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The effect ofπ-conjugation attenuation on the photophysics and exciton dynamics of two conjugated polymers
1 and2 are examined in solution. The structures of polymers1 and2 have 2,2′-bipyridyl-5-vinylene units
that alternate with one and three 2,5-bis(n-decyloxy)-1,4-phenylenevinylene monomer units, respectively.
The photophysics and exciton dynamics of polymers1 and2 were compared to those of the homopolymer,
poly(2,5-bis(2′-ethylhexyloxy)-1,4-phenylenevinylene) (BEH-PPV). A series of changes in the photophysics
of polymers1 and2 were found as a result ofπ-conjugation attenuation. These changes include blue shifts
in absorption and emission spectra, spectral diffusion in stimulated emission, enhancement in photoluminescence
quantum yields and lifetimes, and increases in photoinduced absorption intensities and lifetimes. These changes
are systematically more pronounced in polymer1 than in polymer2 and are correlated withπ-conjugation
attenuation in the polymers due to twisting of the 2,2′-bipyridine groups about the 2,2′ single bond. An exciton
dynamics model involving an ensemble of initial exciton states localized on oligomeric segments within the
polymer with different conjugation lengths is proposed to describe the observed differences between polymers
1 and2 and BEH-PPV. When the electronic coupling between these segments is strong, the polymer displays
characteristics that are close to those of a one-dimensional semiconductor. However, when these couplings
are weakened by groups, such as the 2,2′-bipyridine that attenuateπ-conjugation, the polymer displays properties
of an ensemble of oligomers.

Introduction

Conjugated polymers, especially poly(p-phenylenevinylene)
(PPV) based polymers, have been studied extensively from both
fundamental photophysical and application aspects because of
their potential as materials for light-emitting diodes1-4 and
lasers.5-7 Recently, several PPV derivatives have been synthe-
sized that explore potential applications in other areas, such as
photorefractive materials,8 metal ion sensing,9-11 and molecular
wires.12,13Because photoluminescence of PPV-based polymers
is critical in many of these applications, it is important to
establish correlations between polymer structural features and
fundamental polymer photophysics, such as exciton/polaron
generation, migration, and recombination.

Many discussions have focused on whether aπ-conjugated
polymer should be viewed as a one-dimensional semiconductor
or a collection of oligomers with different conjugation lengths.14

A number of ultrafast optical spectroscopic studies on PPV and
MEH-PPV (poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenyl-
enevinylene) revealed the fundamental photophysics of these
polymers following initial photoexcitation.15-19 Three major
changes in the optical spectra of PPV derivatives have been
observed following photoexcitation: ground-state bleaching,
stimulated emission, and photoinduced absorption. There have
been numerous debates on the origins of these spectral
characteristics. The origin of photoinduced absorption has been
assigned to singlet excitons, triplet excitons, polarons, and
photooxidized products.15-28 The origin of stimulated emission

has been assigned to a relaxed singlet exciton, a pair of tightly
bound polarons, or localized singlet excitons.15-17,29-33

In this study, femtosecond transient absorption spectroscopy
is used to examine the photophysics of three polymers with
differentπ-conjugation strengths. The homopolymer poly(2,5-
bis(2′-ethylhexyloxy)-1,4-phenylene-vinylene) (BEH-PPV) has
a backbone structure identical to that of PPV, where its most
stable conformation is near-planar.34 Calculations have predicted
that MEH-PPV and BEH-PPV should have nearly planar
backbones in their energy-minimized structures. However, the
π-conjugation in a planar chain could be perturbed when a group
is introduced into the polymer backbone that is capable of
achieving a nonplanar conformation. Polymers1 and 29 are
copolymers of BEH-PV (2,5-bis(2′-ethylhexyloxy)-1,4-phe-
nylenevinylene) and bpy (2,2′-bipyridine) with repeating units
of (BEH-PV-bpy)n and [(BEH-PV)3-bpy]n, respectively (Fig-
ure 1). Because there is approximately a 20° dihedral angle
between two the pyridine planes in its transoid-like conformation
and the potential barrier for a rotation along the C-C bond
connecting the two pyridine rings is small,35 nonplanar confor-
mations could exist in polymers1 and2. This deviation from
planarity attenuates theπ-conjugation in these polymers. As
the number of bpy units within the polymer structure increases,
π-conjugation in the chain is progressively attenuated, resulting
in a series of changes in photophysical properties of polymers
1 and2. On the basis of these observations, we will establish
correlations between theπ-conjugation and photophysical
properties of the polymers. To simplify the problem, only dilute
solutions of the polymers (10-5 M monomer) are studied, where
interchain interactions are negligible. In addition, we focus on
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the first few nanoseconds following photoexcitation so that the
dynamics of long-lived species, such as triplet states and distant
polarons were excluded. We will first investigate sources of
π-conjugation attenuation in polymers1 and2, then systemati-
cally study steady-state and transient optical properties of these
polymers. Finally, we will explain the observed results in terms
of an exciton dynamics model.

Experimental Section

BEH-PPV, polymer1, and polymer2 were synthesized
according to the procedures described elsewhere.9 The molecular
weights for BEH-PPV, polymer1, and polymer2 areMn )
200, 6.4, and 22 kD, respectively. The polymer solids were kept
inside a nitrogen box. Toluene (Aldrich) solutions of the
polymers were made at concentrations of 1× 10-5 M or less.
Stock solutions were freshly made and checked periodically for
photodegradation using UV-visible spectra during the laser
experiments. Samples were stirred and changed every hour.

Steady-state optical absorption spectra were measured using
a Shimadzu UV-visible spectrophotometer (UV-1601). Cor-
rected fluorescence spectra and relative fluorescence quantum
yields were obtained with a Photon Technology International
fluorometer. Solutions with 10-6 M concentration were used
for the fluorescence measurements. All experiments were
conducted at room temperature.

Transient absorption measurements were performed with an
apparatus based on an amplified Ti:sapphire laser system with
an optical parametric amplifier that has been described else-
where.36 The excitation pulses were derived from either the
second harmonic of the output from the Ti:sapphire amplifier
at 417 nm or from an optical parametric amplifier that can
generate 470-820 nm light. White-light continuum probe pulses
were generated by focusing a few microjoules of the Ti:sapphire
amplifier output onto a sapphire disk. The probe beam was split.
One beam served as the reference, and the other beam as the
probe beam. The probe beam and the 300 nJ pump beam were
focused to a 0.3 mm spot size at the sample in a nearly collinear
geometry. The optical density of the sample was kept below
0.3, and the path length of the sample cuvette was 2 mm. The
lengths of the pump and probe pulses were about 140 fs, and
the total instrumental response for the pump-probe experiments
was 180 fs. All transient absorption spectra were corrected for
temporal chirp in the white-light continuum.

Electronic structure calculations on oligomers of 2,5-dimethoxy-
1,4-phenylenevinylene (DMPV) with and without bpy groups

using the same repeat structures as those of polymers1 and2
were performed using the Hyperchem software package (Hy-
percube Inc.). Using the MM+ force field, each structure was
first energy-minimized. Subsequently, single excitation CI
calculations using the 10 highest occupied and 10 lowest
unoccupied orbitals were conducted using ZINDO/S.37 The
electronic transition energies, as well as the HOMO and LUMO
energies, were obtained for each oligomer. The largest oligomer
related to polymer1 for which calculations were performed is
(DMPV-bpy)4, while that for polymer2 is [(DMPV)3-bpy]2.
The same calculation was also performed for (DMPV)8 and
(DMPV-PV)4, where PV is an unsubstituted phenylenevinylene
fragment.

Results

Observed and Calculated Optical Absorption Spectra.
Absorption spectra of BEH-PPV, polymer1, and polymer2
in toluene are presented in Figure 2. Unlike the spectra of
phenylenevinylene (PV) oligomers, which display vibronic
structure, only a single structureless broad band appears at 504
nm for BEH-PPV in solution. Similar broad absorption bands
were also observed at 438 and 468 nm for polymers1 and2,
respectively.9 The blue shifts of the absorption peaks of
polymers1 and2 relative to that of BEH-PPV in solution are
0.371 and 0.189 eV, respectively. It is well-known that the
lowest energy absorption peak red-shifts as theπ-conjugation
length gets longer.24 Polymers1 and2 are sufficiently long to
ensure that the observed absorption shifts are due to their
intrinsically shorter conjugation segments rather than their much
shorter total chain lengths compared to that of BEH-PPV.24

Thus, the blue shifts in the absorption peaks indicate that the
overall π-conjugation in the BEH-PPV chain has been dis-
turbed because of the insertion of the bpy units in the polymer.

Figure 3 depicts the calculated values of the HOMO-LUMO
energy gaps∆E ) ELUMO - EHOMO as a function of the inverse
of the number of bonds,nB, in the π-conjugated oligomers
consisting of DMPV and bpyV (bpy-vinylene) units. The three
oligomers (DMPV)n, (DMPV-bpyV)n, and [(DMPV)3-bpyV]n
correspond to BEH-PPV, polymer1, and polymer2, respec-
tively. The calculations assumed nearly planar conformations
on the basis of energy-minimized structures. A DMPV unit here
is used to approximate a BEH-PV monomer. Each of the
DMPV and bpy-vinylene units have six and 10 bonds,
respectively. The effects of adding a bpyV unit on∆E are also
shown in Figure 3. In the (DMPV)n case (the dashed lines in
all three plots of Figure 3), a linear dependence of∆E on 1/nB

Figure 1. Molecular structures of the polymers. 2,2′ positions in bpy
groups are marked.

Figure 2. Normalized optical absorption spectra of∼1 × 10-5 M
polymer solutions in toluene at room temperature.
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is observed. However, when a bpyV unit is added to the
π-conjugated system as in (DMPV-bpyV)n and [(DMPV)3-
bpyV]n, the decrease in∆E caused by extending theπ-conjuga-
tion length is less than in a homo-DMPV oligomer with an equal
number of bonds. In other words, the∆E value is larger in the
hetero-oligomers with DMPV-bpyV than in the DMPV homo-
oligomers of equal length. This effect creates a “kink” in the
∆E vs 1/nB plot that makes the curve deviate from that of the
DMPV oligomers.

Calculated results for the lowest energy optical transition
energy Emin are shown in Figure 4. The number of bonds
required to saturateEmin values are similar for all three polymers.
However, adding a bpy unit to aπ-conjugated DMPV unit
reducesEmin less than adding an additional DMPV unit.
Similarly, adding a bpy unit to the (DMPV)3, mimicking the
situation in polymer2, also causes the same effect as in polymer
1 but to a lesser extent. Both planarsyn- and anti-2,2′-bpy
conformations were used in the calculations, and the differences
in the results were shown to be negligible. The results presented
here assumed allsyn-2,2′-bpy segments in the polymer chains.

The calculated results in Figures 3 and 4 are strong evidence
of π-conjugation attenuation caused solely by weakened elec-
tronic interactions between adjacent units with different elec-
tronic structures.

We then examined theπ-conjugation attenuation due to
nonplanar conformations. The∆E difference for a (DMPV)3-
bpy-(DMPV)3 oligomer as a function of the N-C-C-N
dihedral angleæ within bpy foræ ) 0° and 90° was calculated.
These values of the dihedral angle correspond to planar and
orthogonal conformations between the two halves of the
oligomers, respectively. The∆E difference is 0.133 eV,
implying that a 15 nm blue shift may be observed due to the
conformational change from planar to orthogonal on the basis
of an approximate linear relationship between∆E andEmin in
the DMPV series. Not surprisingly, theπ-conjugation between
the two halves of the oligomer is minimized in the orthogonal
conformation.

Photoluminescence Spectra and Relative Photolumines-
cence Quantum Yields. One likely cause of the breadth of the
low-energy absorption bands of the polymers in solution is the
existence of various oligomeric segments along the polymer
chain that have differentπ-conjugation lengths. The segments
with longerπ-conjugation lengths should absorb on the red side
of the absorption bands. If this assumption is true, knowing the
efficiency of energy transfer among these segments is important.
Selective excitation at different wavelengths within an absorp-
tion band was carried out to address this issue.38 If a segment
with a particularπ-conjugation length is selectively excited and
if the exciton residing on it does not interact strongly with other
parts of the polymer chain, a unique emission spectrum should
be observed for a particular excitation wavelengthλex.38 On the
other hand, if there are strong interactions between different
parts of the chain with fast exciton relaxation along the polymer
chain to the lowest energy emitting state, the emission spectra
should beλex-independent.

Figure 5 displays the steady-state emission spectra of the
polymers with differentλex, along with their respective absorp-
tion spectra. The emission spectra of BEH-PPV and polymer
2 show almost noλex dependence, whereas the emission spectra
of polymer1 show a slightλex dependence at the lower energy
vibronic peak around 540 nm. These results indicate that the
emitting species from each polymer is largely independent of
the initial excitonic species at room temperature in solution, at
least on a relatively long time scale.

The photoluminescence quantum yields of polymers1 and2
relative to that of BEH-PPV were obtained from the corrected
fluorescence spectra of the polymers in Figure 6. The relative
fluorescence quantum yields for polymers1 and2 are 1.9 and
1.5 times that of BEH-PPV, which is 0.3. The 0-0 transitions
in the photoluminescence spectra occur at 17 900, 18 500, and
20 133 cm-1 for BEH-PPV, polymer 2, and polymer1,
respectively. This quantum yield enhancement is important from
the point of view of device applications of these polymers.

Excitation Wavelength Dependence of Stimulated Emis-
sion and Photoinduced Absorption. Although little excitation
wavelength,λex dependence was observed in the steady-state
photoluminescence spectra of the polymers, some variations in
stimulated emission spectral regions were detected on a fem-
tosecond to picosecond time scale whenλex was varied. The
initial transient spectra at 1-2 ps after the excitation pulse for
the three polymers with differentλex are displayed in Figure 7.
For BEH-PPV, laser pulses at 417, 512, and 555 nm were used,
for polymer2, 417, 512, and 536 nm, and for polymer1, only
417 nm. For BEH-PPV, little λex dependence of the transient

Figure 3. Calculated band gap∆E ) ELUMO - EHOMO for oligomers
with different monomers (0) PV, 1 ) DMPV, 2 ) bpy). Relative to
the line for the homo-DMPV oligomer, adding PV or bpyV to an
existing MPV monomer causes a “kink” in the line that indicates that
either PV or bpy monomer attenuates the effect of band gap reduction
compared to homo-DMPV case (see text).
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spectra was observed in both the stimulated emission (560-
680 nm) and the photoinduced absorption (>700 nm) regions
(Figure 7a). The transient spectra with differentλex in the
stimulated emission region agree well with the fluorescence
spectrum. The stimulated emission and the fluorescence spectra
are very similar in the vibronic band around 605 nm with
different λex. The 0-0 transition occurs where the spectral
regions of the stimulated emission and ground-state bleaching
(<580 nm) overlap and thus is not used to compare the spectra.
The λex invariance in stimulated emission spectra at 1-2 ps
after the photoexcitation for BEH-PPV agrees well with
previous results reported for PPV and MEH-PPV in solu-
tion,15,17,29,33where primary exciton relaxation was completed
within 1 ps. This indicates that although selected oligomeric
segments along the polymer chain with differentπ-conjugation
lengths were preferentially excited, the initial exciton rapidly
decays to the same Stokes shifted state from which the
photoluminescence originates. The total integrated intensity of
photoinduced absorption (>700 nm) for BEH-PPV shows a
slight increase as the excitation photon energy increases.

Polymer2 exhibitsλex dependence in its transient spectra in
both the stimulated emission (530-670 nm) and photoinduced
absorption (>620 nm) spectral regions. Compared to BEH-
PPV, the integrated intensities of photoinduced absorption for
polymer2 increase more significantly as the excitation photon
energy increases, and the overall integrated intensities of the
photoinduced absorption compared to the stimulated emission
intensities are greater than that observed for BEH-PPV. When
the excitation photon energies are much higher than the 0-0
transition energy, the initial stimulated emission for polymer2
deviates from its photoluminescence spectra. This deviation
diminishes as the excitation photon energy decreases. Excitation
with 536 nm light at the red edge of the absorption peak
produced the initial stimulated emission that agrees with the
photoluminescence spectrum.

An even greater deviation in the stimulated emission region
(480-650 nm) was observed for polymer1 than for polymer2

using 417 nm excitation. Stimulated emission observed at early
times at 490-600 nm even failed to reproduce the vibronic peak
at about 530 nm in polymer1. This vibronic structure observed
in the stimulated emssion spectrum of polymer1 evolves to
that observed in its steady-state fluorescence spectrum∼100
ps following excitation. The integrated intensity of the photo-
induced absorption observed in polymer1 is even higher than
that for polymer2 relative to its stimulated emission peak. Thus,
the λex dependence of stimulated emission and integrated
intensities of photoinduced absorption increase as the linear
density of theπ-conjugation attenuator bpy increases within the
polymer chains.

Spectral Diffusion of Stimulated Emission. The photolu-
minescence spectra of polymers1 and2 show little dependence
on λex, whereas the initial stimulated emission spectra at early
times following excitation areλex-dependent and deviate from
the photoluminescence spectra when the excitation photon
energies are well above the 0-0 transition. Therefore, the initial
stimulated emission spectra in polymers1 and2 are expected
to evolve with time, via spectral diffusion, into the spectra that
resemble the photoluminescence spectra. The dynamics of the
spectral diffusion provide information on intrachain electronic
interactions in the polymers.

Figure 8 presents the time evolution of the red side of the
stimulated emission for the polymers with 417 nm excitation,
which is well above the energies of the 0-0 transitions. BEH-
PPV shows virtually no change in spectral shape 2 ps following
excitation. However, both polymers1 and2 show continuous
red shifts of their respective spectra during the first 50-100 ps
after the excitation. Polymer2 finishes the spectral shift within
50 ps, while polymer1 finishes 100 ps following the excitation.
During the time period 2-50 ps following excitation, the red
edge of the stimulated emission for polymer2 has shifted about
18 nm to the red, resulting in a stimulated emission spectrum
that resembles the photoluminescence spectrum. The stimulated
emission spectral diffusion is more obvious in polymer1 and
proceeds in two stages. Between 1 and 3 ps the red edge shifts

Figure 4. CalculatedEmin and corresponding optical transition wavelength in various oligomers as in Figure 3.
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by about 10 nm, remains the same between 5 and 10 ps, then
continues to shift another 12 nm to the red between 5 and 100

ps, resulting in the lower energy vibronic feature of the
photoluminescence spectrum at about 530 nm. This two-stage
spectral evolution was also observed in the photoinduced
absorption spectra, where a broad band arose from 1 to 3 ps,
then decayed between 5 and 10 ps, and subsequently evolved
into a double-peaked broad band at about 100 ps after the
excitation. The deviation in the initial stimulated emission
spectra in polymers1 and 2 from their photoluminescence
spectra and the continuous red shifts of the edge of the
stimulated emission following the excitation indicate that the
initial excited states have higher energies than the final relaxed
photoluminescence state. The longer time required to finish the
spectral red shifts for polymers1 than for polymer2 suggests
that the relaxation time from the initial excited states to the
final emitting states increases as the polymerπ-conjugation is
attenuated by more bpy groups in the polymer chains.

Photoinduced Absorption Decay Kinetics. Although the
origin of photoinduced absorption in PPV polymers remains
an unsettled issue, it is certain that the photoinduced absorption
decays monitored between 720 and 775 nm shown in Figure 9

Figure 5. Steady-state fluorescence spectra (uncorrected for wavelength
dependence) of polymers in toluene with different excitation wave-
lengths.

Figure 6. Relative steady-state fluorescence spectra of polymers in
toluene normalized by the same optical densities. The results were
obtained by normalizing the fluorescence intensities of solutions of
polymers1 and 2 to their optical densities (OD) at 459 nm, where
they were excited, and repeating the same process again for polymer2
and BEH-PPV at 510 nm. The areas under the fluorescence spectra
represent the relative fluorescence quantum yields. The dashed curves
are the absorption spectra of the polymers, and the dashed vertical lines
mark the excitation photon energies at 19 607 cm-1 (510 nm) and
21 786 cm-1 (459 nm).

Figure 7. Transient absorption spectra of (a) BEH-PPV, (b) polymer
2, and (c) polymer1 in toluene with differentλex at 2 ps along with
absorption spectra (dotted lines) and photoluminescence spectra (dashed
lines). The upward arrows indicate the excitation wavelengths and their
locations in the absorption bands. The transient absorption spectra at
512 nm for BEH-PPV and polymer2 are not shown in order to
simplify the figures.
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reflect the dynamics of both radiative and nonradiative processes
of the polymer excited states. Because of the uncertainty in the
identities of the states involved, it is difficult to quantitatively
describe the kinetics in the photoinduced absorption region. In
this study, decays of photoinduced absorption are fit to two or
three exponential components as listed in Table 1. Obviously,
fitting with multiple exponential kinetics assumes that all the
processes are unimolecular, which is clearly not true for
exciton-exciton annihilation and spatially indirect exciton
formation and recombination. However, such processes are
minimized in dilute polymer solutions with relatively low
excitation photon fluxes. Because of spectral overlaps for a
number of possible absorbing species of the excited states,
solving the kinetics of each individual component is always a
challenge. In this section, we concentrate on the effect of inserted
bpy groups on the photoinduced absorption kinetics of polymers
1 and2 compared to that of BEH-PPV. A parallel analysis is
conducted in the kinetics data for all the polymers.

With multiexponential fits, the dominant component in the
photoinduced absorption decay of each polymer is the one with
the longest decay time constant, which increases with the
number of bpy groups inserted in the polymer chain. There is

a 2-fold to 4-fold increase in the decay time constant from 220
ps for BEH-PPV to 470-1000 ps for polymer2 (varies with
λex) and to 1300 ps for polymer1 (λex) 417 nm). Because our
femtosecond transient spectroscopic measurements are limited
to a time window of a few nanoseconds, the decay components
with time constants substantially longer are not included, such
as those that describe triplet exciton decay. Therefore, the main
components for the polymers listed in Table 1 with time
constants from 200 to 1300 ps reflect the lifetimes of singlet
excitonic species.

Table 1 shows theλex dependence of the excited-state kinetics.
A noticeable difference in the kinetics is the effect ofλex on
the time constantτ1 of the major component. The time constant
τ1 varies by 5% for BEH-PPV from 218 to 229 ps asλex varies
from 417 to 555 nm, whereasτ1 varies over 100% for polymer
2 from 468 to 1017 ps asλex varies from 417 to 536 nm. As
the excitation energy increases above the 0-0 transition in
polymer2, the apparent lifetime of the exciton state becomes
longer due to relaxation of the initial exciton to the emitting
exciton state. The time required for this process is shorter, when
the emitting state is produced directly as is the case for 536 nm
excitation at the red edge of the polymer2 absorption band.
Therefore, the excited-state dynamics are slowed by the presence
of bpy in polymer2. With this trend in mind, the photoinduced
absorption changes for polymer1 having a 16 ps rise time and
a relatively slow decay time of 1300 ps is not unexpected.
Changes in spectral shape within the first 100 ps after excitation
provide evidence for exciton diffusion in search of the emissive
state (Figure 8).

The inset of Figure 9 shows the time evolution of the
photoinduced absorption during the first several picoseconds
after excitation at 417 nm. By use of a multiexponential fit,
BEH-PPV has a fast decay component with a time constant
of ∼1 ps, whereas in polymer2 this decay component increases
to 5 ps, while polymer1 has a rise component of 16 ps as well
as a decay component 26 ps. The lack ofλex dependence
observed in BEH-PPV and a less than 1 ps decay component
in the exciton decay kinetics suggest that the initial exciton
relaxation occurs on a subpicosecond time scale. In contrast,
the 5 ps decay component observed in polymer2 could arise
from exciton migration that is significantly slowed because of
attenuatedπ-conjugation by the bpy groups. More interestingly,
the photoinduced absorption for polymer1 rises and then decays.
The additional bpy groups in polymer1 not only slow exciton
migration but in addition retard exciton formation, which will
be discussed in detail below.

Figure 8. Time evolution of the stimulated emission for (a) BEH-
PPV, (b) polymer2, and (c) polymer1 in toluene at room temperature
with 417 nm excitation.

Figure 9. Photoinduced absorption decays of the polymers in toluene
with excitation at 417 nm. The inset expands the decays at early time.
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Stimulated Emission Decay Kinetics. The photolumines-
cence decay kinetics for the polymers were monitored by
stimulated emission at the first vibronic peak of the photolu-
minescence spectrum, where minimum interference from the
bleaching of the ground-state and the excited-state absorption
bands is anticipated. Figure 10 shows normalized stimulated
emission decays for BEH-PPV monitored at 600 nm and for
polymer 2 at 575 nm, with differentλex. Similar to the
photoinduced absorption decay, the stimulated emission decay
kinetics of BEH-PPV is nearlyλex-independent (see Table 2).
The λex dependence of the time constantτ1 for the major
component of polymer2 agrees with what was observed in its
photoinduced absorption decays, suggesting a correlation be-
tween the two processes. The influence ofπ-conjugation on
exciton relaxation described for the photoinduced absorption
results can be observed in the kinetics of stimulated emission
as well. Compared to the photoinduced absorption kinetics,
where the fraction of the major component was 46-84%, the
relative fraction of the major component in the stimulated
emission kinetics is much higher at 80-93%. The reason for
this increase is due to the fact that nonradiative species will
not have an optical absorption in this region. Since the
photoluminescence decay is a well-known one-body process,
the time constants obtained here will be valid values for the
lifetimes of the emitting exciton states. It is also possible that
the minor component here is due to excited-state absorption
that overlaps the stimulated emission region.

Correlations of the Stimulated Emission, Photoinduced
Absorption, and the Ground-State Bleaching Kinetics. One

way to identify the origins of the species causing the transient
absorption is to look for correlations in the kinetics for spectral
changes in different regions. Figure 11 demonstrates such kinetic
correlations in BEH-PPV and in polymer2 from plots of
normalized absorption changes for the ground-state bleaching,
stimulated emission, and photoinduced absorption as a function
of the probe delay time. For polymer2, the three kinetic traces
overlap at times within 1 ns and deviate from each other in the
longer time. In contrast, the three kinetic traces are poorly
overlapped for BEH-PPV. The agreement between different
kinetics traces in polymer2 indicates that the same species are
responsible for the photoinduced absorption emission and that
the nonradiative processes are negligible within 1 ns. However,
the deviation between the three kinetic traces at longer time
suggests that nonradiative species may be generated later, such
as triplet states. The poor correlation among the three kinetics
traces for BEH-PPV indicates that the different species are
responsible for the transient absorption changes in different
regions. The initial fast decay of the ground-state bleaching (the
inset of Figure 11a) likely involves nonradiative species that
do not absorb or emit light at the observed wavelengths because
this component is absent in both stimulated emission and
photoinduced absorption. However, the fast rise component in
stimulated emission and the fast decay component correlate well
with each other during the first few picoseconds after photo-
excitation. The discrepancy occurs later, most likely through
formation of nonradiative species.

Discussion

Sources ofπ-Conjugation Attenuation by bpy Groups in
Polymers 1 and 2. Insertion of bpy units in an otherwise well-
conjugated polymer chain brings about structural changes that
diminish π-conjugation in the polymer chain. The attenuation
of π-conjugation by a bpy unit is due primarily to two
phenomena. First, the electronic coupling between two neigh-
boring monomers is reduced because the electronic structure
of bpy differs significantly from that of the BEH-PV monomer.
Second, a rotation about the C-C bond connecting the two
pyridyl rings of bpy results in nonplanar conformations between
two adjacent well-conjugated segments of the polymer, also
causing reducedπ-orbital overlap.

The first phenomenon can be examined by comparing the
π-electron density overlap between two adjacent BEH-PV
monomers with that between adjacent BEH-PV and bpy groups
assuming all-planar conformation. When two identical groups
are brought together, the electron density overlaps amongπ
orbitals are most favorable because the symmetry of the orbitals
and the energy levels are the same. In this case, the electronic
interactions are strong and there is little energy barrier between
the two groups preventing theπ-electron delocalization. When
two adjacent groups have different symmetries and orbitals
energies, theπ-electron density overlap will be reduced. If such
differences are large, there will be no significantπ-electron

TABLE 1: Photoinduced Absorption Kinetics of Polymers in Toluene at 293 K

polymer A1 (%) τ1 (ps) A2 (%) τ2 (ps) A3 (%) τ3 (ps)

BEH-PPV (λex ) 417 nm) 56 218( 14 28 18( 4 16 1( 0.1
BEH-PPV (λex ) 512 nm) 42 222( 9 31 23( 2 27 1( 0.2
BEH-PPV (λex ) 555 nm) 68 229( 7 18 18( 3 14 0.7( 0.2
polymer2 (λex ) 417 nm) 67 1017( 34 17 106( 15 16 5( 0.6
polymer2 (λex ) 512 nm) 70 802( 9 20 58( 5 10 5( 0.8
polymer2 (λex ) 536 nm) 84 468( 32 16 46( 14
polymer1 (λex ) 417 nm) 59 1303( 28 41 26( 4 16( 3a

a Rise time.

Figure 10. Stimulated emission decays of (a) BEH-PPV and (b)
polymer2 in toluene with different excitation wavelengths.
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overlap between the groups, and the electrons will be localized
within each monomer segment.

As an immediate result ofπ-orbital interactions between two
identical adjacent groups, the HOMO energy increases while
the LUMO energy decreases, which leads to reduction of the
energy gap,∆E. However, this reduction in∆E is smaller if
the two interacting groups have different electronic structures.
Figure 3 shows this by comparing∆E vs 1/nB plots of the three
hetero-oligomers with a homo-DMPV oligomer. All three
hetero-oligomers, (DMPV-PV)n, (DMPV-bpyV)n, and
[(DMPV)3-bpyV]n, result in higher∆E than a homo-DMPV
oligomer with the same number ofπ-conjugated bonds.
Similarly, the lowest energy transition,Emin, corresponding to
the optical absorption band, is more red-shifted in homo-
oligomers than hetero-oligomers with the same number of
π-conjugated bonds (Figure 4) as oligomers get longer. As a
result of theπ-conjugation reduction by the electronic structural
differences between different groups, a potential barrier for
electron or hole delocalization across the boundary of the groups
is formed along the polymer chain. The weaker the interactions
between the groups, the higher the barrier is for the electron
delocalization. Depending on these potential barrier heights,
conjugated polymers manifest the characteristics of either one-
dimensional semiconductors or ensembles of molecular chro-
mophores, as well as a spectrum of intermediate characteristics.

The second reason that the bpy groups in polymers1 and2
weakenπ-conjugation is the nonplanar conformation along the
polymer chain caused by a rotation along the C-C bond joining

the two pyridines. In a bpy group, the potential energy barrier
between a planar conformation and the orthogonal conformation
is only about 0.025 eV35 compared to 3.467 eV for rotating a
CdC double bond in stilbene.39 This comparison implies that
bpy groups in polymers1 and 2 act as swivel points to
disconnect two adjacentπ-conjugated sections in the polymer
chain. Similar effects have been investigated through a series
of calculations on poly(p-pyridylvinylene-phenylenevinylyene)s
where the blue shift of the polymers could be modeled by the
out-of-plane torsional movements of the pyridyl rings.40 Natu-
rally, these torsional movements that lead to nonplanar confor-
mations also contribute to the potential barriers that prevent
π-electron delocalization along the polymer chain. In addition,
the torsional angles are changing with time in solution, and so
are the barrier heights, resulting in a dynamic change in segment
conjugation lengths along the polymer chain. Therefore, the blue
shifts in the absorption bands for polymers1 and2 are due to
both the electronic structure differences and nonplanar confor-
mations. Their influence on the energy gap and on the lowest
absorption band measured in the experiments is comparable and
should be considered.

Exciton Dynamics Model for Polymers with π-Conjuga-
tion Attenuation . On the basis of the discussion above, in the
order of BEH-PPV, polymer2, and polymer1, theπ-conjuga-
tion of the polymer chain is increasingly attenuated, corre-
sponding to an increase of potential barrier heights for electron
delocalization as shown in Figure 12. Consequently, changes
in the photophysics of the polymers have been observed as
presented in Results. To establish a correlation between the
π-conjugation along the polymer chain and its photophysics,
an exciton dynamics model for isolated polymer chains at early
times following photoexcitation is proposed.

A three-state exciton dynamics model depicted in Figure 13
involves the ground state, the initial exciton state, and the relaxed
emissive exciton state. The initial exciton state is a localized
exciton created via direct photoexcitation, which can proceed
through an energy transfer cascade either to a relaxed emissive

TABLE 2: Photoluminescence Decay Kinetics of Polymers in Toluene at 293 K

polymer A1 (%) τ1 (ps) A2 (%) τ2 (ps) τ3 (ps)a

BEH-PPV
(λex ) 417 nm,λprobe) 600 nm) 80 256( 10 20 45( 8 0.4( 0.08
(λex ) 512 nm,λprobe) 600 nm) 89 220( 11 11 27( 10 0.6( 0.08
(λex ) 555 nm,λprobe) 600 nm) 91 219( 4 9 8( 2 1 ( 0.6

polymer2
(λex ) 417 nm,λprobe) 575 nm) 86 1031( 25 14 14( 2a 0.5( 0.1
(λex ) 512 nm,λprobe) 575 nm) 85 864( 11 15 14( 2 0.6( 0.8
(λex ) 536 nm,λprobe) 575 nm) 93 501( 3 7 17( 3 0.7( 0.2

a Rise time.

Figure 11. Normalized kinetics traces of the ground-state recovery,
stimulated emission, and photoinduced absorption for (a) BEH-PPV
and (b) polymer2 in toluene solution at room temperature, excited by
512 nm light.

Figure 12. Potential barriers across the polymer chains. The barrier
height is higher when a bpy group is inserted because of the nonplanar
conformation and weakened electronic interactions between bpy and
BEH-PV groups. In segments where all groups are BEH-PV, the
barrier heights are depicted lower because of strongerπ-conjugation.
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exciton state or to a nonemissive species, which returns to the
ground state via radiative and nonradiative processes, respec-
tively. Excitation with higher energy photons will preferentially
create initial excitons residing on segments with shorter
conjugation lengths, whereas lower energy photons will pref-
erentially excite the segments with longer conjugation lengths.
The higher the initial exciton energy, the longer will be its
relaxation to the final emissive exciton state. This model is used
in conjunction with the potential barrier diagrams in Figure 12
to explain the changes in polymer photophysics as theπ-con-
jugation along the polymer backbone is progressively attenuated.

On the basis of previous studies, the photoluminescence of
photoexcited PPV polymers originates from localized singlet
exciton states.15,20,21 An emissive singlet exciton state with
π-electron delocalization over six units has been suggested on
the basis of the resemblance of the photoluminescence to that
of the oligomers.41 Because of theλex invariance of the lifetimes
for the photoinduced absorption and stimulated emission of
MEH-PPV, Vacar et al. concluded that the relaxed exciton state
consisted of a singleπ-π* interband transition rather than a
superposition of narrow absorptions from segments with dif-
ferent conjugation lengths.16b Alternatively, a molecular ap-
proach has been carried out by Rauscher et al.42,43that describes
PPV as a random organic solid with an energy distribution of
localized sites of different conjugation lengths. Since MEH-
PPV and BEH-PPV differ only in their side chains, they can
be considered very similar as far asπ-conjugation is concerned.
Because of strong interactions among monomer units and
relatively high energies required for twisting these planar
polymers into segmented nonplanar structures, the disorder in
these polymers is likely a gradual deviation from a perfect planar
conformation, analogous to twisting a stiff ribbon. In fact, only
a 5-10° deviation from the planar conformation was observed
in crystalline PPV.34 Because of this gradual deviation from
the planar conformation, theπ-conjugation between adjacent
units is largely undisturbed, resulting in the longest average
conjugation length among the three polymers.

In the limit of strongπ-conjugation, the initial exciton could
move quickly along the chain to form relaxed emissive excitons
or nonemissive species, such as free carriers or distant polarons,
if the energies of the electrons and holes exceed their Coulombic
interaction. If theπ-conjugation length of the emissive exciton
state is smaller than the shortest conjugation length in the
polymer, the localized initial exciton state with a higher energy
can quickly relax to the emissive exciton state with almost no
barrier. Even when BEH-PPV is excited with photon energies
well above the 0-0 transition, the relaxation time is too fast to
resolve in our experiments, resulting inλex-independent kinetics
for the stimulated emission and photoinduced absorption (Tables
1 and 2, Figure 10).

For polymers1 and 2, the π-conjugation in their polymer
chains is significantly attenuated because of the presence of
nonplanar conformations. Even within a planar segment, bpy
units create energy barriers for the electron delocalization due

to weakened electronic interactions between two neighboring
groups of different structures. Therefore, a polymer chain can
be viewed as an ensemble of segments with different conjugation
lengths44 and the averageπ-conjugation length in polymers2
is shorter than that in BEH-PPV and is even shorter in polymer
1. When such a polymer is excited by photons of a particular
energy, the initial excitons will be preferentially created within
a group of segments of certain conjugation lengths. As in BEH-
PPV, this initial exciton state will relax to the emissive exciton
state. However, conjugation lengths in polymers1 and 2 are
likely shorter than theπ-electron delocalization length of the
emissive exciton state in BEH-PPV. Thus, the quantum
confinement of the exciton occurs, producing two effects: (1)
an increase of the potential barriers for forming nonemissive
species (e.g., free electron carriers or distant polarons) and many-
body processes (e.g., exciton-exciton annihilation), thus hinder-
ing nonradiative processes; (2) a decrease of the energy-transfer
rate (or exciton diffusion rate) along the chain due to less
electronic overlap and smaller, more segmented dipole moments.
Overall, polymers1 and 2 have segments that are more like
molecular oligomers, whereas BEH-PPV is more like a one-
dimensional semiconductor. The key difference is the electronic
coupling between different segments of the polymer chain that
regulates the dynamics of the exciton states.

When the polymers were excited by light with an energy well
above the 0-0 transitions (e.g., 417 nm), the initial exciton state
resides at segments with shorter conjugation lengths than the
emissive exciton state. The observed spectral diffusion in the
stimulated emission region reflects the energy-transfer process
from the initial exciton to the emissive exciton state. This
process takes less than 1 ps for BEH-PPV, about 50 ps for
polymer2, and 100 ps for polymer1. When the polymers are
excited by photons with a lower energy, the initial exciton will
be preferentially created at those segments with a longer
conjugation length. Because the energy difference between the
initial exciton and the emissive exciton states is now smaller,
the exciton diffusion path is shorter. When the emissive exciton
state is excited directly, corresponding to excitation near the
0-0 transition, there is no exciton diffusion. Since spectral
diffusion in BEH-PPV takes less than 1 ps even with the
highest energy photons in our experiments, the lifetime of
stimulated emission for BEH-PPV appears to beλex-indepen-
dent. The energy-transfer process is slowed considerably in
polymer2 because of the potential barriers for exciton diffusion.
The stimulated emission of polymer2 is clearlyλex-dependent
[Figure 7b] with less deviation from the photoluminescence
spectrum whenλex gets longer. When polymer2 is excited by
536 nm light near its 0-0 transition, there is no spectral
diffusion of its stimulated emission, which implies direct
population of the emissive exciton state. The lifetime of the
stimulated emission also decreases asλex gets longer (Table 2),
reflecting a decrease in diffusion from the initial exciton to the
emissive exciton. More interestingly, the stimulated emission
of polymer2 has a component with a 14 ps rise time constant
when it is excited by 417 nm light. Since the population of the
emissive exciton state is determined by its intrinsic decay rate
as well as its rate of formation, the origin of this rise component
is likely due to continuous formation of the emissive exciton
state through direct excitation or energy transfer from the initial
exciton state. This rise component is more significant in polymer
1 (not shown) and has a longer time constant than polymer2
because itsπ-conjugation is more fragmented and the initial
exciton needs to cross more potential barriers in order to reach
the relaxed emissive exciton state. Also, the coupling between

Figure 13. Three-state exciton dynamics model.
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shorter dipoles with more diverse dipole orientations slows down
the Förster energy-transfer process.

This three-state energy-transfer mechanism also agrees with
the observed changes in the photoinduced absorption. The
overall integrated intensity of photoinduced absorption increases
with π-conjugation attenuation in polymer chains in the
sequence of BEH-PPV, polymer2, and polymer1. Because
theπ-conjugation in these polymers is increasingly fragmented
in the same order, the origins of the photoinduced absorption
must have a localized nature. This conjecture can be confirmed
by the λex dependence of the overall integrated photoinduced
absorption intensities. The high-energy photons, which excite
initial excitons with shorter conjugation lengths, generate higher
integrated photoinduced intensities (Figure 7). Moreover, the
photoinduced absorption in PPV has been assigned to bound
polaron pairs15a and the enhanced photoinduced absorption in
MEH-PPV was used as evidence of carboxyl defects due to
photooxidation that quenches the photoluminescence.15b Pho-
tooxidation should not be a significant source of photoinduced
absorption in our study because the samples were kept under
nitrogen and changed frequently during the laser experiments.
The statement on the localized nature of the photoinduced
absorption during the first nanosecond following the excitation
does not contradict previous observations in the photooxidation
in MEH-PPV15 because the oxidized vinyl group also breaks
the π-conjugation in MEH-PPV chains, causingπ-electron
localization. While previously observed photooxidation products
quench the photoluminescence, the localized initial excitons in
polymers1 and2 are converted to the relaxed emissive exciton
state.

Finally, the three-state exciton dynamics model can also
explain the enhanced photoluminescence yields of polymers1
and2 relative to that of BEH-PPV in terms of the formation
of nonemissive species and the quantum confinement of
excitons. Because of the well-conjugated structure and strongly
interacting monomer units in BEH-PPV, the electrons and the
holes in the initial excitons could diffuse rapidly, forming
nonemissive free carriers and distant polarons if their energies
are high enough to overcome the Coulombic interactions. When
more than one exciton is created in the same polymer chain,
exciton-exciton annihilation could occur because of the high
mobility of the excitons. For polymers1 and2, the probabilities
of forming nonemissive species and exciton-exciton annihila-
tion are smaller because of the reduced mobility for electrons
and holes in the initial excitons due to the potential barriers
generated by the bpy units. Because these nonradiative processes
are greatly reduced, more initial excitons become available for
conversion to the emissive exciton states, resulting in a higher
photoluminescence quantum yield. The differences between
BEH-PPV and polymer2 in the branching ratio of radiative
and nonradiative products can be seen by comparing the kinetics
of photoinduced absorption, stimulated emission, and ground-
state bleaching in Figure 11. The discrepancy among the three
kinetics in BEH-PPV suggests that a significant fraction of
the initial exciton becomes optically quiet and can be detected
only via ground-state bleaching. The origin of the initial fast
decay component in the ground-state bleaching is very likely
due to nonradiative species decaying to the ground state via
internal conversion. A similar observation was made in phenyl-
substituted PPV (PPPV) where the photoluminescence lifetime
and the quantum yield increase compared to those in PPV. These
increases were attributed to more distortedπ-conjugation in the
polymer.45

Summary

Conjugated PPV type polymers in solution can be described
as an ensemble of interacting oligomers. The electronic coupling
between the oligomers determines the length ofπ-conjugation
and the photophysics of the polymer. Attenuation of the coupling
between the oligomers can be introduced by an electronic
structural mismatch between adjacent monomers and by struc-
tural distortions from a planar conformation within an oligomeric
segment. The bpy groups in polymers1 and2 accomplish both.
Experimentally, we observed significant changes in the photo-
physics and dynamics in polymers1 and2 from those of BEH-
PPV, which can be explained by a three-state exciton dynamics
model that invokes an intramolecular energy transfer from higher
energy localized initial excitons to lower energy relaxed emissive
excitons. A polymer with strongly interacting oligomers facili-
tates high mobilities for the initial excitons, leading to effective
formation of nonemissive species as well as fast exciton
relaxation to the emissive exciton state. However, polymers with
attenuatedπ-conjugation have more barriers for the excitons
to move along the chain, which causes enhanced photoinduced
absorption and higher photoluminescence quantum yields. On
the basis of our study, a correlation between theπ-conjugation
and photophysics in conjugated polymer solutions is established
at early times following photoexcitation. We have also inves-
tigated the effects of metal ion binding at the bpy groups on
the photophysics of these polymers. These studies will be
published separately.46
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