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ABSTRACT: Five new conjugated terpolymers containing 9,9-dihexylfluorene, 10-hexylphenothiazine (HPT)
donor, and 9-fluorenone (FLO) acceptor were synthesized by Suzuki copolymerization and used to study the
effects of competing energy and intramolecular charge transfer processes on the photoluminescence (PL) and
electroluminescence (EL) of multichromophore copolymers. The HPT and FLO moieties were found to act as
emissive exciton traps on the terpolymer chains, leading new blue-green (475-485 nm) and green (520-525
nm) emission bands in addition to the blue (415 nm) emission of the fluorene segments. Additional charge transfer
excited states and associated nonradiative decay channels resulting in factors of 2-4 decrease in the solution PL
quantum yields of the terpolymers emerged due to the HPT moieties. As the emissive materials in light-emitting
diodes (LEDs), the terpolymers showed green to yellow EL with luminances of 1900-8970 cd/m2 and efficiencies
of 0.5-3.5 cd/A that varied with terpolymer composition. As a result of charge trapping within the HPT and
FLO moieties, the EL spectra were very sensitive to the applied voltage, the terpolymer composition, and device
architecture. These results highlight the complex excited-state dynamics encountered upon incorporation of electron-
donating and -accepting moieties in polyfluorenes and have implications for the design of multichromophore EL
copolymers for white LEDs.

Introduction

Emissive semiconductingπ-conjugated polymers are being
extensively investigated as the active elements in organic light-
emitting diodes (OLEDs) for applications in full-color displays
and lighting.1,2 To meet the need for balanced hole (p-type) and
electron (n-type) transport properties in a single polymer, which
is essential to achieving efficient single-layer OLEDs, a common
strategy is the incorporation of electron donor (D) and acceptor
(A) comonomer units on an otherwise unipolar polymer
backbone.1d Introduction of such a D-A chain structure
generally, but not always, leads to significant changes in the
electronic structure of the parent homopolymers, polyD and
polyA, often resulting in shifts in the emission color, which
may or may not be desirable. Additionally, by acting as exciton
and/or charge carrier traps, the D or A moieties can adversely
affect the efficiency of energy and charge transfer processes3

and decrease the photoluminescence (PL) and electrolumines-
cence (EL) efficiencies of the resultant copolymers. This makes
it challenging to design optimum copolymers with balanced
hole/electron transport properties while still retaining the high
solid-state PL quantum yields essential to efficient OLED
performance. It is necessary to understand this interplay between
D/A copolymer chain structure and the optical and electronic
properties to fully exploit the advantages of the copolymerization
strategy. From a fundamental standpoint, it is important to
develop a clear understanding of the often complex excited-
state dynamics encountered in such multicomponent conjugated
copolymer systems.1d,3

Polyfluorenes (PFs) are currently the most widely studied
class of electroluminescent polymers due in part to their

attractive blue light emission, high PL quantum yields in the
solid state,4a,b and easy solution processability.1,4-8 The parent
poly(9,9-dioctylfluorene) (PFO) is a p-type, blue-emitting
polymer with a large band gap of∼3.1 eV, a low electron
affinity (EA ) 2.5 eV), and a high ionization potential (IP)
5.6 eV),5c making it difficult to efficiently inject both electrons
and holes into it from the two opposite electrodes in OLEDs.
To improve the charge-injection and charge-transport properties
(i.e., to lower the IP and increase the EA) of PFO and/or to
tune the emission color, PFs have been copolymerized with
many D/A moieties, resulting in EL copolymers that emit across
the visible spectrum.4e,5a,b,7,8The choice of the D/A comonomers
and their relative amounts govern the extent of intrachain energy/
charge transfer and determine whether the parent blue emission
of PF is retained7 or is red-shifted to green or red colors.8

Recently, there has been a great interest in developing fluorene-
based copolymers for single-layer white OLEDs, where small
amounts of green- and orange/red-emitting D/A comonomers
are incorporated into the blue-emitting PF backbone.9 One of
the main challenges of this approach to white OLEDs is to obtain
voltage-independent EL spectra so as to avoid undesirable shifts
in the white emission CIE coordinates with drive voltage. The
factors that would lead to a bias-independent white EL are not
yet understood; currently, the design of white-emitting copoly-
mers is based on an empirical trial-and-error approach that has
met with varying degrees of success.9 Polyfluorenes and other
conjugated copolymers with donor-acceptor architecture have
also been of much interest as small band gap polymers with
near-infrared absorption for efficient light-harvesting in solar
cells10 and as semiconductors for ambipolar thin film transis-
tors.11 The copolymer chain architecture, D/A strength, and
composition can be expected to critically influence the ground-
and excited-state electronic structures and related energy and* Corresponding author. E-mail: jenekhe@u.washington.edu.
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charge transfer dynamics but are not currently well understood
in such multichromophore conjugated copolymers.

In this paper, we report studies of the effects of intrachain
donor and acceptor moieties on energy and intrachain charge
transfer processes that determine the PL and EL of multichro-
mophoric polyfluorenes by using new model polyfluorene
terpolymers containing 10-hexylphenothiazine (HPT) and 9-flu-
orenone (FLO) as the donor and acceptor moieties, respectively.
The terpolymers were synthesized by Suzuki coupling polym-
erization which ensured achievement of well-defined molecular
structures (Chart 1). Thus, each HPT or FLO moiety is isolated
within the poly(9,9-dihexylfluorene) (PHF) chains, with random
distances between them, allowing us to investigate the energy
transfer dependence on this distribution in D/A distance. A series
of five terpolymers containing 0.5, 1, 2, 4, and 8 mol % each
of both HPT and FLO, denoted FOPT-0.5, FOPT-1, FOPT-2,
FOPT-4, and FOPT-8 (Chart 1), respectively, were investigated.
Our choice of the HPT moiety as the donor stems from prior
studies which demonstrated phenothiazine as an excellent donor
building block in both emissive D-A small molecules12a-d and
polymers.12a,e-g Our previous studies of two phenothiazine-based
polymers, poly(10-hexylphenothiazine-3,7-diyl) (PHPT) and
poly(10-hexylphenothiazine-3,7-diyl-alt-9,9-dihexyl-2,7-fluo-
rene) (PPTF) whose structures are shown in Chart 2, also
demonstrated that phenothiazine effectively lowers the IP of
PHF and acts as a good intrachain emissive hole trap.12e

Fluorenone was chosen as the acceptor on the basis of previous
studies, both theoretical13 and experimental,14 that showed
fluorenone to act as an effective low-energy electron trap on
the PF backbone, leading to the green emission band in blue-
emitting PFs. Although this has been a highly debated subject
in the literature,4b,13,14many studies, including ours on the four
fluorene-fluorenone copolymers14dshown in Chart 2, have now
conclusively shown that the green emission originates from the
on-chain fluorenone moieties due to efficient intra- and inter-
chain energy transfer and strong localization of the excitons on
the fluorenone units.13,14Thus, we anticipate competing energy
transfer and charge carrier trapping effects upon incorporation
of both HPT and FLO moieties on the PHF backbone. Our study
aims to gain insights into the complex excited-state dynamics
of such D/A terpolymers.

Experimental Section

Materials. 9,9-Dihexyl-2,7-dibromofluorene, 9,9-dihexylfluo-
rene-2,7-bis(trimethylene boronate), Aliquat 336, and tetrakis-
(triphenyl)phosphine palladium [Pd(PPh3)4] were purchased from
Aldrich. 10-Hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-
2-yl)-10H-phenothiazine was synthesized from 10-hexyl-3,7-di-
bromophenothiazine according to a reported procedure.15

General Polymerization Procedure for Poly(fluorenone-2,7-
diyl-co-10-hexylphenothiazin-3,7-diyl-co-9,9-dihexyl-2,7-fluo-
rene). In a flask, 9,9-dihexylfluorene-2,7-bis(trimethyleneboronate),
10-hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (total 1.0 mmol), 2,7-dibromofluorenone, 2,7-di-
bromo-9,9-dihexylfluorene (total 1.0 mmol), sodium carbonate (20
mmol, 2.12 g), and 0.05 g of Aliquat 336 were dissolved in a
mixture of toluene (15 mL) and water (10 mL) under argon. Pd-
(PPh3)4 (23 mg) was added. The mixture was stirred for 48 h at
100 °C and then washed with water (50 mL). The copolymer was
first precipitated into methanol/HCl (100/1, v/v) and purified by
precipitation twice from THF solution into methanol/HCl (100/1,
v/v).

FOPT-0.5 Terpolymer. The molar ratio among 9,9-dihexyl-
fluorene-2,7-bis(trimethyleneboronate) (497.3 mg, 0.99 mmol), 10-
hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-phe-
nothiazine (5.4 mg, 0.01 mmol), 9,9-dihexyl-2,7-dibromofluorene
(487.4 mg, 0.99 mmol), and 2,7-dibromofluorenone (3.4 mg, 0.01
mmol) was 49.5/0.5/49.5/0.5. A light yellow copolymer (0.59 g,
89% yield) was obtained after drying in a vacuum oven at 60°C.
1H NMR (TMS, CDCl3), δ (ppm): 7.83 (b, Ar-H), 7.66 (b, Ar-
H), 2.11 (b, CH2-fluorene), 1.14, (b, 6CH2), 0.79 (b, CH3, and
CH2). FT-IR (KBr), ν (cm-1): 2954, 2927, 2856, 1457, 812. GPC
(THF, PSt standard):Mn ) 1.95× 104, Mw/Mn ) 3.28.

FOPT-1 Terpolymer. The molar ratio among 9,9-dihexylfluo-
rene-2,7-bis(trimethyleneboronate) (492.3 mg, 0.98 mmol), 10-
hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (10.7 mg, 0.02 mmol), 9,9-dihexyl-2,7-dibromofluorene
(482.5 mg, 0.98 mmol), and 2,7-dibromofluorenone (6.8 mg, 0.02
mmol) was 49/1/49/1. A yellow copolymer (0.55 g, 82% yield)
was obtained.1H NMR (TMS, CDCl3), δ (ppm): 7.83 (b, Ar-H),
7.66 (b, Ar-H), 2.11 (b, CH2-fluorene), 1.14, (b, CH2), 0.79 (b,
CH3, and CH2). FT-IR (KBr), ν (cm-1): 2954, 2927, 2856, 1457,
812. GPC (THF, PSt standard):Mn ) 1.60× 104, Mw/Mn ) 2.65.

FOPT-2 Terpolymer. The molar ratio among 9,9-dihexylfluo-
rene-2,7-bis(trimethyleneboronate) (482.2 mg, 0.96 mmol), 10-
hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (21.4 mg, 0.04 mmol), 9,9-dihexyl-2,7-dibromofluorene
(472.6 mg, 0.96 mmol), and 2,7-dibromofluorenone (13.5 mg, 0.04
mmol) was 48/2/48/2. A yellow copolymer (0.60 g, 88% yield)
was obtained.1H NMR (TMS, CDCl3), δ (ppm): 7.83 (b, Ar-H),
7.66 (b, Ar-H), 2.11 (b, CH2-fluorene), 1.14, (b, CH2), 0.79 (b,
CH3, and CH2). FT-IR (KBr), ν (cm-1): 2954, 2927, 2856, 1719
(CdO), 1608, 1457, 813. GPC (THF, PSt standard):Mn ) 2.32×
104, Mw/Mn ) 2.98.

FOPT-4 Terpolymer. The molar ratio among 9,9-dihexylfluo-
rene-2,7-bis(trimethyleneboronate) (462.1 mg, 0.92 mmol), 10-
hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (42.8 mg, 0.08 mmol), 9,9-dihexyl-2,7-dibromofluorene
(452.9 mg, 0.92 mmol), and 2,7-dibromofluorenone (27.0 mg, 0.08
mmol) was 46/4/46/4. A yellow copolymer (0.55 g, 85% yield)
was obtained.1H NMR (TMS, CDCl3), δ (ppm): 8.03 (weak b,
Ar-H adjacent to the keto on fluorenone), 7.83 (b, Ar-H), 7.67
(b, Ar-H), 6.99 (b, Ar-H adjacent to nitrogen of phenothiazine),
3.95 (weak b, CH2 attached to nitrogen of phenothiazine), 2.11 (b,
CH2), 1.14, (b, CH2), 0.79 (b, CH3 and CH2). FT-IR (KBr), ν
(cm-1): 2954, 2927, 2856, 1718 (CdO), 1608, 1457, 813. GPC
(THF, PSt standard):Mn ) 2.45× 104, Mw/Mn ) 2.79.

FOPT-8 Terpolymer. The molar ratio among 9,9-dihexylfluo-
rene-2,7-bis(trimethyleneboronate) (421.9 mg, 0.84 mmol), 10-
hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (85.7 mg, 0.16 mmol), 9,9-dihexyl-2,7-dibromofluorene
(413.6 mg, 0.84 mmol), and 2,7-dibromofluorenone (54.1 mg, 0.16
mmol) was 42/8/42/8. A brown copolymer (0.54 g, 85% yield) was

Chart 1

Chart 2
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obtained.1H NMR (TMS, CDCl3), δ (ppm): 8.03 (weak b, Ar-H
adjacent to the keto on fluorenone), 7.83 (b, Ar-H), 7.67 (b, Ar-
H), 6.99 (b, Ar-H adjacent to nitrogen of phenothiazine), 3.95
(weak b, CH2 attached to nitrogen of phenothiazine), 2.11 (b, CH2),
1.14, (b, CH2), 0.79 (b, CH3 and CH2). FT-IR (KBr), ν (cm-1):
2954, 2927, 2856, 1718 (CdO), 1608, 1457, 813. GPC (THF, PSt
standard):Mn ) 2.26× 104, Mw/Mn ) 2.54.

Characterization. FT-IR spectra were obtained on a Perkin-
Elmer FT-IR 1720 infrared spectrophotometer with KBr pellets.
1H NMR spectra were taken at 300 MHz on a Bruker AV301
spectrometer in chloroform-d. GPC analysis of the polymers was
done on a Waters GPC with Shodex gel columns and Waters 150
C refractive index detectors at 30°C with a THF flow rate of 1
mL/min. The molecular weight measurement was calibrated with
polystyrene standards.

Optical Absorption and Photoluminescence Spectroscopy.
Optical absorption spectra were recorded using a Perkin-Elmer
model Lambda 900 UV/vis/near-IR spectrophotometer. Steady-state
PL spectra were acquired on a Photon Technology International
(PTI) Inc. model QM-2001-4 spectrofluorimeter. Thin films for
optical absorption and PL measurements were spin-coated on glass
from toluene solutions of polymers. All the films were dried at 60
°C typically overnight in a vacuum to remove any residual solvent.
The PL quantum yields of the polymers in solution were estimated
by using a 10-5 M solution of 9,10-diphenylanthracene in toluene
as a standard (φPL ) 93%).16

Time-Resolved Photoluminescence Decay Dynamics.Fluo-
rescence decays were measured on a PTI model QM-2001-4
spectrofluorimeter equipped with Strobe Lifetime upgrade. The
instrument utilizes a nanosecond flash lamp as an excitation source
and a stroboscopic detection system. The flash lamp was filled with
a 30/70 v/v mixture of high-purity nitrogen/helium. All measure-
ments were done at room temperature. The decay curves were
analyzed using a multiexponential fitting software provided by the
manufacturer. Reduced chi-square values, Durbin-Watson param-
eters, and weighted residuals were used as the goodness-of-fit
criteria.14d

Fabrication and Characterization of OLEDs. ITO-coated glass
substrates (Delta Technologies Ltd., Stillwater, MN) were cleaned
sequentially in ultrasonic bathes of detergent solution, 2-propanol,
deionized water, and acetone, and then dried at 60°C in a vacuum
overnight. A 75 nm thick poly(ethylenedioxythiophene)/poly-
(styrenesulfonate) blend (PEDOT) hole injection layer was spin-
coated on top of ITO from a∼0.75 wt % dispersion in water and
dried at 200°C for 15 min under a vacuum. Before spin-coating,
the as-received PEDOT solution was diluted by∼25% with 1:1
(v/v) water:2-propanol and was then filtered through 0.45µm PVDF
syringe filters. Three types of OLEDs were fabricated with the
terpolymers as the emissive material, poly(N-vinylcarbazole) (PVK)
as the hole-transport/electron-blocking layer and 1,3,5-tris(N-
phenylbenzimidizol-2-yl)benzene (TPBI) as the electron-transport/
hole-blocking layer: (1) ITO/PEDOT/copolymer/LiF/Al, (2) ITO/

PEDOT/PVK/copolymer/LiF/Al, and (3) ITO/PEDOT/PVK/co-
polymer/TPBI/LiF/Al. A 20 nm thick PVK film was obtained by
spin-coating on top of PEDOT from its 0.5 wt % solution in toluene
and dried in a vacuum at 60°C overnight. Thin films (40-50 nm)
of the copolymers were obtained by spin-coating on top of PEDOT
or PVK from 0.8 wt % solutions in toluene and dried in a vacuum
at 60 °C overnight. The film thicknesses were measured by an
Alpha-Step 500 surface profiler (KLA Tencor, Mountain View, CA)
with an accuracy of(3 nm. Before spin-coating, all the solutions
were filtered through 0.2µm PTFE syringe filters. The underlying
PVK layer remained intact due to the low solubility of PVK in
toluene. 20 nm thick films of TPBI were obtained by evaporation
from resistively heated quartz crucibles at a rate of∼0.2 nm/s in
a vacuum evaporator (Edwards Auto 306) at base pressures of<7
× 10-7 Torr. The chamber was vented with air to load the cathode
materials and pumped back down, and then a 2 nm LiF and a 100
nm thick aluminum layer were sequentially deposited through a
shadow mask without breaking vacuum to form active diode areas
of 0.2 cm2.

Electroluminescence spectra were obtained using a PTI QM-
2001-4 spectrophotometer. Current-voltage characteristics of the
LEDs were measured using a HP4155A semiconductor parameter
analyzer (Yokogawa Hewlett-Packard, Tokyo). The luminance was
simultaneously measured using a model 370 optometer (UDT
instruments, Baltimore, MD) equipped with a calibrated luminance
sensor head (model 211) and a 5× objective lens. For each device
type, two sets of devices were fabricated with a total of 8-10
individual pixel measurements on each copolymer. Although exact
averaging was not done, care was taken to report the data where
the maximum values were an approximate mean of the 8-10
recorded sample space values. The spread in the maximum
brightness values and the maximum drive voltages was found to
be within (10%. The device external quantum efficiencies were
calculated using procedures reported previously.6c,7f All the device
fabrication and characterization steps were done under ambient
laboratory conditions.

Results and Discussion

Synthesis and Characterization.The random terpolymers
poly(fluorenon-2,7-diyl-co-10-hexylphenothiazin-3,7-diyl-co-
9,9-dihexyl-2,7-fluorene)s containing equimolar fractions of
fluorenone (acceptor) and phenothiazine (donor) between 0.5
and 8 mol % were synthesized by Suzuki coupling polymeri-
zation (Scheme 1). The molar ratios of fluorenone and phe-
nothiazine in the copolymers were controlled by adjusting the
molar ratio between 9,9-dihexyl-2,7-dibromofluorene, 2,7-
dibromofluorenone, 9,9-dihexylfluorene-2,7-bis(trimethylenebo-
rate), and 10-hexyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-
2-yl)-10H-phenothiazine while maintaining a 1/1 molar ratio
between the dibromides and the boronate esters. The colors of

Scheme 1
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the terpolymers were light yellow for FOPT-0.5 and FOPT-1,
yellow for FOPT-2 and FOPT-4, and brown for FOPT-8. All
the terpolymers were soluble in organic solvents such as
chloroform, toluene, and tetrahydrofuran. The terpolymers have
number-average molecular weights (Mn, GPC, polystyrene
calibration) between 16 000 and 24 500, as shown in Table 1.
The number-average degree of polymerization (DPn) was in the
range 77-99.

Figure 1 shows the FT-IR spectra of two terpolymers FOPT-4
and FOPT-8. Two main vibrational bands located at 1719 and
1448 cm-1 are characteristic of the CdO stretch in fluorenone
moiety and the aromatic CdC, respectively.14dThe peak at 1606
cm-1 is related to the fluorenone moiety and assigned to a
stretching mode of an asymmetrically substituted benzene
ring.14d With increasing fluorenone amount in the terpolymers,
the relative intensity of the keto vibration band at 1719 cm-1

increased. The structures of the terpolymers were also confirmed
by 1H NMR spectra. The1H NMR spectra of FOPT-4 and
FOPT-8 and their assignment, shown in Figure 2, are consistent
with the proposed structures. A small peak at 8.03 ppm due to
the aromatic proton adjacent to the keto group in fluorenone
was observed in the spectra of FOPT-4 and FOPT-8, but not in
FOPT-2, FOPT-1, and FOPT-0.5 because of the low concentra-
tion of fluorenone. With the increase of the phenothiazine
fraction in the terpolymers, two new peaks appeared at 3.95
and 6.99 ppm; the former was assigned to the methylene proton
adjacent to the nitrogen in the phenothiazine ring, and the latter
was assigned to the aromatic proton in the phenothiazine ring
adjacent to the nitrogen atom.12e

Steady-State Photophysics. a. Solutions.Figure 3a shows
the normalized optical absorption spectra of dilute (10-5 M)
toluene solutions of PHF homopolymer and the five FOPT
terpolymers. The main absorption band progressively blue-shifts
from 386 nm in PHF homopolymer to 379 nm in FOPT-8 with
increasing fraction of phenothiazine and fluorenone. This band
is associated with theπ-π* transition of the polyfluorene
backbone.4a A very weak absorption band extending from 430

to 500 nm is observed in all the FOPT terpolymers; the intensity
of this band increases with increasing fluorenone content from
FOPT-0.5 to FOPT-8, as shown in the inset of Figure 3a. This
broad absorption band is likely related to the intramolecular
charge transfer (ICT) transition between fluorene and fluorenone
moieties, similar to that observed in fluorene-fluorenone
copolymers previously reported.14d,gThe phenothiazine moiety
appears to have no clearly observable modification of the PF
absorption band.

Figure 3b shows the photoluminescence (PL) emission spectra
of PHF homopolymer, PPTF copolymer, and the five terpoly-
mers in 10-6 M toluene solutions, normalized relative to the
blue peak. The PL spectrum of PHF shows the typical well-
resolved blue emission with peaks at 414 and 437 nm. In
addition to these two peaks, the FOPT terpolymers have two
other emission features in their PL spectra: a blue-green band
centered at 475-485 nm and a green band centered at 520-
525 nm. The relative intensity of these two additional bands
grows along with a gradual red shift with increasing phenothi-
azine and fluorenone concentration in the copolymers, finally
becoming 1.6 and 2.0 times the intensity of the blue band at
414 nm in FOPT-8. These are thus clearly associated with the
phenothiazine and fluorenone moieties on the terpolymer chains.
The blue-green emission in the terpolymers is identical to the
emission of the alternating phenothiazine-fluorene copolymer
PPTF (PL maximum at 485 nm) whose PL spectrum is also
shown in Figure 3b. Thus, this emission peak can be assigned
to the phenothiazine-fluorene conjugated segments in the
terpolymers. Intrachain energy transfer from the high-energy
fluorene segments to the low-energy phenothiazine-containing
segments is responsible for this emission, given the small
concentration of phenothiazine in the terpolymers. In the
alternating PPTF copolymer, the blue emission bands (414 and
437 nm) are completely suppressed in dilute solution;12e

however, in the FOPT terpolymers, the blue emission persists
due to the much lower fraction (e8 mol %) of phenothiazine
in them. The green emission (520-525 nm) in the FOPT
terpolymers can be assigned to the intramolecular charge transfer
(ICT) excited state associated with the on-chain fluorenone
moieties.13a,14gThe intrachain excitation energy transfer from
the fluorene segments to the fluorenone-containing segments
populates this ICT excited state. This green band is blue-shifted
by 10-15 nm relative to the 535 nm band that was previously
observed in the fluorene-fluorenone copolymers in toluene

Table 1. Molecular Weights of the Terpolymers

terpolymer

fluorenone and
phenothiazine fraction

(%, mol/mol)
Mn

a

(×104) Mw/Mn
a DPn

b

FOPT-0.5 0.5 1.95 3.28 99
FOPT-1 1.0 1.60 2.65 80
FOPT-2 2.0 2.32 2.98 90
FOPT-4 4.0 2.45 2.79 87
FOPT-8 8.0 2.26 2.54 77

a Measured by GPC using PSt standards.b Degree of polymerization)
Mn/MWDHF.

Figure 1. FT-IR spectra of terpolymers FOPT-4 and FOPT-8.

Figure 2. 1H NMR spectra of terpolymers FOPT-4 and FOPT-8.
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solution.14d Three distinct spectral features are thus observed
in the PL emission of the FOPT terpolymers upon excitation
of the high-energy fluorene segments at 380 nm: (i) the blue
emission (414 and 437 nm) from the fluorene segments, (ii)
the blue-green emission (475-485 nm) from the phenothiazine-
containing segments due to intrachain energy transfer, and (iii)
the green charge transfer emission (520-525 nm) from the
fluorenone-containing segments arising from intrachain energy
transfer from the fluorene segments.

To investigate the effect of the solvent polarity on the charge
transfer photophysics of the FOPT terpolymers, their PL
emission spectra were also acquired in dichloromethane which

has a higher dielectric constant (ε ) 8.93) compared to toluene
(ε ) 2.38).17 Figure 3c shows the PL emission spectra of all
the polymers in 10-6 M dichloromethane solutions, normalized
relative to the blue peak. Two blue emission features at 415
and 438 nm associated with the polyfluorene backbone are
observed in the FOPT terpolymers. In addition, a blue-green
band (485-492 nm) is observed. However, unlike the emission
spectra in toluene, the green emission feature (520-525 nm) is
absent in all the FOPT terpolymers in dichloromethane. The
blue-green emission increases in intensity and progressively red-
shifts in going from FOPT-0.5 to FOPT-8. In each terpolymer,
the intensity of the blue-green emission band relative to the blue
peak is nearly identical in both toluene and dichloromethane;
the position of this emission peak is red-shifted by 7-10 nm in
the more polar environment of dichloromethane. The alternating
copolymer PPTF has an emission maximum at 491 nm in
dichloromethane, which is also red-shifted by 6 nm compared
to toluene. The observed red shift in the emission band with
increase in solvent polarity is due to a small degree of ICT
character associated with the excited state delocalized over
phenothiazine-fluorene segments. Charge transfer excited states
have been observed in alternating fluorene copolymers contain-
ing strong electron donors such as triarylamines.18 Since
phenothiazine is a strong electron donor, it is able to form charge
transfer states with fluorene as a weak acceptor. In the fluorene-
fluorenone pair, fluorenone is a strong electron acceptor and
fluorene acts as the electron donor. Fluorene has a much stronger
electron-donating character than an electron-accepting character.
Thus, the excited-state charge transfer character associated with
the phenothiazine-fluorene segments is expected to be much
weaker compared to that associated with the fluorenone-
fluorene segments. Hence, the blue-green emission from the
phenothiazine-containing segments has the same intensity in
both dichloromethane and toluene. On the other hand, the green
emission (520-525 nm) associated with the fluorenone-contain-
ing segments is drastically quenched in the high-polarity
environment of dichloromethane. Such dramatic quenching of
the green fluorenone emission band in high-polarity solvents
has been previously observed in other fluorene-fluorenone
copolymers.14g

It is well-known that increased excited-state ICT character
reduces the PL quantum yield (φf) of emissive conjugated
copolymers.12a,13aFor example, the PL quantum yield steadily
decreased with increasing amount of fluorenone in fluorene-
fluorenone copolymers.14dThe estimatedφf values of the current
polymers in 10-6 M toluene solutions were 1, 0.58, 0.50, 0.28,
0.13, and 0.07 for PHF, FOPT-0.5, FOPT-1, FOPT-2, FOPT-
4, and FOPT-8, respectively. It is interesting to note that, except
for FOPT-0.5, theφf values scale almost linearly with the
amount of phenothiazine/fluorenone incorporated in the ter-
polymers. Theseφf values are factors of 2-4 lower compared
to those of corresponding fluorene-fluorenone copolymers that
only contained 1-10 mol % of fluorenone moieties.14d The
presence of the phenothiazine donor moieties in the terpolymers
creates additional charge transfer excited states and the associ-
ated nonradiative decay channels, resulting in the observed
decrease in the PL quantum yields of the terpolymers.

b. Thin Films. The normalized optical absorption spectra of
thin films of PHF and the five FOPT terpolymers are shown in
Figure 4a. With increasing amounts of fluorenone and phe-
nothiazine, the absorption maximum steadily blue-shifts from
384 nm in PHF to 378 nm in FOPT-8 and the charge transfer
absorption band at∼430-500 nm slightly increases. Similar
to dilute solution, the low-energy absorption band is very weak

Figure 3. (a) Optical absorption spectra of 10-5 M solutions of PHF
and the terpolymers in toluene. The inset shows the same absorption
spectra on a magnified scale. Normalized PL emission spectra of 10-6

M solutions of the polymers in toluene (b) and dichloromethane (c)
under 380 nm excitation.
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due to the low concentration of fluorenone in the copolymers
and the associated low oscillator strengths. The presence of
phenothiazine units is likely manifested in the increased
absorption at 300 nm; the phenothiazine homopolymer PHPT
had a strong absorption below 300 nm.12e

Figure 4b shows the PL emission spectra of the polymer thin
films, normalized relative to their respective dominant emission
band. The PHF spectrum shows typical blue emission with two
distinct peaks at 428 and 449 nm. All the FOPT terpolymer
thin films, on the other hand, have significantly red-shifted
emission maxima ranging from 531 to 569 nm, thereby emitting
green to yellow light. There is additional emission in the 460-

490 nm region in the FOPT terpolymer thin films, which was
clearly absent in the fluorene-fluorenone copolymer solid-state
emission,14d suggesting that it is related to the phenothiazine
moieties. We note that the two phenothiazine copolymers PHPT
and PPTF had their emission maxima at 490 nm in the solid
state.12eThe blue emission is drastically quenched with increas-
ing fluorenone and phenothiazine concentration in the FOPT
terpolymers to the extent that it is barely discernible in the
emission spectrum of FOPT-4 and FOPT-8 thin films. The
reason for this dramatic quenching is the very efficient interchain
energy transfer to the low-energy emissive traps due to the
increased interchain interactions in the solid state.14a,b,d,e,19,20The
extent of this quenching in the terpolymers is larger compared
to that observed in thin films of fluorene-fluorenone copoly-
mers. For example, the blue emission band was 20% of the
intensity of the green band in the copolymer containing only 1
mol % fluorenone (1-FO),14d whereas it is only 10% of the
intensity of the green band in FOPT-1, which contains 1 mol
% of both fluorenone and phenothiazine. Thus, the presence of
the phenothiazine moieties in the terpolymers further quenches
the blue emission of the fluorene segments.

The solid-state PL emission maxima in these FOPT terpoly-
mers are more red-shifted compared to those of the fluorene-
fluorenone copolymers. The lowest-energy emission peak in the
terpolymers varies from 531 nm in FOPT-0.5 to 534, 540, 553,
and 569 nm for FOPT-1, FOPT-2, FOPT-4, and FOPT-8 thin
films, respectively. In comparison, the PL emission maximum
in the FO copolymer containing 10 mol % fluorenone (10-FO)
was at 546 nm.14dThus, the PL emission peak of FOPT-8, which
contains only 8 mol % of both fluorenone and phenothiazine,
is red-shifted by 23 nm relative to 10-FO. As mentioned
previously, these low-energy emissions are due to charge transfer
transitions centered on the fluorenone moieties. In the case of
10-FO, fluorene was the donor component with fluorenone being
the acceptor. In the FOPT-8 terpolymer, while the acceptor is
still fluorenone, the donor is a combination of both fluorene
and phenothiazine. Because of the much stronger electron-
donating strength of phenothiazine, the charge transfer emission
of FOPT-8 is red-shifted compared to 10-FO.

Figure 4c shows the PL emission spectra of the terpolymer
thin films, normalized relative to the blue peak at 424 nm. The
ratio of green:blue emission is 5:1, 10:1, 24:1, 63:1, and 124:1,
for FOPT-0.5, FOPT-1, FOPT-2, FOPT-4, and FOPT-8, re-
spectively. Similar to the observed variations in the PL quantum
yields of the terpolymers in dilute solution, the intensity of the
lowest-energy emission in thin films also scales almost linearly
with the amount of fluorenone/phenothiazine incorporated in
the terpolymers. Compared to the fluorene-fluorenone copoly-
mers, the blue emission is much more quenched in the FOPT
terpolymers, particularly in those containing higher fractions
of phenothiazine. This is due to the phenothiazine moieties
acting as additional energy sinks for the excitation energy on
the blue-emitting fluorene segments. The solid-state emission
characteristics of the FOPT terpolymers are thus governed by
competing intra- and interchain energy transfer processes from
the high-energy fluorene segments to two different low-energy
emissive traps, viz., fluorene-fluorenone and fluorene-phe-
nothiazine segments.

Time-Resolved PL Decay Dynamics.To further shed light
on the excited-state dynamics of the terpolymers, the fluores-
cence decays of the emission bands were investigated in
solutions and thin films of the polymers. The time-resolved PL
decay parameters in dilute toluene solution are summarized in
Table 2. In dilute toluene solution (10-6 M), the decay of the

Figure 4. (a) Normalized absorption spectra of thin films of PHF and
the five terpolymers. (b) PL emission spectra of polymer thin films
normalized relative to their respective dominant peak. (c) PL emission
spectra of terpolymer thin films normalized relative to the blue emission
at 424 nm. The excitation wavelength was 380 nm.
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blue emission (414 nm) in the PHF homopolymer and the
terpolymers was well-described by a single-exponential fit with
short lifetimes ranging from 300 to 360 ps, which matches well
with the singlet intrachain exciton lifetimes of polyfluorenes.21

The FOPT terpolymers had two other (blue-green and green)
emission bands in toluene solution (Figure 3b). Figure 5a shows
the representative decay curves of FOPT-4 in 10-6 M toluene
for each of its three emission bands. The blue-green emission
(∼475-485 nm) also gave a single-exponential decay with a
longer lifetime of 0.7-1.36 ns; the lifetime steadily increased
from 0.7 ns in FOPT-0.5 to 1.36 ns in FOPT-8 with increasing
phenothiazine and fluorenone content. Identical lifetimes of 1.5
ns were obtained for the blue-green emission of PHPT (472
nm) and PPTF (485 nm). These lifetimes are consistent with
the previous assignment of the blue-green emission to the
phenothiazine moieties. It appears that the lifetime in the FOPT
terpolymers is approaching the 1.5 ns lifetime in PPTF with
increasing phenothiazine content from 0.5 to 8 mol %.

The PL decay of the green emission (520-524 nm) of the
terpolymers needed two exponentials to obtain acceptable fits;
single-exponential fits gave highø2 values greater than 4. The
dominant component had a relatively short lifetime of∼0.7-
1.2 ns, and the minor component had a longer lifetime of∼3.4-
5.0 ns. In each terpolymer, the shorter lifetime matched fairly
well with the lifetime of its blue-green emission, implying that
it originates from the phenothiazine moiety. The longer lifetimes
are similar to those reported for fluorenone emission in
fluorene-fluorenone copolymers;14d,gthe relative amplitude of
this long-lifetime component increases with increasing fluo-
renone fraction from FOPT-0.5 (13%) to FOPT-8 (28%). These
results suggest that the green emission in the terpolymers is a
combination of emission from two different sites on the
terpolymer chains: the phenothiazine-containing segments and
the fluorenone-containing segments. This is depicted in Figure
5b, which shows the steady-state PL emission spectrum of
FOPT-4 along with its molecular structure. With excitation at
381 nm, the fluorene segments are selectively excited, and
subsequently the excitation hops along the terpolymer chain
(within the lifetime of the fluorene excitation) until it finds either
the low-energy phenothiazine or fluorenone traps giving rise
to the blue-green or green emissions, respectively. As the
phenothiazine and fluorenone concentrations in the terpolymer
increase, the average distance between the photoexcited fluorene
segments and the traps decreases, making the intrachain energy
transfer process more efficient. The relative chance of trapping
on the fluorenone moieties increases with increasing fluorenone
content from FOPT-0.5 to FOPT-8. We note that two very fast
components with lifetimes of 10-30 and 70-200 ps were
recently reported for fluorene-fluorenone copolymers in toluene
solution, and the latter component was assigned to this process
of excitation energy migration along the polymer chain.22 These
lifetimes cannot be resolved in our measurements since they
are well below the time resolution of our experimental setup.

The PL decay parameters of all the polymer thin films are
collected in Table 3. The decay of the blue emission at 426 nm
in PHF was single-exponential with a short lifetime of 395 ps.
The blue-green emission of PHPT and PPTF had lifetimes of
530 ps and 1.04 ns, respectively, and were also well described
by single-exponential kinetics. These lifetimes are shorter than
those in solution due to the additional nonradiative channels

Table 2. PL Decay Parameters and PL Quantum Yields of the
Polymers in 10-6 M Toluene Solutionsa

polymer
λem

b

(nm) fitc
τ1 (A1)c

ns (%)
τ2 (A2)c

ns (%) ø2 DWd
φf

(%)

PHF 414 F1 0.360 (100) 1.13 1.75 100
PHPT 472 F1 1.50 (100) 1.18 1.75
PPTF 485 F1 1.50 (100) 1.00 1.98
FOPT-0.5 414 F1 0.302 (100) 1.30 1.94 58

474 F1 0.707 (100) 1.35 1.50
520 F2 0.785 (87) 3.67 (13) 0.91 2.17

FOPT-1 414 F1 0.296 (100) 2.27 1.75 50
474 F1 0.700 (100) 1.60 1.51
520 F2 0.737 (82) 3.42 (18) 0.88 2.00

FOPT-2 414 F1 0.342 (100) 1.18 1.90 28
480 F1 1.24 (100) 1.16 1.85
520 F2 1.15 (81) 4.12 (19) 1.04 1.93

FOPT-4 414 F1 0.341 (100) 1.09 1.50 13
483 F1 1.35 (100) 0.91 1.80
523 F2 1.07 (78) 4.67 (22) 1.02 1.91

FOPT-8 414 F1 0.358 (100) 1.08 2.15 7
483 F1 1.36 (100) 1.13 1.95
524 F2 1.17 (72) 4.93 (28) 0.93 1.95

a Excitation wavelength used) 381 nm.b Monitored emission wave-
length.c F1 ) single-exponential fit; F2) biexponential fit.c A1 and A2

represent the % amplitude of the lifetime.d Durbin-Watson parameter for
the fits.

Figure 5. (a) PL decay curves of FOPT-4 in 10-6 M toluene solution with 381 nm excitation. IRF denotes the instrument response function. (b)
The steady-state PL emission spectrum of FOPT-4 in 10-6 M toluene and assignment of the observed three emission bands to the three different
conjugated segments (shown by dotted lines) on the terpolymer backbone.
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generally encountered in the solid state. In the FOPT terpolymer
thin films, the decays of the dominant green-yellow emission
bands were well-described by biexponential fits, similar to dilute
solution. The dominant component had relatively short lifetimes
of less than 350 ps, whereas the minor component had much
longer lifetimes of∼4.8-6.5 ns. Unambiguous assignment of
the short-lived component is not trivial; it is likely associated
with the transitions centered on the phenothiazine-containing
segments. With increasing fluorenone fraction in the terpoly-
mers, the lifetime and the amplitude of the long-lived component
decreased from 6.5 ns (19%) in FOPT-0.5 to 4.77 ns (6%) in
FOPT-8. This is the exact opposite of the trend observed in
dilute toluene solution (Table 2). Given that this long-lived
species is associated with the charge transfer transition of the
fluorene-fluorenone segments, the decreasing relative ampli-
tudes suggest that energy funneling to the fluorenone units
decreases with increasing phenothiazine content in the FOPT
terpolymers. Thus, in contrast to the situation in dilute solution,
the phenothiazine moieties appear to dominate the emissions
in the terpolymer thin films. We note that the PL decays of the
low-energy emission bands in all fluorene-fluorenone copoly-
mer thin films were well-described by single-exponential fits,14d

implying the presence of only one type of emitting species, viz.,
the charge transfer excited state of fluorenone. The incorporation
of phenothiazine moieties in the terpolymers leads to additional
pathways for excited-state depopulation which compete with
the fluorenone moieties for the excitation energy.

Electroluminescence.Figure 6 shows the electrolumines-
cence (EL) spectra, normalized relative to the blue emission
band (420-424 nm), of single-layer OLEDs of the type ITO/
PEDOT/terpolymer/LiF/Al based on the five terpolymers. The
EL spectra of all the terpolymers are very dependent on the
applied voltage. For example, consider the EL spectra of
FOPT-1 shown in Figure 6b which have two emission bands, a
blue band at 421 nm and a green band at 527-531 nm, whose
positions match well with the thin film PL emission (Figure
4b). At the lowest voltage (6.0 V), the green peak (531 nm) is
1.5 times the intensity of the blue peak. At 8.0 V, the green
peak increases to nearly 8 times the intensity of the blue peak.
At higher voltages (>8 V), the green peak steadily gets
suppressed; the green:blue intensity decreases from 6.5 to 5 to
4.3 with increasing voltage from 9 to 10 to 11 V, respectively.
A similar variation in the green:blue EL intensity with voltage
is observed in the EL spectra of the other terpolymers. The blue
band gets significantly quenched with increasing phenothiazine
and fluorenone content, as seen in parts c-e of Figure 6. The
green:blue emission ratio in EL of the terpolymers exceeds that
in PL for FOPT-0.5, FOPT-2, and FOPT-4. In the case of
FOPT-1 and FOPT-8, however, the maximum green:blue
emission ratio in EL is lower than that seen in their thin film
PL emission.

The variation in the green:blue EL ratio as a function of the
applied electric field is shown in Figure 6f for the five
terpolymers. In general, the emission ratio increases with
increasing fluorenone and phenothiazine content in the terpoly-
mers. In each terpolymer, a steady increase in the green:blue
emission ratio with electric field is observed up to a point, above
which there is saturation and subsequent decrease with increas-
ing field strength. The electric field at which the above transition
occurs varies with the terpolymer composition. In FOPT-0.5
and FOPT-2, the transition field is∼1.4 MV/cm; in FOPT-1,
FOPT-4, and FOPT-8, it is∼2-2.2 MV/cm. This decrease in
the green:blue ratio at higher voltages is in contrast to the trend
previously observed in fluorene-fluorenone copolymers where
the green:blue EL ratio steadily increased with increasing voltage
(electric field) up to the maximum operating voltage.14d The
extent of decrease in the green:blue ratio increases with
increasing phenothiazine/fluorenone content in the terpolymer.
For example, in FOPT-0.5, the ratio varies from a maximum
value of 9.8 (at 1.4 MV/cm) to 4.3 (at 2.4 MV/cm) at the highest
electric field, corresponding to a decrease by 56%. On the other
hand, in FOPT-4, the ratio decreases from a maximum value
of 167 (at 2.0 MV/cm) to 31 (at 2.9 MV/cm), corresponding to
a drop of 81%.

To understand the reasons for this variation in the green:
blue EL ratio, we need to consider the electronic structure of
the terpolymers. Previous experimental and theoretical studies
have shown that phenothiazine (HPT) and fluorenone (FLO)
moieties act as hole and electron traps on poly(9,9-dihexylfluo-
rene) (PHF) chains, respectively.12,13,23The depth of the traps
and the radiative recombination efficiency on each emissive trap
will determine the ratio of the blue fluorene emission to the
low-energy trap emission. Such charge-trapping and recombina-
tion dynamics are known to depend on the electric field.24 Figure
7 shows a schematic energy level diagram for the terpolymers,
indicating the HOMO/LUMO levels corresponding to the parent
PHF backbone and the HPT and FLO traps that are isolated
within the PHF chains. The higher-lying HOMO level of HPT
(5.0 eV) relative to that of PHF (5.6 eV) results in a hole trap
with a depth of 0.6 eV. The lower-lying LUMO level of FLO
(3.1 eV) compared to that of PHF (2.5 eV) constitutes a 0.6 eV
deep electron trap. The variation in the green:blue ratio with
electric field shown in Figure 6f points to two distinct regimes:
a low field regime where the ratio increases with increasing
field and a high field regime where the ratio decreases with
increasing field strength. At the low fields, electron trapping
on FLO moieties appears to dominate; radiative recombination
on the FLO moieties between the trapped electrons and mobile
holes on the PHF backbone would explain the observed initial
increase in the green:blue ratio in each terpolymer. At the higher
fields, hole trapping on the HPT moieties begins to dominate,
making fewer holes available for recombination on the FLO
traps. The probability of these trapped holes to recombine with
mobile electrons on the blue-emitting fluorene segments in-
creases, resulting in a decrease in the green:blue EL ratio at the
high electric fields. This hole trapping effect should become
more dominant with increasing HPT content in the terpolymer,
explaining the observed larger drop in the green:blue ratio in
FOPT-4 compared to FOPT-0.5. The absence of the phenothi-
azine moieties in the previously reported fluorene-fluorenone
copolymers is a plausible reason why no such decrease in the
green:blue EL ratio was observed even at the highest electric
fields in those copolymer diodes.14d

The current density-electric field and luminance-voltage
characteristics of the single-layer terpolymer diodes are shown

Table 3. PL Decay Parameters of the Polymer Thin Filmsa

polymer
λem

b

(nm)
τ1 (A1)c

ns (%)
τ2 (A2)c

ns (%) ø2 DWd

PHF 426 0.395 (100) 1.45 1.60
PHPT 483 0.530 (100) 0.98 2.08
PPTF 490 1.04 (100) 1.15 1.81
FOPT-0.5 527 0.295 (81) 6.49 (19) 1.01 1.87
FOPT-1 532 0.315 (86) 6.58 (14) 1.03 1.92
FOPT-2 536 0.325 (80) 5.40 (20) 1.09 2.02
FOPT-4 547 0.340 (91) 5.96 (9) 1.05 1.77
FOPT-8 565 0.337 (94) 4.77 (6) 1.00 2.14

a Excitation wavelength used) 381 nm.b Monitored emission wave-
length.c A1 and A2 represent the % amplitude of the lifetime.d Durbin-
Watson parameter for the fits.
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in Figure 8, parts a and b, respectively. At the same electric
fields, the currents passing through the terpolymer devices
generally decrease with increasing fluorenone/phenothiazine

content, suggesting higher charge (electron/hole) trapping and
better charge recombination efficiency. FOPT-1 devices have
the lowest current densities, for reasons that are not obvious.
The variation in the brightness of the LEDs as a function of
applied voltage is shown in Figure 8b. The brightness varied
with terpolymer composition; the maximum luminance was
1435, 655, 2250, 930, and 460 cd/m2 for the FOPT-0.5, FOPT-
1, FOPT-2, FOPT-4, and FOPT-8 diodes, respectively. Thus,
FOPT-2 devices were brightest whereas the smallest maximum
brightness was obtained in the FOPT-8 diode. The corresponding
maximum luminous efficiencies were 0.33, 0.14, 0.51, 0.22, and
0.10 cd/A. For comparison, the dilute solution PL quantum
yields of the corresponding copolymers were 0.58, 0.50, 0.28,
0.13, and 0.07 (Table 2). Thus, although FOPT-2 has a factor
of 2 lower PL quantum yield than FOPT-0.5 and FOPT-1, the
FOPT-2 devices have better performance than those from the
latter copolymers. It appears that 2 mol % phenothiazine and
fluorenone is the optimum terpolymer composition for balanced
charge injection and transport and charge recombination. The

Figure 6. Normailzed EL spectra of single-layer diodes of the type ITO/PEDOT/terpolymer/LiF/Al: (a) FOPT-0.5, (b) FOPT-1, (c) FOPT-2, (d)
FOPT-4, and (e) FOPT-8. (f) Variation in the green:blue EL emission ratio vs electric field.

Figure 7. Schematic energy level diagram for FOPT terpolymers. The
energy levels of PHF are taken from ref 5c. The HOMO level of HPT
is taken from ref 12b; the LUMO level is estimated from the absorption
spectrum of HPT and using LUMO) optical band gap- HOMO.
The LUMO level of FLO is taken from ref 14f; its HOMO level is
approximated using optical band gap value of 2.9 eV from the
absorption spectrum of FLO.
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device characteristics of the five terpolymers are summarized
in Table 4.

Figure 8c shows the variation in the luminous efficiency of
the single-layer devices vs current density for all the terpolymers.
The efficiencies remain fairly constant over a wide current
density range from∼100-500 mA/cm2 in all terpolymers,
except FOPT-4. It is clear that FOPT-2 gives the superior device
performance among the five copolymers. FOPT-1 devices have
an efficiency lower than the FOPT-4 diodes, especially at the
high current densities (>180 mA/cm2), for reasons that are not
clear. Overall, we note that the maximum brightnesses and
efficiencies obtained with these terpolymers are lower compared

to those reported previously for similar fluorene-fluorenone
copolymer devices.14d The much lower PL quantum yields of
the terpolymers can explain the observed differences in device
performance. Thus, while the hole-injection and transport
properties of the terpolymers are improved by the incorporation
of the donor phenothiazine moieties, these come at the expense
of the reduced PL emission efficiencies, resulting ultimately in
lower EL efficiencies. These results demonstrate that to attain
the perfect balance between hole and electron injection/transport
and the desired high EL efficiency in multichromophore
copolymers, the choice of the D and A moieties and their relative
ratios need careful consideration, since the efficiency of energy
and intrachain charge transfer processes depends critically on
that choice.

One of the central themes in this paper concerns the variation
in the charge trapping dynamics25 (the green:blue EL emission
ratio) and the associated competing energy transfer processes
with electric field in devices based on D/A-containing poly-
fluorenes. To further investigate the effect of changing the hole/
electron injection and transport characteristics in the devices
on the green:blue EL emission ratio, we fabricated two more
sets of terpolymer devices: one with a PVK hole-transport/
electron-blocking layer (IP) 5.8 eV, EA) 2.3 eV)2d and the
other with a TPBI electron-transport/hole-blocking layer (IP)
6.2-6.7 eV, EA) 2.7 eV).1d The previous finding that addition
of a PVK layer reduces the green EL emission in fluorenone-
fluorene copolymers26 partly motivated these studies, in addition
to the fact these additional layers of PVK and TPBI should
presumably lead to better device performances than the single-
layer diodes.

Figure 9, parts a and b, shows the variation in the green:blue
EL emission ratio as a function of the electric field for the
bilayer and trilayer devices, respectively. These results are to
be compared with the corresponding results for the single-layer
devices (Figure 6f). We note that emission from either the PVK
or TPBI layer was not observed in the respective EL spectra of
the terpolymer devices (not shown). Upon incorporation of a
20 nm thick PVK layer, the green:blue emission ratios are
enhanced in all the terpolymers, particularly at the low electric
fields <1.5 MV/cm (Figure 9a). Since electron trapping on the
fluorenone moieties appears to dominate at the low electric
fields, the increase in the density of available holes upon
incorporation of PVK layer results in higher radiative recom-
bination on the fluorenone moieties and enhanced green
emission. At the higher electric fields, the emission ratios

Figure 8. (a) Current density-electric field characteristics of single-
layer terpolymer LEDs. (b) Luminance-voltage characteristics of the
devices in (a) and the inset shows the device schematic. (c) Luminous
efficiency as a function of the current density of the devices.

Table 4. Device Characteristics of Terpolymer OLEDs

polymer
device

structurea
max brightness,
cd/m2 (V, cd/A)

max efficiency,
cd/A (V, cd/m2)

1931 CIE
(x, y)b

FOPT-0.5 1 1435 (11.0, 0.28) 0.33 (9.5, 640) (0.30, 0.55)
2 2525 (12.0, 0.50) 0.61 (8.9, 270) (0.31, 0.54)
3 7100 (11.3, 1.41) 2.95 (8.1, 1295) (0.28, 0.47)

FOPT-1 1 655 (10.7, 0.13) 0.14 (10.0, 355) (0.28, 0.55)
2 1175 (11.0, 0.23) 0.28 (9.0, 300) (0.33, 0.56)
3 4120 (12.0, 0.82) 0.82 (12.0, 4120) (0.30, 0.50)

FOPT-2 1 2250 (13.4, 0.45) 0.51 (11.0, 425) (0.35, 0.58)
2 3270 (13.5, 0.67) 0.79 (12.5, 2255) (0.35, 0.58)
3 8975 (12.8, 2.48) 3.40 (10.2, 1255) (0.34, 0.57)

FOPT-4 1 930 (12.3, 0.19) 0.22 (10.9, 690) (0.38, 0.58)
2 1520 (12.5, 0.30) 0.36 (9.4, 195) (0.39, 0.57)
3 5220 (12.5, 1.04) 1.56 (9.0, 810) (0.38, 0.56)

FOPT-8 1 460 (11.3, 0.09) 0.10 (10.1, 330) (0.40, 0.56)
2 675 (11.2, 0.13) 0.19 (9.0, 110) (0.42, 0.55)
3 1890 (11.2, 0.40) 0.55 (8.7, 550) (0.40, 0.55)

a Device structures: (1) ITO/PEDOT/polymer/LiF/Al; (2) ITO/PEDOT/
PVK/polymer/LiF/Al; (3) ITO/PEDOT/PVK/polymer/TPBI/LiF/Al.b CIE
coordinates at maximum device efficiency.
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decrease rapidly to become comparable to those observed in
the single-layer devices at their maximum electric fields. When
a 20 nm thick TPBI layer is added (Figure 9b), the green:blue
emission ratios are significantly reduced in all five terpolymers
compared to their bilayer devices. In fact, the emission ratio in
the FOPT-0.5, FOPT-1, and FOPT-2 trilayer diodes is even
lower compared to their single-layer devices over the entire
range of electric fields. The TPBI layer would not only increase
the density of free electrons in the device but also likely enhance
the hole-trapping effect on the phenothiazine moieties due to
its hole-blocking capability. Both processes would lead to a
higher probability of radiative recombination on the blue-
emitting fluorene segments, explaining the observed reduction
in the green:blue EL ratio in the trilayer devices.

To understand the implications of the observed variations in
the green:blue emission ratio with applied voltage on the EL
properties of the terpolymer devices (Figures 6f and 9), one
has to consider the extent of change in the emission CIE
coordinates over the entire operating voltage range. Let us
consider the single-layer device based on FOPT-1 (Figure 6b).
The green:blue EL ratio increased from 1.5 (at 6 V) to 7.9 (at
8.0 V) and then decreased to 4.3 (at 11 V). The corresponding
CIE coordinates were (0.28, 0.43) at 6 V, (0.31, 0.56) at 8 V,
and (0.27, 0.54) at 11 V. This represents a perceptible change
in the EL emission colors with voltage, although they all fall
within the yellowish-green region. In the case of FOPT-8 (Figure
6e), the green:blue EL ratio varied from 32 (at 6 V) up to 130
(at 9 V) and down to 100 (at 11 V). The corresponding CIE
coordinates were (0.43, 0.53) at 6 V, (0.42, 0.55) at 9 V, and
(0.40, 0.55) at 11 V. Here, despite the significant variation in
the ratio, the CIE coordinates of the EL emission remain similar

over the entire operating voltage range. Since the relative
contribution of the blue emission band is small (<5%) in the
FOPT-2, FOPT-4, and FOPT-8 terpolymers, the variation in
the green:blue ratio does not significantly affect their EL
emission color quality. However, in FOPT-0.5 and FOPT-1
terpolymers containing low amounts (e 1 mol %) of phenothi-
azine and fluorenone, there is appreciable change in the emission
CIE coordinates with drive voltage. These results are important
in light of the fact that multichromophore copolymers that are
being developed for single-layer white OLEDs typically have
very small amounts (,1 mol %) of green- and orange/red-
emitting D/A comonomers incorporated into the blue-emitting
backbone.9 An analysis of the charge-trapping dynamics and
associated energy transfer processes of the kind presented here
is critical to developing an understanding of the main factors
leading to a voltage-independent white EL, which has been
challenging to achieve so far in such multichromophoric
copolymers.

Finally, the variation in the luminous efficiency of the bilayer
and trilayer terpolymer devices is shown in Figure 10, parts a
and b, respectively. As expected, the efficiencies are enhanced
upon incorporation of the PVK and TPBI layers, compared to
those obtained in the single-layer diodes (Figure 8c), due to
the improved charge balance and recombination in the multi-
layered devices. The efficiencies are fairly constant over a wide
range of current densities in most devices, suggesting balanced
charge injection and recombination efficiency over the entire
operating voltage range. The relative trend in efficiency among
the terpolymers remains the same as in the single-layer diodes;

Figure 9. Variation in the green:blue EL emission ratio vs electric
field for bilayer (a) and trilayer (b) terpolymer diodes. The inset shows
the device schematic.

Figure 10. Luminous efficiency as a function of the current density
of terpolymer diodes: (a) bilayer PVK/terpolymer devices and (b)
trilayer PVK/terpolymer/TPBI devices.
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FOPT-2 and FOPT-8 give the highest and lowest device
performances, respectively. As summarized in Table 4, the
brightnesses of all the terpolymer LEDs increase by factors of
1.5-1.7 and the maximum efficiencies increase by factors of
1.5-2.0 by going from the single-layer to the bilayer device
architecture. Much better improvements in brightness by factors
of 4-6 and efficiencies by factors of 5.5-9.0 are achieved in
going from the single layer to the trilayer devices. A maximum
brightness of 8975 cd/m2 and a maximum efficiency of 3.4 cd/A
at 1255 cd/m2 with green CIE coordinates ofx ) 0.34, y )
0.57 were obtained from the trilayer devices based on FOPT-2.
Given the extent of enhancement observed in the device
performance in the current terpolymers in going from the simple
single-layer to the trilayer geometry, a similar exercise with the
fluorene-fluorenone copolymers14d should lead to high bright-
ness and efficiency green polymer LEDs based on them.

Conclusions

We have synthesized five new poly(9,9-dihexylfluorene)
terpolymers containing 0.5, 1, 2, 4, and 8 mol % each of
electron-rich 10-hexylphenothiazine and electron-deficient 9-flu-
orenone moieties and used them to investigate the effects of
intrachain excited-state dynamics on the photophysics and
electroluminescence of multichromophore copolymers. We
found that the PL and EL emission characteristics of the
terpolymers are governed by competing intra- and interchain
energy transfer processes from the high-energy fluorene seg-
ments to the two low-energy emissive traps associated with
fluorene-phenothiazine and fluorene-fluorenone chain seg-
ments. The presence of the phenothiazine moieties created
additional charge transfer excited states and associated nonra-
diative decay channels, resulting in the factors of 2-4 decrease
in the PL quantum yields of the fluorene-phenothiazine-
fluorenone terpolymers and a higher degree of quenching of
the blue emission compared to previous fluorene-fluorenone
copolymers. The excited-state dynamics varies in going from
dilute solution to thin film, where the three-dimensional nature
of the energy migration and transfer processes significantly
suppresses the blue emission. Green to yellow EL was achieved
from the terpolymer light-emitting devices with luminances of
1900-8970 cd/m2 and efficiencies of 0.5-3.5 cd/A that varied
with copolymer composition. Since the phenothiazine and
fluorenone moieties also act as charge carrier traps under
electrical excitation, the EL spectra were highly dependent on
the applied voltage, the terpolymer composition, and device
architecture due to the dependence of the charge-trapping
dynamics on the electric field. These results reveal that the
excited-state dynamics encountered in electroluminescent, mul-
tichromophore copolymers being developed for white LEDs can
be very complex and thus must be duly taken into account in
the design of materials.
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