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ABSTRACT Methacrylate monomers functionalized with pendant carbazole and oxadiazole moieties were copolymerized into random
copolymers with varying carbazole/oxadiazole ratios. Specifically, the monomers of 2-(9H-carbazol-9-yl)ethyl 2-methylacrylate (CE)
and 4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl 2-methylacrylate (tBPOP) were copolymerized in various ratios, and the
inherent hole drift mobilities were assessed through time-of-flight techniques. At a field strength of 345 kV/cm, the homopolymer
PCE exhibited a hole mobility of 5.9 × 10-7 cm2/V · s, which was approximately twice the value of the technologically important
poly(9-vinylcarbazole), which exhibited a value of 2.8 × 10-7 cm2/V · s. The range of hole mobilities in the copolymers varied from
2.4 × 10-8 cm2/V · s for copolymers containing 50 mol % of the carbazole-containing monomer residue to 3.0 × 10-7 cm2/V · s for
copolymers that incorporated 88 mol % of the residue. Density functional theory (B3LYP/6-21G*) and optical absorption derived
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of CE were -5.39 and -1.94
eV, respectively, while the corresponding oxadiazole monomer (tBPOP) had a HOMO energy of -5.99 eV and a LUMO energy of
-2.23 eV. The mean luminous efficiency of coumarin 6 doped single-layer devices constructed from the poly(CE-co-tBPOP) copolymers
indicated a relatively flat efficiency of ca. 0.25 cd/A over a wide carbazole mole fraction content of 0.30-0.70.
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1. INTRODUCTION

Technologies involved in the creation of artificial light
have seen a steady increase in their efficiency, with
current incandescent systems typically exhibiting a

luminous efficacy of 10-18 lm/W and current semiconduc-
tor devices that exploit electroluminescence (EL) routinely
surpassing 80-90 lm/W (1). Organic light-emitting devices
(OLEDs) couple the prospect of printable device fabrication
with luminous efficacies greater than 100 lm/W. A typical
OLED consists of, in the following order, a hole-injecting
electrode, a hole-transport layer, an emissive layer, an
electron-transport layer, and an electron-injecting electrode.
Electrons and holes that are injected into the device from
the electrodes recombine in the light-emitting layer, creating
an excited state that decays to the ground state by emitting

a photon. The various layers are typically less than 100 nm
thick, and frequently the charge-transport and emission
functions are combined into a single layer.

In order to construct an OLED with optimal efficiency and
device lifetime, holes and electrons must be injected into the
device at a rate to achieve similar densities of the two
carriers. In a recent effort from our laboratory, methacrylate
copolymers functionalized with pendant carbazole and oxa-
diazole moieties (cf. Figure 1) were synthesized and ex-
ploited in single-layer devices (2). Specifically, the monomers
of 2-(9H-carbazol-9-yl)ethyl 2-methylacrylate (CE) and 4-[5-
(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl 2-methy-
lacrylate (tBPOP) were synthesized and copolymerized in
various CE/tBPOP ratios to explore the photo- and electrolu-
minescent properties of the copolymers, which were re-
ferred to as poly(CEx-co-tBPOP1-x), where x represents the
carbazole content in mol %. These polymeric thin films are
highly resistive, low-mobility solids, and the drift mobilities
of the materials are difficult to measure using general
methods. There is a dearth of information on these poly(CE-
co-tBPOP) copolymers for use in OLEDs, and the current
effort focuses on establishing the inherent hole-mobility
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characteristics through time-of-flight techniques of these
copolymers as a function of the CE/tBPOP ratio.

2. EXPERIMENTAL SECTION
Materials. 2-(4-tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-oxa-

diazole (tBu-PBD), zinc (99.995%, 100 mesh), 3-(2-benzothia-
zolyl)-7-(diethylamino)coumarin (coumarin 6), and calcium
(99.99%) were purchased from Aldrich and used as received.
Poly(9-vinylcarbazole) (PVK; Mw ) 1.1 million) was also pur-
chased from Aldrich and precipitated three times into methanol
prior to use to remove any contaminants. 2-Propanol (70%),
acetone, hydrochloric acid (37%), chlorobenzene (ACS grade),
and potassium hydroxide were purchased from Fisher Scien-
tific. Chlorobenzene was dried over molecular sieves prior to
use. 3,4-Poly(ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT/PSS) was purchased from H. C. Stark and filtered
through a 0.45-µm filter before use. Aluminum (99.99%) was
purchased from Kurt J. Lesker Co. Unpolished ITO-coated float
glass (8-12 Ω · cm) was purchased from Delta Technologies.
The syntheses of the poly(CE-co-tBPOP) copolymers have been
presented elsewhere (2).

Characterization Methods. Absorption spectra of the poly-
mers [diluted to 10 µg/mL in tetrahydrofuran (THF)] were taken
using a Perkin-Elmer Lambda 850 spectrophotometer. Photo-
luminescence (PL) spectra were collected using a Jobin-Yvon
Fluorolog 3-222 Tau spectrometer. All device fabrication and
performance testing was completed in an MBraun Unilab
glovebox under an argon atmosphere (O2 and H2O e 1 ppm).
Polymer films were spun cast onto substrates using a Specialty
Coating Systems G3-P8 spin coater. Cathode deposition was
done in a Denton 502 vacuum evaporation chamber. The
polymer film thickness was measured using a Tencor Instru-
ments Alpha-step 200 profilometer. Current-voltage charac-
teristics of the devices were measured using a Keithley 228A
current-voltage source and a Keithley 2001 digital multimeter.
Luminance measurements were made using a Konica-Minolta
LS-110 luminance meter. For the time-of-flight study, a Photon
Technology International GL 3300 nitrogen laser, a Keithley
6517A electrometer, and an Agilent Technologies 200 MHz
digital storage oscilloscope were employed. The film capaci-
tance was measured using a QuadTech 7600 RLC meter. EL
spectra were obtained in an inert atmosphere using a Jobin
Yvon MicroHR spectrometer coupled to a Jobin Yvon Synapse
CCD detector.

Time-of-Flight Analysis. ITO anodes with a surface area of
3.6 cm2 were patterned on 6.5 cm2 substrates using HCl (with
zinc powder) to etch unwanted ITO. The patterned substrates
were ultrasonicated in acetone and then isopropyl alcohol,
which was followed by an air plasma treatment to remove any
surface contamination. Copolymer solutions (typically 250 mg/
mL) were prepared in an argon atmosphere using dry, degassed
chlorobenzene. Films were spun cast at a speed that would yield
5-15-µm-thick films as measured by contact profilometry. An
aluminum cathode was deposited (base pressure ca. 2 × 10-6

Torr) onto the substrates at 3-5 Å/s to a final thickness of 150
nm. The samples were biased such that ITO was at a positive
potential. An oscilloscope, triggered by a laser, measured the
voltage drop across a variable resistor (set to 25-30 kΩ), which
was connected to an aluminum electrode. A 1-ns pulse of 337-
nm radiation was used to excite the copolymers. Neutral density
filters were employed to keep the energy per laser pulse
between 3 and 15 µJ.

Fabrication and Characterization of OLEDs. ITO anodes
with a surface area of 0.4 cm2 were patterned on 1.6 cm2

substrates using HCl (with zinc powder) to etch unwanted ITO.
The patterned substrates were ultrasonicated in acetone and
then isopropyl alcohol, which was followed by an air plasma
treatment to remove any surface contamination. To aid in hole
injection for polymer/small-molecule blend devices, a 50-70-
nm film of PEDOT/PSS was spun cast onto the substrates and
annealed for 25 min at 85 °C on a hot plate, while copolymer-
based devices did not incorporate PEDOT/PSS. Copolymer
solutions were prepared in an argon atmosphere using dry,
degassed chlorobenzene. Copolymer-based devices had films
that were spun cast at a speed that would yield 100-nm-thick
films as measured by contact profilometry, typically 3000 rpm
from a 40 mg/mL solution, while polymer/small-molecule blend
devices were made from films spun cast at 2000 rpm from
20-40 mg/mL solutions. All polymer solutions used for devices
contained 0.3 wt % coumarin 6. Cathodes were deposited (base
pressure ca. 2 × 10-6 Torr) onto the substrates through a steel
shadow mask that resulted in two 2.5-mm metal strips running
perpendicular to the ITO anode. The cathode consisted of a 30-
nm layer of calcium deposited at 1-2 Å/s and a 100-nm layer
of aluminum deposited at 3-5 Å/s.

Devices were positioned in the glovebox such that the emit-
ting surface was parallel to the collection optics of the luminance
meter, which was outside the glovebox; the typical distance
between an OLED and the luminance meter was ca. 30 cm.
Current-voltage-luminance characteristics were recorded au-
tomatically through the use of a simple BASIC program. Voltage
was ramped in 1 V increments per second, while current and
luminance values were simultaneously recorded.

3. RESULTS AND DISCUSSION
3.1. Charge-Transport Properties. The hole mobil-

ity of PVK, PCE, and the poly(CE-co-tBPOP) copolymers were
measured through time-of-flight experiments. In the current
context, time-of-flight refers to the time required for a hole
to propagate across a thin film under an applied electric field.
The experimental setup utilized for these measurements was
adopted from a previous effort (3). A number of experimen-
tal parameters were controlled to ensure reliable mobility
values, including the energy of the incident light, the time
constant of the resistance × capacitance (RC) circuit, the
removal of the excess charge from the circuit, and the
absorption of the polymer film. Typically, a neutral density
filter with an outside diameter of 3 cm was used to limit the
energy of the nanosecond laser pulse to less than 15 µJ (4).
The RC time constant for the test circuit was controlled by

FIGURE 1. Methacrylate monomers with pendant carbazole [2-(9H-
carbazol-9-yl)ethyl 2-methylacrylate (CE)] and oxadiazole [4-[5-(4-
tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl 2-methylacrylate (tB-
POP)] moieties utilized to form the corresponding random copolymer.
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measuring the capacitance of the polymer films with an
inductor capacitor resistor (LCR) meter using a standard four-
probe configuration and selecting a resistance value from
an inline decade resistor. The resistance value was chosen
to both minimize the time constant of the circuit, to ensure
that the time required to transport the holes across the
polymer film was much longer than the response of
the testing circuit, and maximize the voltage drop across the
sample, to assist in making reliable voltage measurements.
For our experimental configuration, typical transit times
were one to tens of milliseconds, depending on the film
thickness and the applied field. Utilizing a resistor value of
25-30 kΩ resulted in a time constant that was 2-3 orders
of magnitude shorter than the transit time of the holes. To
ensure that any trapped charge in the film was drained to
the ground, the films were left in the dark for 20 min under
bias between experimental runs.

A critical parameter in any time-of-flight experiment is
to ensure that the “sheet” of excitons created by the laser
pulse is much thinner than the total thickness of the polymer
film being studied. The relationship between the film thick-
ness of PVK and absorption at 337 nm is presented in Figure
2a. At least 95% of the incident radiation is absorbed in the
first 800 nm of the PVK film; all polymer films employed in
this effort were 6-10 times thicker than this value.

Figure 2b presents the temporal change in the photoge-
nerated current after a 15-µm-thick PVK film, biased at a
field strength of 345 kV/cm, was pulsed with a 337-nm laser;
hole-transit times were found by inspecting the intersection
of the tangent lines of the curve (4, 5). From Figure 2b, the
hole mobility is 2.8 × 10-7 cm2/V · s for PVK at the above
field strength, a value similar to published data (3, 5-8).

Figure 3 presents hole-mobility values for PVK over a
range of field strengths. In this system, mobility is a ther-
mally activated process where the activation energy de-
creases with an increasing field strength. Hole and electron
mobilities in PVK exhibit an electric field and temperature
dependence that can be described by an empirically derived
relationship of the form

where µ0 is a function of the film composition, � is a constant
coefficient, k is Boltzmann’s constant, ε0 is the activation
energy, E is the electric field magnitude, and Teff is the
effective temperature (3).

Figure 3 also presents the mobility values for PCE and
indicates that this homopolymer exhibits hole mobilities that
are twice as large as those of PVK at similar field strengths;
these measurements were repeated several times and yielded
similar results. In such low-mobility solids, it is expected that
hopping conduction dominates and is characterized by
incoherent jumps of carriers between isolated molecular
sites (9). The underlying reason for the enhanced hole
mobility in PCE relative to PVK is speculated to stem from a
diminished level of excimer formation in PCE. Previous
studies on the hole drift mobility in PVK employed a model
system to establish that a decreasing hole mobility correlated
to an increasing excimer fluorescence yield of the model
compounds (10). It was concluded that charge trapping at
the excimer-forming sites results in a drop in the charge-
carrier mobility.

Previous studies on the PL characteristics of the ho-
mopolymers PVK and PCE, at similar molecular weights and
concentrations, indicate that the spectra are significantly
different between the two polymers (cf. Figure 4), with the
spectrum of PCE being similar to its monomer emission in
the spectral position, shape, and width (2). Conversely, the
spectrum of PVK exhibits significant red tailing, indicative
of excimer emission stemming from the sterically confined
carbazole units along the chain adopting an intramolecular
parallel overlap arrangement (11). Excimer emission in these
carbazole-based polymers requires excimer-forming geom-
etries to exist prior to being excited or to form during the
monomeric excited-state lifetime, and the close proximity

FIGURE 2. (a) Absorption of PVK with film thickness and (b) transient
characteristics of a typical photogenerated current in a PVK film.
Measurements were taken at 23 °C.

FIGURE 3. Hole mobility as a function of the applied electric field
for PVK (x), PCE (b), poly(CE88-co-tBPOP12) (O), poly(CE78-co-tBPOP22)
(4), poly(CE67-co-tBPOP33) (3), and poly(CE50-co-tBPOP50) (0). Mea-
surements were taken at 23 °C.
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of the chromophores can result in the formation of an
excimer between excited-state and spatially adjacent ground-
state chromophores (12). The long linkage from the polymer
backbone to the carbazole ring in PCE, relative to PVK, offers
an enhanced flexibility to the chromophore and diminishes
the probability of parallel ring overlap for excimer formation.
The mutual chromophore separation, orientation, and mo-
bility are vital in controlling the photophysics of polymers
with pendant π-conjugated rings (13, 14).

The hole mobilities of the poly(CE-co-tBPOP) copolymers
were also measured at a range of electric field strengths and
are presented in Figure 3. As the carbazole concentration
in the copolymers is reduced, the overall magnitude of the
hole mobilities in a copolymer diminishes. This is not an
unexpected result because the reduction of carbazoles in the
bulk polymer film would necessarily result in a larger
distance between potential hopping sites for the holes. In
the continuous-time random-walk model, often invoked for
describing charge-carrier transport in an amorphous me-
dium (5), the hopping rate W for charge transport at a set
temperature exhibits an exponential dependence in the
distance between potential sites, i.e., W ∝ e- r/r0, where r is
the distance between hopping sites and r0 characterizes the
range of interaction responsible for hopping. The poly(CE-
co-tBPOP) copolymers have a random sequencing of carba-
zole and oxadiazole monomer residues in the polymer
backbone (2), and the replacement of some portion of the
carbazole moieties with oxadiazole moieties would statisti-
cally raise the value of r between hopping sites.

3.2. EL. EL (cf. Figure 5a) of the copolymers when in
an ITO/polymer/Ca/Al single-layer device appeared to mimic
their corresponding PL responses, with the addition of peaks
at 550 and 605 nm that can be attributed to electromer
emission (15, 16). PL spectra of the copolymer films exhib-
ited a main emission peak at 394 ( 2 nm, with shoulders at
ca. 350 and 370 nm. The shoulders can be largely attributed
to the monomer-like emission of the carbazole-containing

monomer residue, though the oxadiazole contribution is
evident in the 370-nm shoulder with copolymers of decreas-
ing carbazole content (2). The main 394-nm emission peak
is unique to the copolymers, is not present in the homopoly-
mer films, and is suggestive of exciplex formation, through
either intra- or interchain interactions. The appearance of
this new band in the copolymer film emission spectra as
compared to the solution spectra is not accompanied by new
bands in the copolymer PL excitation or absorption spectra,
and the absorption spectra of copolymer films overlay the
solution absorption spectra. These characteristics suggest
that the species responsible for the emission at 394 nm is
not directly accessed optically, an indication of an excited-
state interaction rather than a simple ground-state aggrega-
tion of the chromophores (17, 18).

For optimal performance of a single-layer donor/acceptor-
based OLED, the energy associated with an emission in the
host must be transferred to a fluorescent or phosphorescent
dye through Förster or Dexter energy transfer; i.e., the
emission of the polymer should overlap the absorption of
the dye used in the device. In Figure 5b, the absorbance of
three common fluorescent dyes typically used in PVK/tBu-
PBD systemsscoumarin 1, coumarin 6, and nile redsis
presented. The overlap in absorption of the dyes with the
EL emission of the poly(CE72-co-tBPOP28) device (cf. Figure
5a) is relatively good, with the green (coumarin 6) and red
(nile red) dyes exhibiting a significant level of overlap.
Similar to PVK/tBu-PBD systems, coumarin 6 provides the
highest degree of overlap and was the dye used for this
study. For all devices studied, the polymer solution used for
spin-casting contained 0.3 wt % dye (19).

FIGURE 4. PL spectra of PVK (s) and PCE (-b-) in THF. Solutions
were at a concentration of 1.0 mg/mL; the excitation wavelength
was 315 nm.

FIGURE 5. (a) PL spectrum (s) of poly(CE72-co-tBPOP28) in a chlo-
robenzene solution (1.0 mg/mL; the excitation energy was at a
wavelength of 315 nm) and the corresponding EL spectrum (b) when
in an ITO/polymer/Ca/Al single-layer device. (b) Absorption spectra
of dyes routinely utilized in OLEDs: coumarin 1 (O), coumarin 6 (b),
and nile red (3).
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In order to baseline the performance of the copolymers
in single-layer OLEDs, devices were constructed with either
PVK or PCE, which were physically blended with tBu-PBD
and an EL dye. These devices were fabricated according to
well-established literature techniques and included spin-
casting films from solutions containing polymer, tBu-PBD,
and coumarin 6 onto PEDOT/PSS-coated ITO substrates and,
subsequently, evaporating calcium and aluminum cathodes
onto the assembly (20).

In Figure 6, the mean luminous efficiencies of PCE/tBu-
PBD and PVK/tBu-PBD devices are presented as a function
of the carbazole-to-oxadiazole ratio (21). The overall ef-
ficiency of the PVK-based device is ca. 0.20 cd/A, which is
greater than 0.14 cd/A seen in the PCE-based devices,
though there is significant overlap of the mean values within
the standard deviation. Nonetheless, the maximum ef-
ficiency for the PCE system occurs at a significantly lower
carbazole-to-oxadiazole ratio relative to the PVK-based sys-
tems. While the highest luminance efficiency of the PVK
devices occurs at a carbazole mole fraction of 0.82, a value
similar to what has been reported in previous efforts (19, 22),
the PCE devices are most efficient at a carbazole mole
fraction of 0.67. This latter result seems plausible in light of
the higher hole mobility of PCE relative to PVK (cf. Figure 3)
because the PCE/tBu-PBD systems would require a greater
concentration of tBu-PBD to balance the charge flow.

Figure 7 presents the current-voltage-luminance char-
acteristics of a typical device fabricated with each of the
poly(CE-co-tBPOP) copolymers. The current and luminance
turn-on voltages for each copolymer composition, deter-
mined by the intersection of the tangent lines of the two
linear portions of the curve, are quite similar across the
copolymer compositions. While the carbazole-to-oxadiazole
ratio is certainly important to achieving a balanced charge
flow, it is quite surprising to see the wide range of carbazole-

to-oxadiazole ratios that still give equivalent luminance and
current turn-on voltages.

Table 1 presents the current-voltage-luminance char-
acteristics of a number of devices constructed from copoly-
mers with varying CE/tBPOP ratios. The mean and standard
deviation of the voltage and current, based on a sampling
of 6-8 pixels, were obtained at the maximum observed
luminance of the device. On the basis of the relatively high
turn-on voltages and low luminosities, the performance of
the devices is not optimized relative to single-layer devices
(23, 24) or comparable PVK-based single-layer devices,
although, interestingly, the devices exhibit a minimal de-
pendence on the copolymer composition.

The lack of compositional dependence in the perfor-
mance for the copolymers is apparent in Figure 6, which

FIGURE 6. Mean luminous efficiency with a carbazole-to-oxadiazole
ratio of coumarin 6 doped single-layer devices composed of PVK/
tBu-PBD (×) blends, PCE/tBu-PBD blends (O), and poly(CE-co-tBPOP)
copolymers (b). Curves are guides for the eye. Error bars represent
the standard deviation of the mean based on 6-8 pixels.

FIGURE 7. Luminosity (O) and current (s) at various applied voltages
for ITO/(polymer and coumarin 6)/Ca/Al single-layer devices with
various poly(CE-co-tBPOP) polymers.

Table 1. Current-Voltage-Luminance
Characteristics of Poly(CE-co-tBPOP) Copolymersa

copolymer
voltage

(V)
current
(mA)

luminance
(cd/m2)

poly(CE88-co-tBPOP12) 24 ( 1 7.6 ( 2.2 59 ( 13
poly(CE78-co-tBPOP22) 28 ( 1 2.4 ( 0.5 48 ( 10
poly(CE72-co-tBPOP28) 32 ( 1 1.8 ( 0.9 57 ( 20
poly(CE50-co-tBPOP50) 27 ( 1 2.2 ( 0.6 67 ( 16
poly(CE30-co-tBPOP70) 29 ( 1 1.4 ( 0.4 45 ( 13

a Voltage and current (mean ( standard deviation) based on 6-8
pixels and measured at the observed maximum luminance.

A
R
T
IC

LE

www.acsami.org VOL. 1 • NO. 4 • 875–881 • 2009 879



presents the luminous efficiency of coumarin 6 doped single-
layer devices constructed from the poly(CE-co-tBPOP) co-
polymers compared to PCE/tBu-PBD physical blend devices.
The copolymer-based devices exhibit a relatively flat ef-
ficiency of ca. 0.25 cd/A over a wide carbazole mole fraction
content of 0.30-0.70, dropping to lower efficiencies with
higher carbazole contents. The corresponding PCE/tBu-PBD
blend devices exhibit a peaked luminous efficiency profile
with a maximum of ca. 0.14 cd/A at a carbazole mole
fraction content of 0.67. In fact, the onset point for decreas-
ing efficiency in the copolymer devices appears to coincide
with the maximum efficiency of the blend devices.

3.3. Electronic Structure Calculations. It is well-
known that the energy profile of an OLED (cf. Figure 8) is a
critical design parameter in the successful operation of the
device. The interfaces between electrodes and the materials
in the active layer are central to the performance of the
device because the mismatch between the Fermi energy of
the electrodes and the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
controls the charge injection into the device. The work
function (φw) of the electrodes, relative to the copolymer,
determines the respective barriers to charge injection and
the corresponding turn-on voltage. In these types of systems,
the anode is ITO (φw ) 4.7-4.8 eV) or PEDOT/PSS (φw )
5.05-5.65 eV) (25) coated on ITO, while the cathode is
typically a low work function metal, such as calcium (φw )
2.9 eV) or aluminum (φw ) 4.3 eV). The relatively high
operating voltages observed in the current poly(CE-co-tB-
POP) system may be due to the energy-level mismatch
between the copolymers and the calcium cathode of the
device. To assess this possibility, the electronic properties
of the monomers were calculated by using density functional
theory (DFT) with the 6-21G* basis set. The DFT approach
utilized the three-parameter hybrid-exchange functional of
Beckel and the Lee-Yang-Parr correlation functional (B3LYP)
(26).

Table 2 presents the DFT-derived HOMO-LUMO ener-
gies (relative to a vacuum) for the materials of interest.
Because of computational restrictions, only the monomers
were studied. This is not a limitation in comparing the

calculated systems to the experimental results because
charge transport occurs in these species through hopping
from one moiety (oxadiazole and carbazole) to the next and
its attachment to a polymerizable vinyl or methacrylate
group does not significantly alter its intrinsic electronic
characteristics (9); quantum-mechanical (QM) calculations
on vinylcarbazole (VK) as a monomer and as a trimer did
not indicate significant differences in the electronic charac-
teristics.

On the basis of a simple criterion of matching energetic
profiles, Table 2 indicates that the carbazole-containing
monomer (CE) is an adequate replacement for VK because
its DFT-derived HOMO energy is only 0.06 eV higher, which
is within the thermal energy contribution at a typical device
operating temperature. With DFT calculations, there exists
a linear correlation relationship between the calculated
HOMO/LUMO energies and the experimentally observed
ionization potential (IP) and electron affinity, allowing cal-
culated HOMO and LUMO energies to be used semiquanti-
tatively to estimate the IP and electron affinity (28, 29).
Nonetheless, the agreement between calculated LUMO ener-
gies and experimental electron affinities is often quite poor.
Therefore, Table 2 also presents LUMO energies based on
the difference of DFT-derived HOMO values and the energy
at the experimentally observed optical electronic absorption
band edge. Employing this procedure results in the LUMO
values of tBu-PBD and tBPOP differing by 0.16 eV. Nonethe-
less, there is a significant barrier to electron injection
because of the difference between the electron affinity of
tBPOP (2.23 eV) and the work function of calcium (2.9 eV);
this may account for the relatively high turn-on voltages of
the poly(CE-co-tBPOP) devices (cf. Table 1). This mismatch
will also effect the luminance efficiency because, for a given
copolymer, a maximum recombination probability is ob-
tained when the two carrier concentrations are of equal
level. Optimization of the electrode through its replacement
with another low-work-function metal or the use of a tailored
bilayer electrode (30) may improve the performance of the
current system.

4. CONCLUSIONS
The monomers of CE and tBPOP were copolymerized in

various carbazole-to-oxadiazole ratios, and the inherent hole

FIGURE 8. Schematic depicting a comparison of the energy levels
of different materials utilized in a single-layer OLED. Active layer
values were taken from Table 2.

Table 2. QM Electronic Structure Calculations and
Experimentally Observed Energies of
Charge-Transport Systems (All Energies Are
Expressed in eV)

B3LYP/6-21G*

experimental
∆Eop

a HOMO LUMO ∆E LUMOop
b

VK 3.44 5.39 0.76 4.63 1.94
CE 3.52 5.33 1.31 4.02 1.81
tBu-PBD 3.46 5.85 1.66 4.19 2.39
tBPOP 3.76 5.99 1.66 4.33 2.23

a Electronic absorption band edge. b Value based on the difference
of the calculated HOMO energy and the energy at the experimentally
observed electronic absorption band edge (27).
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drift mobilities were assessed through time-of-flight tech-
niques. At a field strength of 345 kV/cm, the homopolymer
PCE exhibited a hole mobility of 5.9 × 10-7 cm2/V · s, which
was approximately twice the 2.8 × 10- 7 cm2/V · s value
exhibited by the technologically important polymer PVK.
The range of hole mobilities in the copolymers varied from
2.4 × 10-8 cm2/V · s for copolymers containing 50 mol %
of the carbazole-containing monomer residues to 3.0 × 10-7

cm2/V · s for copolymers that incorporated 88 mol % of the
residue. The mean luminous efficiency of coumarin 6 doped
single-layer devices constructed from the poly(CE-co-tBPOP)
copolymers indicated a relatively flat efficiency of ca. 0.25
cd/Aoverawidecarbazolemolefractioncontentof0.30-0.70.
The lack of compositional sensitivity in the copolymer
devices is a benefit to OLED designers, where the ultimate
performance of the device is decoupled from the thermo-
mechancial characteristics of the copolymers, such as the
glass transition or solubility parameter, allowing designers
a wider operational window for fabricating devices.
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