetate (vol. ratio 45:1) as an eluent. The yie
ompounds6 and7 after separation was 28%.

Ethyl-substituted di(carbazol-3,9-diyl) with diphen
amino end-capp (6). Elemental analysis for C38H29N3:

calc. N 7.96, C 86.50, H 5.54; % found N 7.82,
6.63, H 5.67. IR (KBr),�/cm−1: 3053, 2973 (CH, Ar),
588, 1494 (CHCH, Ar), 1274 (C N), 1230, 1066, 74
CH CH, Ar). 1H NMR (CDCl3), δ (ppm): 1.48 (t, 3H
= 7.2 Hz, CH3), 4.38 (q, 2H, J= 7.2 Hz, N CH2 ),
.85–8.61 (m, 24H, Ar). MS,m/z (%): 529 (36) [M+ + 1],
28 (100) [M+], 337 (96) [M+ C2H5 C12H8N], 260 (84)
M+ C2H5 C12H8N C6H5].

Ethyl-substituted ter(carbazol-3,9-diyl) with diphe
amino end-capp (7). Elemental analysis for C50H36N4: %
alc. N 8.09, C 86.68, H 5.24; % found N 8.22, C 86.53
.32. IR (KBr),�/cm−1: 3053, 2974 (CH, Ar), 1588, 1493
CH CH, Ar), 1274 (C N), 1229, 1067, 747 (CHCH, Ar).
H NMR (CDCl3), δ (ppm): 1.49 (t, 3H,J= 7.25 Hz, CH3),
.39 (q, 2H,J= 7.2 Hz, N CH2 ), 6.86–8.55 (m, 31H, Ar
S, m/z (%): 694 (26) [M+ + 1], 693 (47) [M+], 502 (100)
M+ C2H5 C12H8N], 361 (22) [M+ C12H8N C12H10N].

Methoxyphenyl-substituted oligo(carbazol-3,9-diy
ith diphenylamino end-capp (8 and 9) were prepare
y the following procedure. An amount of 2.35 g (
mmol) of the mixture of oligomers (3–5), 2.5 g (11 mmol
f 4-iodoanizole, copper powder (1.13 g, 17.83 mm
8-crown-6 (0.23 g, 0.89 mmol) and potassium carbo
4.24 g, 30.76 mmol) were dissolved ino-dichlorobenzen
20 ml). The solution was stirred at 180◦C for 24 h. Coppe
owder and inorganic components were then remove
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filtration of the hot reaction mixture. The oligomers were
precipitated into 200 ml of methyl alcohol and separated
to individual compounds8, 9 and higher molecular weight
fraction by silica gel column chromatography using hex-
ane/ethylacetate (vol. ratio 50:1) as an eluent. The yield of
compounds8 and9 after separation was 34%.

Methoxyphenyl-substituted di(carbazol-3,9-diyl) with
diphenylamino end-capp (8). Elemental analysis for
C43H31N3O: % calc. N 6.94, C 85.26, H 5.16; % found N
6.82, C 85.13, H 5.22. IR (KBr),�/cm−1: 3073, 2969 (CH,
Ar), 2834 (OCH3), 1588, 1493 (CHCH, Ar), 1274 (C N),
1229, 1067, 998, 789, 747 (CHCH, Ar). 1H NMR (CDCl3),
δ (ppm): 3.87 (s, 3H, OCH3), 6.72–8.95 (m, 28H, Ar). MS,
m/z (%): 606 (100) [M+ + 1], 504 (74) [M+ C6H4(OCH3)],
421 (82) [M+ C6H4(OCH3) 2C6H5].

Methoxyphenyl-substituted ter(carbazol-3,9-diyl) with
diphenylamino end-capp (9). Elemental analysis for
C55H38N4O: % calc. N 7.27, C 85.69, H 4.97; % found
N 7.42, C 85.83, H 4.82. IR (KBr),�/cm−1: 3075,
2970 (C H, Ar), 2834 (OCH3), 1588, 1494 (CHCH,
Ar), 1274 (C N), 1229, 1067, 998, 789, 746 (CHCH,
Ar). 1H NMR (CDCl3), δ (ppm): 3.88 (s, 3H, OCH3),
6.76–8.97 (m, 35H, Ar). MS,m/z (%): 772 (100)
[M+ + 1], 586 (44) [M+ C6H4(OCH3) C6H5], 496 (23)
[M+ C6H5(OCH3) N(C6H5)2].

3. Results and discussion

The synthetic route to well defined carbazol-3,9-diyl-
based oligomers (6–9) is shown inScheme 1. Diphenylamino
end-capped oligomers with secondary amine functions (3–5)
were prepared by the modified Ullmann coupling reaction
of 3-iodo-9H-carbazole (1) with a large excess of dipheny-
lamine (2). The large excess of the amine was used in order
to prevent polycondensation of 3-iodo-9H-carbazole. When
the reaction was over, the excess of diphenylamine was
removed and the crude mixture of oligomer homologues
(3–5) was treated with an excess of iodocompound, i.e.
3-iodo-9-ethylcarbazole orp-iodoanisole by the Ullmann
method, to provide ethyl- or methoxyphenyl-substituted
oligo(carbazol-3,9-diyl)s with diphenylamino end-capp. The
mixture of oligomer homologues was separated to individual
compounds6–9 by adsorption chromatography and further
purified by vacuum sublimation. All the compounds6–9
were identified by mass spectrometry, IR and electronic
absorption, as well as1H NMR spectroscopy and elemental
analysis. The transparent amorphous films of these materials
could be prepared by vacuum deposition or spin coating
from solutions.

Thermal properties of the materials6–9 were examined
using DSC and TGA analysis under a nitrogen atmosphere.
Scheme
 1.



128 S. Grigalevicius et al. / Journal of Photochemistry and Photobiology A: Chemistry 174 (2005) 125–129

Table 1
TGA data of oligomers6–9

Compound TID (◦C) T5% (◦C)

6 326 354
7 372 421
8 360 389
9 383 450

TGA measurements revealed that the oligomers synthesized
exhibit high thermal stability (Table 1). The onset of decom-
position for the materials occurred above 320–380◦C. Espe-
cially high thermal stability was observed for oligomer9
which has the highest molecular weight. The temperature
of initial decomposition (TID) for 9 was 383◦C, and 5%
weight loss temperature (T5%) was observed at 450◦C. It
is evident that the thermal stability of the compounds synthe-
sized increases with the increase of their molecular weight
(cf. TID of 6with that of7, and8with that of9). TID depends
also on the end group of the oligomers. Compounds with 4-
methoxyphenyl-end group exhibited higher thermal stability
than those with ethyl-end group (cf.TID of 6 with that of8,
andTID 7with that of9).

All the oligomers were obtained as amorphous glasses as
confirmed by DSC (Fig. 1). When samples of the oligomers
were heated the glass-transitions were observed at 111◦C
for 6, 154◦C for 7, 123◦C for 8 and at 162◦C for 9, and
no peaks due to crystallization and melting appeared. Cool-
ing down and the following repeated heating revealed only
the glass transitions again. All the attempts to crystallize the
compounds in different solvents failed.

Comparison of the values ofTg shows that increase of the
degree of oligomerization by one unit in the series of oligomer
homologues leads to the increase ofTg by ca. 40◦C. For
example,T of dimer6 is by 43◦C lower than that of trimer
7
i e
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w

F

Fig. 2. UV absorption and FL emission spectra of dilute chloroform solu-
tions (dotted line) and of thin films (solid line) of compound7. λex = 325 nm.

those with ethyl-end group (cf.Tg of 6with that of8, andTg
7with that of9).

The electronic absorption and fluorescence spectra of
dilute chloroform solutions and thin films of compounds6–9
were recorded. As an example, the spectra of oligomer7 are
shown inFig. 2and the pertinent data are presented inTable 2.

The electronic absorption energy of these compounds is
similar, and theλmax values are in the range of 296–299 nm.
Their FL emission maxima appear in the region of wave-
lengths from 419 to 428 nm. The spectra indicate that an
additional carbazol-3,9-diyl group or different end groups in
the compounds make no considerable effect on the electronic
absorption of the synthesized oligomers.

FL emission spectra of the oligomer films are very similar
to the spectra of dilute solutions. This observation shows that
there is no influence of molecular interaction on the excited
state of the molecules in the solid state. This is understandable
as the bulky molecular structure of the carbazol-3,9-diyl-
based oligomers can efficiently prevent the close stacking
of molecules, and thus reduce the extent of molecule interac-
tion in the solid state. The FL quantum yield (ФFL) reaches
0.21 for the film of oligomer7, but it decreases to 0.15–0.16
for thin films of the other compounds.

Compound9 with the highest molecular weight and
the highestTg was subjected to the optoelectronic studies.
Indium tin oxide (ITO) coated glass was used as the substrate
f nic
l ting
p and

T
U
c

C

6
7
8
9

g
, andTg of 8 is by 39◦C lower than that of compound9. It

s also evident that the values ofTg of the compounds can b
aried by changing end group of the oligomers. Compo
ith 4-methoxyphenyl-end group demonstrate higherTg than

ig. 1. DSC curves of the oligomers6–9 at a heating rate of 10◦C/min.
or organic light emitting devices. The stack of orga
ayers on ITO consisted of a thin layer of conduc
olymer PEDT, which was deposited by spin coating

able 2
V absorption and PLa emission maxima, and PL quantum yields (ФFL) of
ompounds6–9

ompound UV:λmax (nm) FL:λmax (nm) ФFL

In solution In film In solution In film In film

298 299 420 423 0.16
296 298 425 428 0.21
297 298 426 422 0.15
297 298 424 425 0.16

a λex = 325 nm.
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Fig. 3. Comparison of FL spectrum of oligomer9 (dotted line) and EL
spectrum of its electroluminescent device (solid line).

served as hole injection layer, and other functional low
molecular weight materials, which were deposited by
thermal evaporation. Earlier described materials TCTA
[9] and CBP[10] were used as hole transport layers in
the devices and TPBI was used as an electron transport
layer [11,12]. The cathode used consisted of a thin LiF
electron injection layer and a thick Al layer as a metal elec-
trode. When a device ITO/PEDT/TCTA(40 nm)/compound
9(30 nm)/TPBI(30 nm)/LiF/Al was fabricated, a blue EL
with a maximum around 425 nm was obtained. This emission
maximum overlapped with the FL emission of a pure9 film
itself (Fig. 3). This implies that the charge recombination
occurs in the layer of oligomer9. The small difference
between the spectra here implies that the recombination
mechanisms of some charge carriers for FL and EL are dif-
ferent and some EL from excimer emission of the oligomer9
is, apparently, observed. A similar phenomenon was reported
for binaphthalene and triarylamine based polymers[13,14].

Low EL quantum efficiency suggested poor balance of
hole and electron currents and/or poor confinement of carri-
ers and excitons in the device. More advanced heterostructure
device: ITO/PEDT/TCTA(20 nm)/CBP(20 nm)/compound
9(30 nm)/TPBI(30 nm)/LiF/Al employing CBP as an addi-
tional hole-transporting layer in combination with TCTA
was then investigated. It was observed that under the presen
configuration the charge recombination occurred also in the
l ns-
p en
t s
a y to
0 age
c tage
o mes
d /m
a -diyl
b

Fig. 4. LED characteristics of multilayer devices: ITO/PEDT/TCTA
(20 nm)/CBP(20 nm)/oligomer9(30 nm)/TPBI(30 nm)/LiF/Al.

In conclusion, a series of new carbazol-3,9-diyl-based
oligomers with high thermal stability and interesting opto-
electronic properties have been synthesized using the
improved Ullmann reaction. The possibility to use these
amorphous materials for blue light emitting devices was
demonstrated.
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