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Two aryl-substituted red emitting pentacenes, 5,6,13,14-tetraphenylpentacene (asym-TPP) and 5,14-
bis(2,6-dimethylphenyl)-6,13-diphenylpentacene (DMPDPP), have been prepared and spectroscopically
characterized. Guest-host films of pentacene derivatives dispersed in tris(quinolin-8-olato)aluminum(III)
(Alq3) exhibit narrow red emission (λmax ) 663-680 nm), indicative of efficient Fo¨rster energy transfer
from the Alq3 host to the guest molecules. Solid-state absolute photoluminescence quantum yields of the
films were measured as a function of guest molecule concentration (ΦPL ∼20% at 0.20-0.50 mol %).
Red light-emitting diodes based on the fluorescent DMPDPP yield external electroluminescence quantum
efficiency (ηEL ∼1%) close to the theoretical limit.

Introduction

Polycyclic aromatic hydrocarbons (PAHs), especially
linear PAHs, have played a major role as electroactive
materials due to their attractive molecular and electronic
structure.1 They exhibit good intermolecularπ-π overlap
in the solid state, normally face-to-edge (herringbone)
packing,2 due to their extendedπ-conjugation and rigid
planarity, which gives rise to high charge carrier mobilities
in the solid state. Pentacene derivatives, linear PAHs
consisting of five laterally fused benzene rings, have been
used as the electronic material of choice in p-type organic
field-effect transistors (OFETs).3-8 Recently, high hole
mobilities (µ > 1 cm2/V s) have been reported for OFETs
based on pentacene.4b,5,6aThis was attributed to the remark-
ably low reorganization energy, which is caused by the small
structural change upon going from the neutral-state geometry
to the charged-state geometry and vice versa.9 In an attempt

to improve solubility and effective solid-state molecular
ordering, Anthony et al. prepared a number of pentacene
derivatives, in which the functional group induces self-
assembly of the aromatic moieties into highly ordered
π-stacked arrays (i.e., enhanced intermolecular orbital over-
lap) leading to high carrier mobilities.6

Pentacene and its derivatives have also been used as the
light-harvesting materials in organic photovoltaic cells
(OPVs)10,11 and as the emitters in organic light-emitting
diodes (OLEDs).12-14 In particular, diaryl-substituted deriva-
tives of pentacene have been used as red emitters in
OLEDs.12-14 Fine-tuning of their emissive properties was
achieved by effectively controlling theπ-conjugation length
through facile substitution at multiple positions while
maintaining their relatively high photoluminescence (PL)
quantum yields.15,16 Although many red emitters based on
the pyran skeleton have been designed, they exhibit poor
color chromaticity (orange-red) due to their broad emission
spectra. More recently, triplet emitters (i.e., phosphorescent
materials) based on rare-earth metal complexes such as
europium(III) chelates17-21 and iridium(III)22-26 and ruthe-

* To whom correspondence should be addressed. E-mail: kafafi@
nrl.navy.mil.

† Also at SFA Inc., Largo, MD 20774.
(1) (a) Watson, M. D.; Fechtenko¨tter, A.; Müllen, K. Chem. ReV. 2001,
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nium(III) complexes,27 have been used to improve the
performance of the red-emitting OLED. For example, a red-
emitting device based on an iridium complex, Ir(1-phenyl-
isoquinolinato)3, shows a very high external electrolumines-
cence (EL) quantum efficiency (ηEL ) 10.3%).26 One of the
main problems of OLEDs based on phosphorescent dyes is
that they typically display rapid decline in EL quantum
efficiency at high current density due to triplet-triplet
annihilation.22,28-29 This is not the case for the OLEDs based
on the fluorescent dyes (i.e., pentacene derivatives) which
exhibit stable EL quantum efficiency that is not dependent
on current densities.12,14,30

Recently, we developed OLEDs based on pentacene
derivatives substituted with alkynyl (ethynyl-tert-butyl and
ethynyl-silane) or aryl (phenyl, 2,6-dimethylphenyl, and
4-tert-butylphenyl) moieties at the 6,13 position of the
pentacene skeleton.12-14 The emission maxima (λmax ) 670
nm) of the pentacene derivatives with alkynyl moieties (DAP
derivatives) dispersed in tris(quinolin-8-olato)aluminum(III)
(Alq3) showed large red-shifts with respect to those incor-
porating the aryl moieties (DPP derivatives). DPP derivatives
exhibited saturated red emission (615-630 nm) with reason-
ably high PL quantum yields (ΦPL ∼30%) when dispersed
in Alq3. In particular, red-emitting devices based on penta-
cene derivatives exhibited external EL quantum efficiencies
(ηEL ) 1.3-1.4%) close to the estimated theoretical limit
(1.5%).12,14

Here, we report on the synthesis and spectroscopic
characterization of pentacene derivatives incorporating ele-
ments of the rubrene (ΦPL ) 100%) molecular structure, in
an effort to increase their PL quantum yields while maintain-
ing their saturated red emission. We first give details with
regard to the synthesis of 5,6,13,14-tetraphenylpentacene
(asym-TPP) and 5,14-bis(2,6-dimethylphenyl)-6,13-diphe-
nylpentacene (DMPDPP), featuring four aryl substituents
asymmetrically affixed to the pentacene core. Then, we
discuss the photo-oxidative and electrochemical stability of
these asymmetrically functionalized pentacene derivatives in
solution followed by their electronic and optical properties
in solution and in the solid-state. Finally, we incorporate them
as active emissive layers in OLED structures and evaluate
their performance.

Experimental Section

General. All commercially available chemicals, reagents, and
solvents were used as received without further purification unless
otherwise stated. Tetrahydrofuran was distilled over sodium/
benzophenone under dry nitrogen, and CH2Cl2 was predried by
standing overnight in hot molecular sieves (4 Å).1H and13C NMR
spectra were recorded on a Bruker 300 MHz NMR spectrometer
using tetramethylsilane (TMS, 0.00 ppm) as the internal reference.
Column chromatography was performed with 32-63 mesh silica
gel. Cyclic voltammetry was performed on a Bioanalytical Systems
Inc. model CV-50W potentiostat in a three-electrode cell with a Pt
counter electrode, a Ag/AgNO3 reference electrode, and a glassy
carbon working electrode at a scan rate of 100 mV/s with 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte in
degassed 1,2-dichlorobenzene solution purged with argon. At the
end of each set of voltammetric experiments, ferrocene (Fc) was
added to the solution in order to correct the observed potential with
a Fc/Fc+ reference potential. Elemental analyses were performed
by Quantitative Technologies Inc. (QTI). Mass spectrometry was
carried out on M-Scan’s VG analytical ZAB 2-SE high field mass
spectrometer. All organic materials were purified prior to use via
duplicate train sublimation (∼5.0 × 10-6 Torr). 5,7,12,14-Tet-
raphenylpentacene (sym-TPP)31 and 6,13-diphenylpentacene-5,14-
quinone (1)32 were synthesized as previously reported.

5,6,13,14-Tetraphenylpentacene-5,14-diol (2).To a round-
bottom flask containing pentacenequinone1 (0.91 g, 1.97 mmol)
was added THF (200 mL) under nitrogen atmosphere. The mixture
was cooled to 0°C and stirred for 15 min. Phenylmagnesium
bromide (19.7 mL of a 1.0 M solution in THF, 19.7 mmol) was
transferred slowly by cannula to the solution of pentacenequinone
1. The resulting dark mixture was warmed to room temperature
and stirred for 1 h. The reaction mixture was refluxed for 5 h,
followed by quenching with aqueous NH4Cl. The organic residue
was subsequently extracted with ethyl acetate, washed with brine,
dried over MgSO4, and concentrated in vacuo to give crude red
solid. The crude product was purified by column chromatography
(silica gel, hexane/chloroform) 1/1) and subsequent recrystalli-
zation from ethyl acetate/hexane to afford pure diol2 (0.36 g, yield
30%).1H NMR (CD2Cl2): δ 7.55-7.59 (dd,J ) 6.5, 3.3 Hz, 2H),
7.51 (s, 2H), 7.25-7.38 (m, 8H), 6.90-7.16 (m, 16H), 6.27 (d,J
) 7.7 Hz, 2H), 3.71 (s, 2H).13C NMR (CD2Cl2): δ 150.4, 141.1,
140.1, 138.3, 136.9, 133.4, 132.0, 131.9, 131.6, 129.2, 128.5, 127.9,
127.7, 127.5, 126.7, 126.3, 126.1, 126.0, 75.8.

5,6,13,14-Tetraphenylpentacene (asym-TPP) (3).To a solution
of diol 2 (0.20 g, 0.32 mmol) in THF (50 mL) was added 3 mL of
aqueous HI (55-57%). Care was taken to ensure the solution was
not exposed to ambient light. The dark mixture was allowed to
react for 10 s, at which point a solid was deposited in the reaction
mixture. After immediate filtering, the solid was washed with
saturated aqueous Na2S2O5 (3 × 100 mL), water (3× 100 mL),
and cold MeOH (3× 100 mL), respectively. The solid was
dissolved in diethyl ether, and the organic layer was washed with
aqueous KOH (1 M) and subsequently with saturated brine. The
organic layer was dried over MgSO4 and concentrated in vacuo at
room temperature. Double recrystallization from diethyl ether/
hexane afforded pure product3 as blue solid (50 mg, yield 27%).
1H NMR (CDCl3): δ 8.01 (s, 2H), 7.55-7.59 (dd,J ) 6.6, 3.1
Hz, 2H), 7.25-7.30 (m, 4H), 6.97-7.21 (m, 18H), 6.85-6.87 (d,
J ) 6.8 Hz, 4H).13C NMR (CDCl3): δ 142.0, 141.9, 136.8, 136.6,
132.6, 132.0, 131.2, 130.1, 129.5, 128.8, 128.5, 127.3, 127.2, 126.7,
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125.9, 125.7, 125.1, 124.9, 124.8. Anal. Calcd for C46H30: C, 94.81;
H, 5.19. Found: C, 94.75; H, 5.17.

5,14-Bis(2,6-dimethylphenyl)-6,13-diphenylpentacene-5,14-
diol (4). Halogen-metal exchange was performed according to the
following procedure:n-BuLi (5.4 mL of a 1.6 M solution in hexane,
8.69 mmol) was added slowly by a syringe to a solution of 2,6-
dimethylphenylbromide (1.36 g, 8.69 mmol) in THF (50 mL) at
-78 °C. After complete addition ofn-BuLi, the mixture was
allowed to stir for 45 min at-78 °C and warmed slowly to room
temperature. The resulting mixture was transferred slowly by
cannula to a solution of pentacenequinone1 (0.40 g, 0.87 mmol)
in THF (200 mL) at 0°C and then warmed to room temperature,
stirred for 30 min then quenched by pouring into aqueous NH4Cl
(200 mL). The mixture was subsequently extracted with ethyl
acetate, washed with brine, dried over MgSO4, and concentrated
in vacuo to yield crude red solid. The crude product was purified
by column chromatography (silica gel, hexane/ethyl acetate) 16/
1) and subsequent recrystallization from ethyl acetate/hexane to
afford pure diol4 (0.25 g, yield 43%).1H NMR (CDCl3): δ 7.48-
7.56 (m, 4H), 7.34-7.44 (m, 4H), 7.21-7.27 (m, 6H), 7.12-7.18
(m, 2H), 6.92-7.03 (m, 4H), 6.69-6.76 (dd,J ) 12, 7.7 Hz, 4H),
6.17-6.21 (d,J ) 7.8 Hz, 2H), 3.51 (s, 2H), 2.28 (s, 6H), 1.93 (s,
6H). 13C NMR (CDCl3): δ 146.4, 139.5, 138.1, 137.9, 137.7, 135.9,
132.8, 131.7, 131.4, 131.2, 130.5, 130.4, 128.2, 128.1, 127.9, 126.9,
126.7, 125.6, 79.8, 25.7, 24.3.

5,14-Bis(2,6-dimethylphenyl)-6,13-diphenylpentacene (DMP-
DPP) (5).To a solution of diol4 (0.22 g, 0.32 mmol) in THF (30
mL) was added 3 mL of aqueous HI (55-57%) in a dark room.
The dark mixture was allowed to react for 1 min, at which point a
solid precipitated. After immediate filtering, the solid was washed
with saturated aqueous Na2S2O5 (3 × 100 mL), water (3× 100
mL), and cold MeOH (3× 100 mL), respectively. The combined
solid was dissolved in diethyl ether, and the organic layer was
washed with aqueous KOH (1 M), followed by brine. The organic
layer was dried over MgSO4 and concentrated in vacuo. Purification
via double train sublimation gave pure product5 as blue solid (54
mg, yield 26%).1H NMR (CDCl3): δ 7.72 (s, 2H), 7.50-7.53 (dd,
J ) 6.6, 3.2 Hz, 2H), 7.02-7.16 (m, 8H), 6.94-6.99 (m, 10H),
6.77-6.80 (d,J ) 7.5 Hz, 4H), 1.67 (s, 12H).13C NMR (CDCl3):
δ 140.9, 140.8, 137.4, 137.1, 135.1, 130.8, 130.1, 130.0, 129.7,
128.5, 127.4, 127.1, 127.0, 126.7, 126.5, 126.1, 125.7, 125.2, 124.9,
21.2. Anal. Calcd for C50H38: C, 94.00; H, 6.00. Found: C, 94.05;
H, 5.98.

Optical Measurements. Spectroscopic grade solvents were
degassed with nitrogen for 2 h prior to the optical measurements.
Absorption spectra were recorded from 200 to 800 nm on a Hewlett-
Packard 8453 spectrophotometer. Fluorescence spectra were ob-
tained with an ISA Fluorolog-3 spectrofluorimeter equipped with
a Xe lamp as an excitation source and were collected in the range
500-800 nm. The photo-oxidative stability of the pentacene
derivatives was investigated by monitoring their optical spectra as
a function of time after exposing samples to ambient air and light.
The initial optical densities for pentacene derivatives in toluene
solutions were∼1.2. The quartz cells containing the toluene
solutions were wrapped with metal foil and sealed to protect from
ambient air and light. The solutions were exposed to ambient air
and light, and their absorption spectra were recorded at specific
time intervals.

Photoluminescence of Composite Films.Thin films of penta-
cene derivatives dispersed in the Alq3 host were prepared by vacuum
deposition and spectroscopically characterized. The films were
prepared inside a vacuum chamber (pressure of 10-7 Torr), by co-
deposition of the guest (pentacene derivatives) and host (Alq3)
molecules from separate resistive heating furnaces onto precleaned

quartz substrates. The deposition rate of the guest and host
molecules was monitored using a quartz crystal microbalance
(nanogram sensitivity) and used to determine the composition and
thickness of the films. The thickness of the composite films was
∼750 nm. Thin films were excited with 325 nm light from a HeCd
laser source, and a GG 375 filter was placed in front of the
collecting fiber to eliminate the scattered excitation light. PL spectra
were obtained both in situ, in a vacuum, and ex situ, in a controlled
atmosphere chamber filled with dry nitrogen using an ISA Spectrum
One CCD (JY Spex). An integrating sphere was used to measure
the absolute PL quantum yields (ΦPL) of the composite films.33

Light intensity scattered within the sphere was collected at the exit
with a silicon photodiode, preceded by a Kodak-Wratten 2B filter
(wavelength cutoff at 385 nm) and measured with an IL 1700
Research Radiometer.

Fabrication and Characterization of OLEDs. OLED devices
were fabricated on glass substrates prepatterned with indium tin
oxide (ITO) (sheet resistance of 30Ω/0). The substrates were
cleaned using a detergent and sonicated in deionized water, acetone,
and 2-propanol, followed by treatment with oxygen plasma. The
hole injection/buffer layer, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, BAYTRON P VP CH 8000), was
spin cast onto the treated ITO substrates and annealed to 130°C
for 5 min prior to mounting the substrates onto the wheel in the
vacuum chamber. The devices were prepared by consecutive vapor
deposition of the organic layers followed by vapor deposition of a
Mg:Ag (∼13:1) alloy film. Figure 1 shows the chemical structures
of the materials and the configuration of the devices used in this
study. Here, 4,4′-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)
serves as the hole transport layer, and Alq3 is used as both the
electron transport layer and the host for the guest molecules (the
pentacene derivatives). The composite films used as the active
emitting layers were prepared by co-deposition of the guest

(33) Mattoussi, H.; Murata, H.; Merritt, C. D.; Iizumi, Y.; Kido, J.; Kafafi,
Z. H. J. Appl. Phys.1999, 86, 2642.

Figure 1. Materials and device structures for OLEDs.
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(pentacene derivatives) and host (Alq3). The metal cathode (Mg:
Ag alloy) was deposited through a shadow mask, affording four
active areas (2× 2 mm2) per substrate. The device structure
consisting of ITO (100 nm)/PEDOT:PSS (80 nm)/NPB (50 nm)/
pentacene-doped Alq3 (35 nm)/Alq3 (35 nm)/Mg:Ag (150 nm) is
shown in Figure 1.

Results and Discussion

Synthesis.Asymmetric pentacene derivatives,asym-TPP
3 and DMPDPP5, were prepared according to the synthetic
route shown in Scheme 1. Pentacenediols2 and 4 were
synthesized via nucleophilic addition of phenylmagnesium
bromide and 2,6-dimethylphenyllithium (prepared by halogen-
metal exchange of 1-bromo-2,6-dimethylbenzene withn-
butyllithium) to pentacenequinone1,32 respectively, with
reasonable chemical yields (30-43%). Initially, the reduction
of diols with tin(II) chloride in aqueous acetic acid, often
used in the conversion of 6,13-diarylpentacenediols to 6,-
13-diarylpentacene derivatives, was attempted but led to
undesirable byproducts without the formation of the asym-
metric pentacene derivatives. After several unsuccessful
trials, the reductive aromatization of pentacenediols2 and4
using hydriodic acid and a brief reaction time (10-60 s) at
room temperature yielded the corresponding asymmetric
pentacene derivatives. Since polyaromatic hydrocarbon
compounds (PAHs) such as anthracene and pentacene
rapidly convert to their transannular peroxides upon

exposure to air and light, the reactions were carried out in
the dark.31b,34

Interestingly, the asymmetric pentacene derivatives formed
in hydriodic acid quickly disappeared, yielding undesirable
byproducts. The HI-catalyzed reductive aromatization ofperi
aryl-substituted pentacenediol2 involves the formation of
asym-TPP3 followed by the spontaneous generation of an
isomeric, ring-fused anthracene derivative3a,35 which is
derived from the acid-catalyzed rearrangement ofasym-TPP
3 (Scheme 2). Similar rearrangement byproducts were
isolated during the syntheses of 1,4,9,10-tetraphenylan-
thracene and rubrene.36,37DMPDPP5 was much more stable
thanasym-TPP3 toward the acid-catalyzed rearrangement
because the sterically hindered xylyl groups effectively
interfered with the cyclization of the adjacent cation.

Spectroscopic Characterization in Solutions.The ab-
sorption and PL spectra of the pentacene derivatives mea-
sured in toluene at room temperature are shown in Figure 2.
These pentacene derivatives can be dissolved (∼10-5 M) in
common organic solvents such as chloroform and toluene

(34) Yamada, M.; Ikemoto, I.; Kuroda, H.Bull. Chem. Soc. Jpn. 1988, 61,
1057.

(35) Some characteristic1H NMR values of compound3a (CDCl3, 300
MHz): δ 8.88 (d,J ) 8.3 Hz, 1H), 8.47 (d,J ) 7.8 Hz, 1H), 7.87
(m, 2H) [C(a), C(b), C(c), and C(d)], 5.41 (s, 1H) [C(e)]. MS (EI+):
m/z 582 (M+).

(36) Dickerman, S. C.; Souza, D.; Wolf, P.J. Org. Chem.1965, 30, 1981.
(37) Hosokawa, T.; Nakano, H.; Takami, K.; Kobiro, K.; Shiga, A.

Tetrahedron Lett.2003, 44, 1175.

Scheme 1. Synthesis of Asymmetric Pentacene Derivativesasym-TPP and DMPDPP

Scheme 2. Proposed Acid-Catalyzed Rearrangement ofasym-TPP
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but in general show slightly lower solubility compared to
6,13-diphenylpentacene (DPP). The absorption and emission
maxima ofasym-TPP and DMPDPP are centered at 636 and
664, and 625 and 650 nm, respectively. Both absorption and
emission maxima of bis(2,6-dimethylphenyl)-substituted pen-
tacene (DMPDPP) are slightly blue-shifted relative to those
of the asymmetrically tetraphenyl-substituted pentacene
(asym-TPP). This blue shift suggests that the steric hindrance
caused by theorthomethyl groups of the 2,6-dimethylphenyl
moiety on DMPDPP may lead to further rotation (out-of-
plane) of the xylyl groups and interrupt the extended
π-conjugation between the pentacene unit and the aryl
substituents. This behavior is similar to and consistent with
the observed blue shift in the absorption and fluorescence
spectra of 6,13-bis(2,6-dimethylphenyl)pentacene (DMPP)
relative to those of 6,13-diphenylpentacene (DPP).14 Both
toluene solutions ofasym-TPP and DMPDPP show relatively
large Stoke shifts (25-28 nm) compared to those of the 6,-
13-diaryl-substituted analogues (3-10 nm), suggesting that
the molecule undergoes considerable molecular rearrange-
ment upon photoexcitation.

Photo-Oxidation Stability in Solutions. The photo-
oxidative stability of 5,7,12,14-tetraphenylpentacene (sym-
TPP),asym-TPP, and DMPDPP was measured using optical
(UV-vis) spectroscopy. Solutions of all pentacene deriva-
tives (initial OD ∼1.2) were exposed to ambient light and
air. Figure 3 shows the depletion of their absorbance maxima
(617, 625, and 636 nm forsym-TPP, asym-TPP, and
DMPDPP, respectively) as a function of time. The asym-
metrically aryl-substituted pentacenes (asym-TPP and DMP-
DPP) containing the aryl groups at the 6- and 13-carbon
positions thus protecting the most reactive sites are much
more stable than thesym-TPP, where photo-oxidation at the
6,13 position can readily occur. The rate constants for the
photo-oxidation processes forsym-TPP, asym-TPP, and
DMPDPP (fitted to an exponential decay) were calculated
to be 6.25× 10-3, 5.06 × 10-4, and 3.90× 10-4 s-1,
respectively. The asymmetric pentacene derivatives,asym-
TPP and DMPDPP, exhibited slightly more than an order
of magnitude smaller photo-oxidation rate constants com-
pared to thesym-TPP. This result demonstrates that thesym-
TPP with the unprotected site, the bare reactive central
carbon, is the most vulnerable to photo-oxidation. Upon

exposure to oxygen, it undergoes rapid conversion toendo-
peroxide.31 DMPDPP proved to be the most photo-oxida-
tively stable of the three compounds. Since the aryl substit-
uents are twisted out of the plane of the adjacent polyacene
unit (large torsion angle),38 the methyl groups of DMPDPP
lying above and below the reactive central carbons impede
the approach of oxygen leading to its enhanced photo-
oxidative stability.14

Electrochemical Study. Cyclic voltammetry (CV) was
applied to measure the oxidation and reduction potentials of
the pentacenes, determine the stability of their oxidized and
reduced forms, and assess the positions of their molecular
orbital energy levels as well as estimate their solid-state
ionization potential, electron affinity, and HOMO (the highest
occupied molecular orbital)-LUMO (the lowest unoccupied
molecular orbital) gaps. The electrochemical properties of
asym-TPP and DMPDPP were investigated using a glassy
carbon electrode versus Ag/AgNO3 in 1,2-dichlorobenzene/
tetrabutylammonium perchlorate (0.1 M). Representative
cyclic voltammograms ofasym-TPP and DMPDPP are
shown in Figure 4 and compared with that of DPP (as a
reference compound). The electronic properties of DPP in
the solid have been characterized using a combination of

(38) Becker, H.-D.; Langer, V.; Sieler, J.; Becker, H.-C.J. Org. Chem.
1992, 57, 1883.

Figure 2. Absorption and PL spectra of (a)asym-TPP and (b) DMPDPP in toluene.

Figure 3. Absorption maxima (normalized to initial value) of toluene
solutions ofsym-TPP (0), asym-TPP (O), and DMPDPP (b) upon exposure
to air as a function of time.
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ultravilolet photoelectron spectroscopy (UPS) and UV-vis
absorption spectroscopy.12 As shown in Figure 4, both one-
electron oxidation and reduction processes for each of the
pentacenes are reversible, demonstrating excellent electro-
chemical stability of their cations and anions. For tetraphenyl-
substitutedasym-TPP, the measured half-wave oxidation
potential (E1/2) is 0.16 V which is smaller than that of DPP
(0.24 V), whereas the half-wave reduction potential is
identical to that of DPP (-1.87 V). This result suggests that
the additional phenyl groups perturb the HOMO energy level
without affecting the LUMO energy level. To gain further
insights (change) into the nature of electrochemical stability
of asymmetrically tetra(aryl)-substituted pentacenes, multi-
scans (4 cycles) of the consecutive oxidation and reduction
processes forasym-TPP were performed (inset in Figure 4).
No change in the CV curve ofasym-TPP was observed in
the range-2.25 to+0.75 V. This result indicates that the
asymmetrically substituted pentacenes are electrochemically
stable which is very important for the long-term operation
of many devices incorporating them such as OFETs, OPVs,
and OLEDs.

Replacing the phenyl group with 2,6-dimethylphenyl
moiety at the 5 and 14 positions on the pentacene backbone
led to an increase in the oxidation potential of DMPDPP
(0.21 V) relative to that ofasym-TPP. On the other hand,
the reduction potential of DMPDPP (-1.89 V) is very similar
to that of asym-TPP. As a result, the estimated HOMO-
LUMO band gap of DMPDPP (2.10 eV) is slightly larger
than that ofasym-TPP (2.03 eV), consistent with the blue
shift observed in their optical spectra. This result confirms
that the steric hindrance introduced by theortho dimeth-
ylphenyl group on DMPDPP disrupts the extendedπ-con-
jugation between the pentacene backbone and the aryl
substituents. The estimated band gaps of the aryl-substituted
pentacenes (2.0-2.1 eV) are also consistent with the
measured optical band gaps (1.9-2.0 eV).

The HOMO and LUMO energy levels of the pentacene
derivatives were estimated according to the empirical
formulasEHOMO ) -e(Eox + 4.8) (eV) andELUMO ) -e(Ered

+ 4.8) (eV) based on an ionization energy (-4.8 eV below
the vacuum level) for ferrocene/ferrocenium (Fc/Fc+).39 They
are summarized in Table 1. As mentioned above, the LUMO
energy levels of the three pentacenes estimated from the
electrochemical data are almost identical (-2.9 eV), and are
similar to that of DPP (derived from the combined UPS data
and the measured optical band gap). In addition, the HOMO
and LUMO energy levels of all three pentacene derivatives
lie within those of the Alq3 host (EHOMO ) -5.53 eV and
ELUMO ) -2.50 eV).40

Spectroscopic Characterization of the Solid Films.
Alq3 was chosen as the host material for the pentacene
derivatives. The emission spectrum of a film of neat Alq3

and the absorption spectra of solutions ofasym-TPP and
DMPDPP are given in Figure 5. The emission spectrum of
Alq3 overlaps well with the absorption spectra of the
pentacene derivatives, which is critical for efficient energy
transfer from the host to the guest molecules.12 A 10 nm
blue shift in the absorption of DMPDPP relative to that of
asym-TPP leads to a slightly better spectral overlap with the
emission of Alq3.

Figure 6 shows the PL spectra of composite films of the
pentacene derivatives dispersed in Alq3 at various guest
concentrations. The PL spectra are dominated by the red
emission from the guest molecules signaling efficient Fo¨rster
energy transfer from the host (Alq3) to guest molecules

(39) Lee, S. H.; Jang, B.-B.; Tsutsui, T.Macromolecules2002, 35, 1356.
(40) Armstrong, N. R. et al.J. Am. Chem. Soc. 1998, 120, 9646.

Figure 4. Cyclic voltammograms ofasym-TPP (green line), DMPDPP (red
line), and DPP (blue line) in 1,2-dichlorobenzene containing Bu4N+ClO4

-

(0.1 M) with a scan rate of 100 mV/s. The inset shows the multiscans of
asym-TPP (4 cycles).

Table 1. Electrochemical Properties of Aryl-Substituted Pentacenes

compd E1/2
ox a (V) E1/2

red a (V) EHOMO
b (eV) ELUMO

b (eV) Eg (eV)

asym-TPP 0.16 -1.87 -4.96 -2.93 2.03
DMPDPP 0.21 -1.89 -5.01 -2.91 2.10
DPP 0.24 -1.87 -5.04 (-5.2)c -2.93 2.11
Alq3 0.73d -2.30d -5.53 -2.50 3.03

a Determined from cyclic voltammetry in 1,2-dichlorobenzene using Ag/
AgNO3 (0.01 M) as a reference electrode at a scan rate of 100 mV/s.
b HOMO and LUMO levels were determined using the following equations:
EHOMO (eV) ) -e(E1/2

ox+ 4.8), ELUMO (eV) ) -e(E1/2
red + 4.8).

c Determined from UPS study.d Reference 40.

Figure 5. PL spectrum of a film of Alq3 (bold line) and absorbance spectra
of asym-TPP (thin line) and DMPDPP (dashed line) in toluene.
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(asym-TPP and DMPDPP).41 Theasym-TPP and DMPDPP
have emission maxima centered at 679 and 663 nm which
are red-shifted (15 and 13 nm, respectively) relative to their
solution values. The differences are likely due to the change
in the dielectric constants of the surrounding solid. The
contribution of Alq3 emission around 550 nm decreases as
the concentration of the pentacene derivatives increases from
0.24 to 2.30 mol %, leading to a purer red emission. A
smaller contribution of the Alq3 emission was observed for
DMPDPP relative to that ofasym-TPP at similar concentra-
tions, which demonstrates more efficient Fo¨rster energy
transfer and is consistent with the better spectral overlap
between the absorption of DMPDPP and the emission of
Alq3.

Figure 7 shows the absolute PL quantum yields (ΦPL) of
films of the pentacene derivatives dispersed in Alq3 as a
function of guest molecule concentrations. The maximum
absolute PL quantum yields ofasym-TPP and DMPDPP are
measured to be 21% and 20%, respectively, at low concen-
trations (0.25-0.50 mol %), and are somewhat lower than
those of their DPP analogues (ΦPL ) 30-32%). Figure 7

shows that the PL quantum yield gradually drops off as the
guest concentration increases, probably due to self-quenching
caused by aggregation.

Electroluminescence Spectra.In Figure 8, the electrolu-
minescence spectra of OLEDs based on the pentacene
derivatives (asym-TPP and DMPDPP) dispersed in Alq3 are
depicted as a function of guest molecule concentrations
(0.24-2.40 mol %). The EL spectra ofasym-TPP are
characterized by a strong red emission peak centered at 679
nm with a smaller one at 743 nm. The contribution from
Alq3 in the EL spectra gradually decreases as the concentra-
tion of the guest molecule increases. The strong emission
observed for DMPDPP is centered at 663 nm with smaller
peaks at longer wavelengths (725-750 nm). The EL spectra
are all similar to the PL spectra of the corresponding
composite films, suggesting that light emission originates
from the same singlet excited states. The CIE (Commission
Internationale de l’Eclairage) chromaticity coordinates for
the OLED based onasym-TPP:Alq3 emitting layer were
estimated to be (x ) 0.60, y ) 0.38) at high guest
concentration (2.40 mol %) (inset in Figure 8a). Using an
OLED based on a DMPDPP:Alq3 emitting layer, a saturated
red emission was achieved with CIE chromaticity coordinates
(x ) 0.67, y ) 0.32), which is very close to the National
Television Standards Committee (NTSC) red specification
(x ) 0.67,y ) 0.33) (inset in Figure 8b).

Further comparison between the EL and PL spectra shows
a smaller contribution from Alq3 in the EL spectra at a given
guest concentration (∼0.50 mol %) (Figure 9). This reduction
in the Alq3 contribution observed in the EL spectra relative
to the PL spectra is observed for both guest molecules ((a)
asym-TPP and (b) DMPDPP), similar to what was previously
reported in OLEDs based on DPP derivatives.12,14 The
smaller contribution from the host in the EL spectra suggests
that another EL mechanism is taking place in addition to
Förster energy transfer from the host to guest, which is the
only operative PL mechanism. Direct carrier (electron-hole)
recombination on the guest molecules is proposed and was
previously reported as the dominant EL mechanism for
OLEDs based on DPP derivatives.12,42,43 The HOMO-
LUMO gap of the guest molecules needs to lie within the

(41) Palilis, L. C.; Melinger, J. S.; Wolak, M. A.; Kafafi, Z. H.J. Phys.
Chem. B2005, 109, 5456.

Figure 6. PL spectra of composite films of (a)asym-TPP and (b) DMPDPP dispersed in Alq3 as a function of guest molecule concentrations, expressed in
mol %.

Figure 7. Absolute PL quantum yields (ΦPL) of films of asym-TPP (O)
and DMPDPP (b) dispersed in Alq3 as a function of guest molecule
concentrations.
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gap of the host matrix in order for this EL mechanism to be
operative. In this case (see insets in Figure 9), the pentacenes
may act as a hole or electron trap, and hopping of the carrier
with the reverse polarity leads to direct electron-hole
recombination on the guest molecules.

J-V Characteristics of OLEDs.The current density (J)
versus voltage (V) characteristics for the OLEDs based on
asym-TPP dispersed in Alq3 are shown in Figure 10 at several
guest molecule concentrations. The results are consistent with
the proposed EL mechanism where the guest molecules act
as charge carrier traps. This is clearly seen in the voltage
dependence on the guest moleculeasym-TPP concentrations
where it increases as a function of the pentacene concentra-
tions. For example, a current density of 100 A/m2 is achieved
at 9 V for the device based on theasym-TPP (0.24 mol %).
At high guest concentration (2.40 mol %), a dramatic increase
in the driving voltage (17.5 V) is required in order to attain
the same current density (100 A/m2).

(42) Kafafi, Z. H.; Murata, H.; Picciolo, L. C.; Mattoussi, H.; Merritt, C.
D.; Iizumi, Y.; Kido, J.Pure Appl. Chem.1999, 71, 2085.

(43) Murata, H.; Merritt C. D.; Kafafi, Z. H.IEEE J. Sel. Top. Quantum
Electron.1998, 4, 119.

Figure 8. EL spectra of OLEDs based on the active emitting layers (a)asym-TPP:Alq3 and (b) DMPDPP:Alq3 at various guest molecule concentrations,
expressed in mol %. The insets show CIE chromaticity coordinates for OLEDs based onasym-TPP (2.40 mol %) and DMPDPP (2.30 mol %) dispersed in
Alq3.

Figure 9. PL (dashed line) and EL (solid line) spectra of the active emitting layers containing 0.50 mol % pentacenes ((a)asym-TPP and (b) DMPDPP)
dispersed in Alq3. The insets show the energy-level diagrams for neat organic films of the guest and host molecules derived from the CV data.

Figure 10. J-V characteristics for OLEDs based onasym-TPP dispersed
in Alq3 as a function of guest molecule concentration, expressed in mol %.
The inset shows the voltage as a function of guest molecule concentration
at a current density of 100 A/m2.
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External EL Quantum Efficiency. The external EL
quantum efficiency (ηEL) for an OLED device may be simply
expressed as44

where R is the light output coupling factor (which is a
function of the refractive index (n) of the emissive medium
R ) 1/2n2), γ is the probability of carrier recombination,ηr

is the singlet to triplet branching ratio governed by spin
statistics, andφPL is the absolute PL quantum yield of the
emissive layer. Using the measuredφPL ∼20% for either
pentacene and assumingR ) 0.20 (n ) 1.7 for Alq3),45 γ )
1.0, andηr ) 0.25, a theoretical limit of∼1% is estimated
for the OLED devices based onasym-TPP and DMPDPP.

As shown in Figure 11, the maximumηEL for the device
based on DMPDPP is measured to be 0.9% (0.70 mol %),
very close to the theoretical limit of 1% (based on fluores-
cence). The external EL quantum efficiencies (ηEL) of the
OLED measured at a current density of 100 A/m2 (Figure
11) show a similar concentration dependence to those of the
PL quantum yields but fall at a slower rate with increasing
concentration, consistent with the proposed additional EL
mechanism, i.e., direct electron-hole recombination on the
pentacene guest molecules.

Conclusion

In summary, we have presented a facile route to synthesize
novel asymmetrically aryl-substituted pentacene derivatives
and successfully incorporated them as red emitters in OLEDs.
Reductive aromatization ofperi aryl-substituted pentacene-
diols to the corresponding pentacenes was optimized using
hydriodic acid with short reaction time at room temperature.
These pentacene derivatives show reasonable photochemical
and electrochemical stability. We demonstrated that OLEDs
based on these fluorescent pentacenes (asym-TPP and
DMPDPP) exhibit an external EL quantum efficiency close
to the estimated theoretical limit (1%) based on their
measured PL quantum yields.
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Figure 11. External EL quantum efficiency as a function of guest molecule
concentration at a current density of 100 A/m2: asym-TPP (O) and
DMPDPP (b).
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