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a b s t r a c t

Recent interest in �-conjugated statistical copolymers, as well as their analog alternating copolymer, is
due to their relatively high efficiencies as red light-emitting diodes and photovoltaic cells when used as
active semiconductors. An example of this type of copolymer is poly{9,9-bis(2′-ethylhexyl)fluorene-2,7-
diyl-co-2,5-bis(2-thienyl-1-cyanovinyl)-1-(2′-ethylhexyloxy)-4-methoxybenzene-5′′,5′′′-diyl}, which is
synthesized from monomers 2,7-dibromo-9,9-bis(2′-ethylhexyl)fluorene and 2,5-bis(2-(5′-
bromothienyl)-1-cyanovinyl)-1-(2′′-ethylhexyloxy)-4-methoxybenzene. Accordingly, this study
eywords:
-Conjugated copolymer
LED
hotoluminescence
lectroluminescence

investigates the exciton dynamics of these materials as model copolymeric systems at systemati-
cally varied comonomer ratios. For a more quantitative exploration of the copolymer systems more
quantitatively, ultraviolet–visible absorption and photoluminescence spectroscopy were utilized for
diluted solutions and spin-cast thin films. The photoluminescence quantum yield was calculated from
the time-integrated spectroscopic data. The yield values are discussed in terms of a primary kinetics

y the
com
nergy transfer model and used to clarif
the fundamental data are

. Introduction

Ever since Friend et al. showed that a soluble �-conjugated
olymer could be used as a promising active semiconductor for
light-emitting diode (LED) application [1], soluble �-conjugated
olymers have attracted an extraordinary amount of attention due
o their unique properties [2,3]. Copolymerization has subsequently
ecome one of the most important synthetic means of modifying
he physical and chemical properties of polymers [4,5].

A unique advantage of copolymerization is its ability to form
trong covalent bonds between different types of monomers with
unctionalities that offset each other. In contrast, physically blended
ystems, such as a polymer film doped with small molecules, can

xperience unavoidable phase-separation problems, especially for
device operating in an external electric field. There have been
any partially successful improvements to device performance via

opolymerization. Nonetheless, there is still a problem of sparse

∗ Corresponding author at: Department of Chemistry, Konkuk University, 1
wayang-dong, Gwangjin-gu, Seoul 143-701, Republic of Korea. Tel.: +82 2 450 3415;

ax: +82 2 3436 5382.
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010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.02.020
different exciton dissipation behaviors of solutions and films. Moreover,
pared with previously reported electroluminescence efficiencies.

© 2009 Elsevier B.V. All rights reserved.

predictability in the design of optimum copolymers with a mini-
mum of unexpected effects that can result from the incorporation
of different functionalities.

A series of copolymers introduced by Shim et al. demonstrate
the typical competitive interplay between, for instance, radiative
and non-radiative dissipation of photo-generated excitons upon
the incorporation of comonomers with a narrow band-gap into
a blue-emitting fluorene-based polymer chain [6]. These copoly-
mers also have an interesting aspect in terms of their application
because they can be used as red-emitting materials for LED applica-
tions and as photo-receptive materials for photovoltaic cell appli-
cations.

Poly{9,9-bis(2′-ethylhexyl)fluorene-2,7-diyl-co-2,5-bis(2-
thienyl-1-cyanovinyl)-1-(2′-ethylhexyloxy)-4-methoxybenzene-
5′′,5′′′-diyl} (PFTCVBxs) shown in Fig. 1 were originally synthesized
to control the way colors are emitted. In fact, these copolymers
can be used successfully as red-emitting materials in polymer
LEDs. For this purpose, they utilize incorporated monomers

with a narrow band-gap, 2,5-bis(2-(thienyl)-1-cyanovinyl)-1-(2′′-
ethylhexyloxy)-4-methoxybenzene (TCVB), on fluorene-based
polymer chains consisting of 9,9-bis(2′-ethylhexyl)fluorene (EHF)
monomers. Shim and co-workers [7] also synthesized an alternat-
ing copolymer (PFR3-S) with the same comonomers used with

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:chanim@konkuk.ac.kr
dx.doi.org/10.1016/j.jphotochem.2009.02.020
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film samples confirm the correlation between the B-bands and the
EHF monomers and between the R-bands and the TCVB monomers.

The normalized UV–vis spectra in Fig. 3A and B show nonlin-
ear blue-shifts of the B-bands when the TCVB ratio is increased in
Fig. 1. Chemical structure of PFTCVBx.

FTCVBxs. This alternating copolymer, PFR3-S, can also be used as
red-emitting material for a polymer LED.

The alternating copolymer is reportedly useful for photovoltaic
ells as an active semiconductor [8]. A power conversion efficiency
f approximately 1% under AM1.5 (100 mW/cm2) can be achieved
ith the aid of PFR3-S and a fullerene blend system. Interestingly,
oetse et al. [9] used this copolymer for a polymer:polymer blended
hotovoltaic cell and showed that it is possible to achieve a power
onversion efficiency of approximately 1.5%.

This study explores these copolymers as model systems. By
nderstanding their photo-generated exciton decay characteristics
hen the TCVB unit ratio is quantitatively increased, we can con-
ect these characteristics to appropriate optoelectronic properties

n devices. To this end, we carefully conducted time-integrated
ltraviolet–visible (UV–vis) absorption and photoluminescence
PL) spectroscopic studies on a diluted solution and on thin film
amples as a function of the TCVB concentration. The resulting data
ere converted into PL quantum yields (QYs) and compared for

he purpose of clarifying the differences between the pseudo-one-
imensional behavior and the pseudo-three-dimensional behavior
f this type of copolymer. Finally, we discuss the PL QYs in relation
o previously reported device characteristics so that we can gain
nsight into how copolymerization is related to the performance of
ptoelectronic applications.

. Experiment

A detailed synthesis of fluorene-based statistical copolymers
PFTCVBxs) with low band-gap comonomers (TCVB) is described in
6]. The feed ratios of the TCVB for copolymerization were 1, 5, 10,
5 and 20 mol%. The average monomer molecular weights were cal-
ulated from the EHF and TCVB molecular weight values weighted
y their ratio. The calculated effective monomer molecular weights
f the corresponding PFTCVBxs (x = 1, 5, 10, 15, 20) are 390.0, 395.3,
01.9, 408.6 and 415.2, respectively. Solution samples for UV–vis
nd PL spectroscopy were prepared using a spectroscopic-grade
hloroform solvent (99.9%, J. T. Baker, USA). The concentrations
f the prepared solutions were approximately 1.7 × 10−2 wt% in
hloroform. These mutual solutions were then diluted 100 times
1.7 × 10−4 wt%) for UV–vis and 1000 times (1.7 × 10−5 wt%) for PL
o suppress re-absorption. In the case of the PFTCVB10 solution that
as diluted 100 times, the concentration was 6.34 × 10−6 M as an

ffective monomer and 6.22 × 10−8 M as a polymer chain. Films of
FTCVBxs were spin-cast at 3000 rpm for 25 s with 150 �l of 0.8 wt%
hloroform solutions. Before the spin-coating, we filtered the solu-
ions by using a filter with a 0.2 �m pore size. The PFTCVB20 was
armed for 1 h at 50 ◦C because PFTCVBxs with a higher TCVB ratio
ave poor solubility in chloroform. The obtained films had an homo-
eneous film quality and a thickness of approximately 100 nm as
stimated with a conventional surface profilometer.
For the UV–vis spectra of the solutions, we used a commercial
V–vis spectrophotometer (Cary 100, Varian Inc., USA) with quartz
ells (Hellma, Germany) having an optical path length of 10 mm at
oom temperature. For the PL spectra of the solutions, we used a
uminescence spectrometer (LS-50B, PerkinElmer, USA) with flu-
obiology A: Chemistry 205 (2009) 98–103 99

orescence quartz cells (Hellma, Germany) having an optical path
length of 10 mm at room temperature. The UV–vis measurements
of thin films were taken with the same equipment used for the
solutions under ambient conditions at room temperature. Several
measurements of the PL spectra were made with a CCD spectrome-
ter (AvaSpec-2048FT, Avantes, Netherland) and a custom-designed
light source with a 75 W Xenon arc-lamp combined with a con-
ventional monochromator, and we compared the results with the
results obtained from an LS-50B luminescence spectrometer.

To calculate accurate PL QYs from the obtained PL data, we
tried to keep all the measurement conditions and configurations
the same to avoid any refractive index differences between mea-
surements. Note also that instead of using an integrating sphere
method, which is regarded as the most accurate PL QY measure-
ment, we intentionally took direct PL measurements, especially for
films. This direct approach enabled us to reduce instabilities which
was observed as fluctuations in the QY values during the integrat-
ing sphere PL QY estimation. The instable fluctuation is attributed
to the different wave-guiding paths and re-absorption facilities of
different film qualities at the edge.

3. Results

3.1. UV–vis spectra of PFTCVBx solution samples and film samples

The obtained UV–vis spectra of the diluted chloroform solu-
tions at room temperature are shown in Fig. 2. When TCVB ratio is
increased, the bands centered at 3.35 eV (370 nm) decrease linearly
whereas the bands centered at 2.82 eV (440 nm) increase linearly.
This fundamental UV–vis characteristic is analog in the film sam-
ples shown in Fig. 3 as the normalized UV–vis spectra. Additionally,
the energetically higher lying bands of the films show a marginal
blue-shift of 0.018 eV from the solution to the film samples at a
TCVB ratio of 1 mol%, whereas the energetically lower lying bands
have a similar red-shift of nearly 0.013 eV. (For simplicity, we refer
to the bands of UV–vis spectra centered at 3.35 eV and 2.82 eV in
the solution and the film samples as the B-band and the R-band,
respectively.) The linear TCVB concentration dependencies of the
absorbance values at the B-bands and R-bands of the solution and
Fig. 2. UV–vis spectra of PFTCVBx solution samples. (Inset: plot of the absorbance
maxima as a function of the TCVB ratio in mol%.)
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Fig. 4. PL spectra of PFTCVBx solution samples with excitation at (A) 375 nm and
ig. 3. Normalized UV–vis spectra of PFTCVBx as (A) diluted chloroform solutions
nd (B) spin-cast films. (Same symbols as in Fig. 2; inset A: magnification at the
bsorption edges of UV–vis spectra.)

oth the solution and film samples. There appears to be a type of
tepwise transition at the TCVB ratio of 5–10 mol%, which is a sign
f a significant change in the ground state of the electronic struc-
ure. These stepwise blue-shifts of the B-bands were 0.045 eV for
oth the solution and the film samples, though the blue-shifts of
he films tend to be more gradual than those of the solutions. The
alf width at half maximum (HWHM) values of the B-bands for
TCVB ratio of 1 mol% are in the region of 0.194 eV and 0.241 eV

or the solution and the film, respectively. The HWHM values of
he R-bands at 20 mol% TCVB are in the region of 0.299 eV and
.313 eV for the solution and film, respectively. The B-bands and
-bands both show a significant broadening of their HWHM values
pon solidification. This trend may be a sign of increasing disorder
ue to the closely packed chains in the spin-coated thin films; the

ncreasing disorder effect is caused by the stronger chromophore-
o-chromophore interactions, which are typical of such randomly
isordered solids as evidenced by the enhanced inhomogeneous
roadening of the spectral bandwidths [10]. Moreover, a marginal
ut gradually increased HWHM was observed as the TCVB concen-
ration increased in both the solution and film samples. Note also,
s shown in the inset of Fig. 3A, that the R-bands have a red-shifting
ffect when the TCVB concentration is increased. This trend can be
xplained in terms of the change that occurs in the effective con-
ugation length when the TCVB ratio increases. The R-bands have a
reater probability of extending the conjugation length when the
CVB concentration is increased, resulting in a red-shift of the R-
ands. In contrast, the conjugation length of the B-bands should
e shorter due to the increase in the number of TCVB comonomers
n the chain. The effect of the conjugation length can be compared
ith a similar trend involving model oligomeric fluorenes [11].
.2. PL spectra of solutions and films

While both emission bands with a PL maxima at 3.02 eV
410 nm) and 2.34 eV (530 nm) can be observed by excitation at
75 nm, only one emission band with a PL maxima in the region
(B) 445 nm. Inset A: magnified PL spectra for the wavelength range of 450–650 nm;
inset B: plot of PL intensity as a function of the TCVB ratio in mol%. (Same symbols
as in Fig. 2.)

of 530 nm can be observed by site-selective excitation at 445 nm.
(These PL emission bands of solution samples are denoted as the
B3sol-band, R3sol-band, and R4sol-band, respectively; and the film
PL spectra are denoted as the B3f-band, R3f-band, and R4f-band,
respectively.) This site-selective result implies that the R-band is
clearly related to the TCVB monomers, as indicated by the UV–vis
spectra in Fig. 2. In the inset of Fig. 4B, the PL intensity maxima of
the B3sol-band, R3sol-band and R4sol-band are plotted as a func-
tion of the TCVB ratio. The plots show linear dependence on the
TCVB concentration. However, more than 90% of the PL intensity at
the B-band decreases when the TCVB ratio increases from 5 mol%
to 20 mol%, whereas the increase in the R-band intensity is not as
rapid as the increase in the TCVB ratio. Nonetheless, this increasing
trend appears linear.

A comparison of this enhanced decreasing of PL to UV–vis trend
suggests the occurrence of additional TCVB-induced PL quenching
of the B3sol-band. This quenching may be a relatively fast event
because an exciton generated on a B-band can only move in a
one-dimensional direction in a good solvated and diluted solution.
This feature can be explained in terms of a Förster-type resonant
energy transfer (FRET) because the overlap of B3sol emission bands
with an R absorption band is almost perfect. Simultaneously, an
electron-transfer-driven exciton dissociation and subsequent non-
radiative recombination on the chain can be assumed [12]. More-
over, an extended conjugation length on this type of �-conjugated
system can accelerate exciton migration to certain quenching cen-
ters. The experimental evidence for this type of enhanced quench-
ing on a single �-conjugated molecule has been characterized in
single-molecule spectroscopy studies as “blinking” [13]. Further-
more, there is a well-known example of a copolymer system con-
sisting of fluorene and fluorenone monomers, though this system

is mostly the result of inadvertent copolymerization due to photo-
chemical oxidation [14]. These trends are discussed as absorbance-
normalized PL QYs later in the discussion section of this study.
Normalization of the PL spectra of the solution samples (though
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as a function of the TCVB ratio. To calculate the PL QYs, we nor-
malized the PL spectra excited at their B-band and R-band maxima
by using their corresponding absorbance values and photon ener-
gies at the excitation wavelengths. We then scaled the obtained
relative PL QYs by comparing the PL QY value of poly-fluorene (PF)
ig. 5. PL spectra of PFTCVBx film samples with excitation at (A) 375 nm and (B)
45 nm; inset: PL intensity (arbitrary units) as a function of the TCVB ratio in mol%.
Same symbols as in Fig. 2.)

raphs are not shown here) reveals virtually no changes in any
f the B3sol-band, R3sol-band and R4sol-band shapes or spectral
ependences when the TCVB ratio is increase.

The PL spectra of the PFTCVBx film samples are shown in Fig. 5,
nd the PL maxima as a function of the TCVB ratio are shown in the
nset of Fig. 5B. One of the most important differences between the
lm PL spectra and the solution PL spectra is that the B3f-band in
he former is almost completely quenched at a TCVB ratio of 1 mol%.
his feature is very close to the results of an earlier study that
eports on the effective PL quenching of a poly-phenylenevinylene
PPV) derivative via doping with electron scavenging trinitrofluo-
enone [15].

Additionally, the R3f-band and the R4f-band are significantly
ed-shifted when the TCVB concentration is increased. To compare
he band positions more accurately, we measured and compared
he frontal edge energy values at their half maxima. This value for
mol% and 20 mol% TCVB films was 2.42 eV and 2.29 eV, respec-
ively. To understand why the red-shift is pronounced in the film
amples, we need to take into account the more extended degrees
f freedom for the exciton diffusion due to the densely packed sys-
em [16]. An additional aspect may be re-absorption due to the

Fig. 6. Energy level diagram of relevant polymeric systems.
obiology A: Chemistry 205 (2009) 98–103 101

R-bands that also have a red-shifted band edge down to approx-
imately 530 nm when the TCVB ratio is increased.

Additional differences between the solution and the film sam-
ples include the disappearance of vibronic fine structures with an
energy gap of approximately 0.18 eV, which is typical for a C C dou-
ble bond stretching mode, and the broadening of the full width at
half maximum of the films (that is, 2.28 eV for solutions and 2.34 eV
for films). On the other hand, the intensities of the B3f-band and the
R3f-band decrease and the intensity of the R4f-band increases lin-
early with the TCVB concentration in a manner similar to that of
the solutions, though the situations were moderately different.

4. Discussion

4.1. Exciton dissipation: solution versus film

Before starting the discussion on the PL QYs that were converted
from the experimental PL data, we present a schematic energy level
diagram with some initial remarks to avoid possible confusion due
to the complexity of copolymeric systems. As shown in Fig. 6 and
in other spectroscopic data, PFTCVB systems can be considered as
copolymers with two dominate subsets of optically active sites:
specifically, R and B sites. These two types of subsets should be
related to the fluorene-rich sequences and TCVB-rich sequences as a
general consequence of such statistical copolymerization. Further-
more, depending on their physical phase, the two types should be
clearly distinguished in terms of a pseudo one-dimensional system
in a solution consisting of a large amount of suppressed inter-chain
interactions and a pseudo three-dimensional system in a film where
there is pronounced inter-chain interactions due to the nature of the
condensed phases.

As shown in the PL spectra, the TCVB-ratio-dependent PL
quenching tendency of the solution samples is moderate whereas
that of the film samples is highly efficient (>90% PL quenching from
B* at 1 mol% of TCVB). An important reason for the suppressed PL
quenching of the solution samples is related to the dimensional lim-
itation of the exciton mobility due to the pseudo-one-dimensional
�-conjugation along the polymer chains. For quantitative discus-
sion of this tendency, the PL QYs of the solution and the film samples
with various TCVB ratios are calculated and plotted in Figs. 7 and 8
Fig. 7. PL QYs as a function of the TCVB ratio in mol% (PL QY: data from [6]).
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that are suitable for electron transfers are also absent. This situation
ig. 8. PL QYs and normalized EL intensities as a function of the TCVB ratio in mol%.

ithout TCVB comonomers by using the previously reported PL QY
alue of 0.80 [6]. The selected excitation wavelengths were typi-
ally 3.31 eV (375 nm) and 2.79 eV (445 nm) for both the solution
nd film samples.

As shown in Fig. 7, the previously reported PL QY (open rect-
ngles) of a solution at a given TCVB ratio can be coincidently
econstructed via the summing (B + R) (open rectangles) of its cor-
esponding B3sol-band (rectangles) and R3sol-band PL QY (circles).
his capability indicates that the PL QYs of the R3sol-bands are not
ynamically populated by exciton migration. Rather, as shown in
previous study [6], they are the result of a direct population at

heir sites because the 2,5-bis(2-(5′-bromothienyl)-1-cyanovinyl)-
-(2′′-ethylhexyloxy)-4-methoxybenzene comonomer also has an

ntensive UV–vis absorption band near 3.31 eV.
It is noteworthy that the PL QY trends of the R3sol-band and

he R4sol-band are ostensibly similar. However, the PL QY trend
f the R4sol-bands via direct excitation (open circles) should have
onstant QY values independent of the TCVB ratio unless there is
pecific chromophoric interaction when the TCVB ratio increases,
hich may suppress non-radiative decay of the exciton on the R-

ands. In fact, the R4sol PL QY values converge to a PL QY value of
pproximately 0.15, whereas the R3sol values increase as the TCVB
oncentration increases. On the other hand, for the PL QY trend
f the R3sol-band via the indirect population (circles), the linearly
ncreasing tendency is understandable because this PL QY is nor-

alized not by the TCVB numbers but by the EHF numbers. As a
esult, this R3sol PL QY trend reflects mainly the ratio between the
umber of photo-generated excitons on the B-band and the num-
er of emitted photons from the R-band’s excitons being populated
y the transfer from the B-band. Another contribution to the R3sol
L QY is the ratio between the number of direct populations via
hoton absorption at the higher band of R and the number of emis-
ions from the R-band. This consideration implies that the PL QYs
f the R3sol-bands include not only the mutual emissive nature of
he TCVB but also the nature of the transfer from the primary exci-
ons on EHF sites to the migrated excitons on TCVB sites. Although
he R3sol QYs can include the contribution by excitons from the
-bands, the experimental data appear to show that the TCVB-

nduced transfer does not contribute to radiative recombinations
ut makes a significant contribution to non-radiative dissipation. In
act, when the TCVB fraction numbers are normalized, the PL QYs
n the case of an indirect population recover a virtually constant
ependence.
A comparison of the total PL QYs and separately estimated PL
Ys reveals a moderate but significant TCVB-induced non-radiative
issipation channel of photo-generated excitons on the B-bands

n solution samples. The intrinsic PL QY of the TCVB comonomers
obiology A: Chemistry 205 (2009) 98–103

with covalently bounded EHF side comonomers is approximately
80% less than that of the PF without TCVB comonomers. By adopt-
ing a simple kinetic scheme for singlet excitons as described in
[15], we can fit the curves as shown in Fig. 7. Note that the TCVB-
induced exciton transfer time of films is approximately three orders
of magnitude smaller than that of the solutions, implying that the
TCVB-induced B* transfer is nearly 1000 times faster in a solid than
in a solution.

4.2. Comparison of the PL QY and device efficiency

As shown in Fig. 5, the efficient TCVB-induced PL quenching of
B3f was observed for the film PL measurements. This highly effec-
tive quenching behavior precluded any analysis of this effect within
a TCVB ratio range of 5–20 mol%. In this range, the primary excitons
on the B sites can be assumed to be either quickly dissipated to a
ground state non-radiatively or populated to R* sites and subse-
quently dissipated on R* non-radiatively.

The behavior observed in this study can be compared to
the results of previous works on PPV derivatives doped by
electron-accepting trinitrofluorenone. The results of those works
are described in terms of a fast electron transfer [15] or unex-
pected copolymerization due to keto defects on poly-fluorene
chains (which are often analyzed in relation to energy transfer) [14].
The fact that this efficient quenching behavior could be caused by
an exciton dissociative electron transfer may explain the relatively
high efficiency of the alternating copolymer as a photovoltaic mate-
rial [8]. Furthermore, the possibility that the neighboring fluorene
and TCVB, specifically a molecularly heterojunctioned situation,
can accelerate exciton dissociation may provide a molecular level
explanation.

Fig. 8 shows the PL QYs of (B3sol + R3sol) (open rectangles), R3f
(rectangles), R4f (circles) and normalized electroluminescence (EL)
intensities (crosses) of PFTCVBxs as a function of the TCVB ratio.
While the solution sample with a TCVB ratio of 1 mol% has a PL
QY value of approximately 0.7, its corresponding film sample has a
TCVB ratio in the limited region of 0.25. Moreover, the trend of R3f PL
QYs as a function of the TCVB ratio is mostly constant over the entire
range of the measured TCVB ratio. Additionally, the trend of R4f PL
QYs by direct excitation shows significantly decreasing behavior as
the TCVB concentration increases. The R3f and R4f behaviors con-
firm that there is an additional quenching channel in film samples
being pronounced with an increase in the TCVB ratio while there is
no comparable quenching channel for the solution samples. Inter-
estingly, the decrease of PL QYs with an increasing TCVB ratio is
more pronounced in R4f than in R3f, whereas, in the corresponding
trends of the solutions, R3sol and R4sol both show a marginal dif-
ference in their TCVB concentration dependences. This difference is
a sign that the exciton population of R3f via an indirect population
is significantly different to that of R3sol due to the significantly dif-
ferent physical phase situations, particularly diluted solutions and
densely packed films.

As with the effective PL quenching of B3f, R4f also shows TCVB-
ratio-dependent quenching behavior, a phenomenon that did not
exist in the trend of the R4sol PL QYs. Unfortunately, this quenching
behavior is not easily understood with the proposed simple scheme
(Fig. 6), which relies on FRET or an electron transfer from R* to B*.
Despite the fact that the process from R* to B* is an energetic uphill
process, there is no overlapping of the donor emission and acceptor
absorption bands that are necessary in the application of the FRET
framework. Moreover, as shown in Fig. 8, the proper energy levels
is actually optimum for exciton confinement because it prevents
unnecessary exciton diffusion and improves device efficiency [17].
One possible explanation is that when the TCVB concentration
increases there is a stronger exciton dissociation and subsequent
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on-radiative recombination due to a TCVB-induced energetic dis-
rder effect similar to the inadvertent trapping of dopants [18].

With the HWHM broadening of the UV–vis spectra, the den-
ity of states (DOS) has been shown to expand to approximately
.1 eV when copolymers with a higher TCVB ratio are cast from
he solutions. This broadening of the DOS can be used to inter-
ret the electrochemical values in Fig. 6, which were obtained from
he solutions via conventional cyclovoltametry. This type of UV–vis
roadening is known to change the DOS shape from Gaussian to a
ore extended exponential shape; thus, the increased sites at the

ail parts of such DOS situations can act as self-traps [19].
As reported previously [6], the applied voltages were decreased

rom 6.2 to 1.42 V while the EL efficiencies were increased from
cd/m2 to 10 cd/m2 when the TCVB ratio was increased at the same
urrent density of 50 mA/cm2. This earlier behavior can be easily
xplained in terms of the reduction of the LUMO values that are
ompared in Fig. 8 and by the increasing number of TCVB sites on
he PFTCVB chains when the TCVB ratio increases. More TCVB sites
n the chains indicate, firstly, that more favorable channels exist
or electron injections at the interface between the copolymer layer
nd, secondly, that the LiF/Al electrode has a higher work function
han that of PFTCVB systems [20].

To compare the obtained PL QYs with the EL intensity data of
FTCVBxs, we collected the EL intensity values at the same cur-
ent density of 50 mA/cm2 and assumed that the electric exciton
orming probability was identical under the same current density.
dditionally, the EL intensity data were normalized by the number
f TCVB ratios when the PL QYs were normalized by the corre-
ponding absorbance; the purpose of this normalization was to
aintain consistency in spite of the many other factors that can

ffect the EL efficiency [21]. In a comparison of the PL QYs of the
lm samples and the normalized EL intensities, we found that the
ormalized EL and particularly the R4f PL QYs have fairy close func-
ional dependences when the TCVB concentration increases. From
his comparison and from the information regarding the energy
evels in Fig. 6, we can make the following observations about the
L situation in the PFTCVBxs copolymeric film systems: firstly, the
harge carrier transport occurs mainly via TCVB sites, as shown
y the decrease of the injection behaviors when the TCVB ratio
ncreases [22]; secondly, the subsequent exciton formation via the
lectron and hole recombination takes place mainly on R* sites
ue to their narrower band-gap and especially because they have
lower LUMO and higher HOMO than the major EHF-based sites;

nd, thirdly, the EL emission finally occurs from the R* states with
he same functional dependence as R4f PL QYs in Fig. 8.

. Conclusion

In this study, we used time-integrated UV–vis and PL spec-
roscopy to characterize the exciton dissipation behaviors of
uorene-based �-conjugated statistical copolymers with narrow
and-gap comonomers, TCVBs, with a wide feed ratio range of
–20 mol%. From those spectroscopic data in both solution and film
amples, we calculated the PL QYs as a function of the TCVB ratio and
sed the results to compare the different exciton dissipation behav-

ors of the solution and film samples in relation to the increase of
he TCVB ratio. Finally, we discussed the TCVB concentration depen-
ence of PL QYs in the film samples in terms of previously reported
L efficiencies of PFTCVBxs devices.

Our results confirm that the total PL QYs of the solution samples
an be constructed by the summing of site-selectively estimated
L QYs for crucial subsets of the B-band and R-band. A comparison

f the TCVB comonomer ratio dependences of PL QYs for both the
olution and film samples the occurrence of moderate PL quenching
f the B3sol-bands in the solution samples when the TCVB concen-
ration is increased as well as significant enhancement of the PL

[

[

[
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quenching of the B3f-bands in the film samples. The obtained time
constant for these PL quenching characteristics in the film sam-
ples, where very pronounced inter-chain interactions occurred, is
approximately three orders of magnitude faster than that of the
solutions. Furthermore, additional PL quenching of the R4f-bands
when the TCVB ratio is increased was confirmed in the film samples;
in contrast, we observed virtually no quenching of the R4sol-bands
in the solution samples, where no significant inter-chain interac-
tions occurred. Thus, the enhanced disorder within the films due to
serious inter-chain interactions caused by close random packing is
a plausible reason for the observed behavior.

Finally, we use the PL QYs of R4f as a function of the TCVB ratio
to explain the quantitative relation between the EL efficiency and
the TCVB comonomer ratio. A comparison of both the EL and PL
functional dependences shows that the majority of charge carriers
are transported through TCVB sites; it also shows that the excitons
formed at the TCVB sites are radiatively dissipated when the exci-
tons that photo-generate directly on the TCVB sites become relaxed
to their mutual ground states.

Copolymerization is clearly an effective method of preventing
unfavorable phase-separation in solid samples and of modifying
homopolymer’s unperturbed chemicophysical properties. How-
ever, the incorporation of additional functionality in the form of
a different band-gap and different electrochemical potentials can
lead to an unfavorable loss of excitons, especially because of the
inter-chain interactions in the random solids. As shown in previ-
ous studies, this phenomenon is most likely beneficial for solar cell
applications.
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