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To investigate the local environment’s effect on the lifetime and quantum yield of extended polymer chains
in the absence of intra- and interchain aggregation, short, rodlike polymers of poly(2,5-di-n-octyloxy-1,4-
phenylenevinylene) (DO-PPV) were dissolved in chloroform and then embedded in a polystyrene matrix.
The fluorescence lifetime was found to increase by 45% in moving from the solution to the matrix form. By
using the absorption and emission spectra of the chloroform solution to estimate the radiative and nonradiative
rate constants for the polymer in solution, along with calculations based on an exciton model, the corresponding
decay rate constants for the polymer embedded in the matrix were obtained. The close agreement between
the calculated and experimental values of fluorescent lifetime in the matrix proved the applicability of the
exciton model used. On the basis of the model, the average quantum yield of isolated polymers in the matrix
was calculated to be a factor of 2 higher than in solutionsan effect arising from a 59% decrease in the
nonradiative rate constant and, to a smaller extent, from a 20% increase in the radiative decay rate due to the
different dielectric constants of the environments. These results suggest that by extending and isolating single
luminescent polymers, high quantum yield devices are possible.

I. Introduction

Luminescent conjugated polymers have application as the
active material in electroluminescent1 and photovoltaic2,3 devices
based on thin film technology. The performance of these devices
is strongly affected by the polymer’s electronic properties and
photophysics. These in turn depend critically on steps taken in
film preparation such as polymer concentration, dissolving
medium (solvent), and thermal treatments.4 For example, in
nonpolar solvents the extended chain conformation prevails,
while in polar solvents individual polymers tend to coil up

tightly and multiple chain aggregates form.5 Because the
molecular conformation adopted by the polymer in the film is
correlated with that in solution, the solvent choice strongly
affects the film’s optoelectronic properties.6-8

While the solution morphology influences film morphology,
ensemble measurements have shown that the excited state
lifetime of polymers differ significantly between the solution
and film states. In thin films of CN-PPV9 and CN-ether-PPV,10

longer lifetime components have been observed in the film state
which have been attributed to a longer radiative lifetime and to
excimer emission.

Sartori et al. have shown that the conformation (i.e., extent
of intramolecular aggregation) of single high molecular weight
polymers is affected by the host medium.11 Concentration-
dependent time-resolved studies in poly(fluorene), poly(par-
aphenylene), and poly(4,40-diphenylenevinylene) have shown
that the occurrence of these long-lived states with large Stokes
shifts decreases by reducing the concentration of the polymer
or by forming supramolecular threaded structures with cyclo-
dextrines. This provides strong evidence that they indeed arise
from interchain interactions.12 In contrast, the fluorescence
lifetime of PDHPT was observed to shorten when moving from
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solution to thin films. This was interpreted as the result of
interchain exciton migration and nonradiative decay at quench-
ing sites.13

Clearly these interactions are dependent on material morphol-
ogy on a nanometer scale, leading to a broad diversity of the
properties of individual polymers.14 As this diversity is ensemble-
averaged in traditional spectroscopy of bulk samples (films and
solutions), it is important to study conjugated systems at the
individual chain level in order to understand the fundamental
photophysics and to compare the results to model predictions.
Indeed, the extensive single molecule spectroscopy experiments
performed on conjugated polymers.4-6,14-16 have provided a
better understanding of the intermolecular interactions, showing
that photoinduced processes also have a marked effect on the
observed fluorescence lifetime. In studying the fluorescence
decay dynamics of MEH-PPV dispersed in PMMA, Lin et al.14

found that abrupt intensity fluctuations are accompanied by
simultaneous changes in the fluorescence lifetime. In short
chains of MEH-PPV containing two or three emitting segments
embedded in polystyrene, fluorescence lifetime was observed
to increase after the first emitting segments bleach with a
concomitant spectral blue shift.17

In order to better understand these results, it is necessary to
develop a model of the conjugated polymer. The simplest model
is one based on a distribution of segments of varying conjugation
length brought about by distortions from the ideal planar-
conjugated structure, cis-bonds, cross-links, and, tetrahedral
defects.18,19 The absorption of light by these imperfect π-con-
jugated polymers leads to the formation of excited states that
undergo a rapid relaxation with measured vibrational dephasing
times of less than 1 ps20 leading to the formation of singlet
excitons. Diffusion of these excitons toward segments of the
polymer that have lower π-π energy gaps then occurs faster
than photon emission, causing a substantial a Stokes shift
contribution and emission spectra which are narrower than the
absorption spectrum and not very sensitive to the excitation
wavelength.10 In films or in solutions of conjugated polymers
in poor solvents, this picture is complicated by the formation
of excimers and interchain exciton delocalization, both of which
lower the coupling to the ground state and increases the radiative
lifetime.8 Excitons and excimers subsequently decay via radia-
tive and nonradiative processes which determine the quantum
efficiency of photoluminescence and ultimately the efficiency
of the devices.21 Hence, knowing the magnitude of the various
rates for deactivation is important to optimize their use as
photoluminescent or as photovoltaic substrates.

The work described here involves two main focuses. First,
the static effect of the polymer microenvironment on extended
DO-PPV chains in very dilute inert films (ca. 6 × 10-3%) and
thus with minimized extent of intramolecular and intermolecular
aggregation phenomena is investigated. Our work provides
additional insight into previous studies that addressed fluores-
cence lifetime changes induced by a photophysical process17

or dealt with phenomena in neat films or moderate concentration
(1-10%)6,9,22,23 of luminescent polymers in inert films.9,10 Our
results show that on average the excited state lifetime of isolated
polymers embedded in a polystyrene matrix increases by ∼45%
relative to that in a chloroform solution caused by a 36%
reduction in the Huang-Rhys factor.

The second focus of this work is to test a model for estimating
the nonradiative rates for polymers proposed by Lin et al.24 and
extended by Hayashi et al.25 If this model is correct, it provides
a basis with which to estimate the key parameters of fluores-
cence lifetime and quantum yield for isolated single polymers

embedded in an inert matrix based largely on parameters that can
be easily measured in solution. Our calculations of the fluorescence
lifetime, taking into account the effect of the dielectric constant of
the medium on the nonradiative rate constant, agreed well with
experimental results, confirming the essential validity of this
exciton-based model for the prediction of nonradiative decay rates.
On the basis of the decay rates, we obtain the experimentally
difficult to measure fluorescence quantum yield for a very diluted
polymer in an inert matrix.22 For the particular polymer/matrix
combination used here, it was found to be a factor of 2 higher
than in chloroform solution.

II. Experimental Section

A. Sample Preparation. DO-PPV [poly(2,5-dioctyloxy-p-
phenylenevinylene); see below] was synthesized following a
procedure similar to those of Sarnecki26 and Askari27 and
fractionated using the method of Hsu et al.25 The final sample
had a molecular weight (Mn) of 7600 and polydispersity (δ )
Mw/Mn) of 2.1 as determined by gel permeation chromatography
using polystyrene standards. This corresponds to a polymer of
nj ) 30 monomer units [determined by (MwMn)1/2] having a
relatively narrow chain length distribution and contour length
of ∼15 nm. This contour length was comparable to the estimated
persistence length of DO-PPV, indicating that these chains were
predominately rodlike,19 ensuring that self-aggregation was
unlikely to occur. A stock solution of the polymer was prepared
in the good solvent chloroform (CHCl3) to obtain a DO-PPV
concentration of 10-6 M. For film studies, the stock solution
was further diluted to 2 × 10-7 M and finally mixed in a 1:9
ratio with a chloroform solution containing 60 mg/mL of
polystyrene (Mw ) 250 kDa). The resulting DO-PPV molecular
doping level in the final spin-coated films was approximately 1
DO-PPV polymer per 105 polystyrene molecules or ∼6 ×
10-3% w/w. The good solvent together with low concentration
minimized multichain aggregates. During the sample prepara-
tion, contact with oxygen was minimized by purging all
solutions with nitrogen and handling them in a nitrogen-filled
glovebox. The films were spin-coated onto clean cover glasses
that were then sealed in a nitrogen environment to slow down
photodegradation of the film by oxygen.

B. Spectral Measurements. The solution absorption was
measured in a 1 cm quartz cuvette using a GBC Cintra-20
instrument. The solution PL spectra was measured with the same
cuvette using a Jobin Yvon FL3-22 spectrofluorometer in the
front configuration geometry to minimize self-absorption.
Excitation was at λex ) 420 nm. The solution photoluminescence
spectra using a polymer concentration of 10-6 M or lower did
not show any significant self-absorption distortions. Measure-
ments in the polystyrene matrix were performed on isolated
single DO-PPV polymers using a home-built confocal micro-
scope system.19 Briefly, the output of an Ar ion laser (λex )
488 nm) was directed to the epi-illumination port of an up-
right microscope (Nikon E600) by means of an optical fiber. A
dichroic reflector (Chroma Technologies Z488) directed the
beam toward the sample and through the microscope objective
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(Nikon CFI plan fluor100X, NA 1.3, oil immersion). The
fluorescence was collected by the same objective, filtered with
an interference filter (Chroma Technologies 515LP), and coupled
into a multimode fiber that was also the confocal aperture. The
fiber output was connected to a photon-counting detector and
the sample was raster scanned with a piezoelectric stage (Physik
Instrumente 517-3CL) to locate isolated DO-PPV polymers.
Once found, the polymers were placed successively in the focal
spot and interrogated. The PL spectrum was measured by
directing the light through a monochromator (ACTON Research,
sp-300) onto a liquid-N2-cooled charge-coupled device (CCD).
All measurements were carried out at room temperature.

The fluorescence quantum yield for DO-PPV in solution was
measured using standard techniques with MEH-PPV dissolved
in chloroform as the standard.

C. Time-Resolved Measurements. DO-PPV in solution or
matrix was excited at 460 nm (near the absorption peak, cf.
Figure 1) with a 76 MHz repetition rate using the second
harmonic of a titanium-sapphire mode-locked laser. Reversed
time correlated single photon counting (TCSPC) was used for
data acquisition.28 The repetition rate and low start rate were
chosen to minimize any possible pulse pileup effects on the
fluorescence lifetime. The stop rate (76 MHz) was >1500 times
higher than the start rate (typically <50 kHz in solution and
<10 kHz for single molecule transients), ensuring minimal pulse
pileup during the 12 ns time to amplitude converter window.
As a result, for a 1.7 ns lifetime, the probability of detecting a
photon from an excited state produced by the previous laser
pulse was p(t>12ns) ≈ 9 × 10-4).

For solution measurements, emission at 550 nm (near the
emission peak, cf. Figure 1) was selected by directing light
through a double monochromator (275DS, McPherson). A
multichannel plate photomultiplier tube (MCP-PMT, R3809U-
51, Hamamatsu), with a time resolution of 45 ps, was used for
detection. The system incorporated a broad band preamplifier
(6954B10, Philips Science), discriminator (model 9307, Ortec),
and a time to amplitude converter (TAC; model 566, Ortec). A
small fraction of the excitation pulse laser was sent to a fast
photodiode to provide the stop signal that was detected by a
constant fraction discriminator (TC455, Tenelec), delayed by a
model 425A delay line (Ortec), and connected to the stop input
for the TAC. Measurements in the polystyrene matrix were

performed using the same confocal system used for taking
spectral data with an average excitation laser power of 1.1 µW.
Emissions were collected from 515 to 740 nm and directed to
a Micro-Photon Devices (MPD) avalanche photodiode (time
resolution ∼ 45 ps) by means of a multimode optical fiber. A
router was then used to split the electrical signal between a
counting board (NI-PCI6602) and a time-correlated single
photon counting (TCSPC) board (Becker & Hickl, SPC-600),
allowing the fluorescence time trace (with 10 ms time resolution)
and the fluorescence lifetime decay curve to be recorded
simultaneously. This ensured that the emission signals originate
from the individual molecules and allowed each single molecule
signal to be corrected by its proper background.

Fluorescence lifetimes were obtained by fitting the experi-
mental data to a model consisting of a single exponential
function convoluted with the experimental instrument response
function (IRF) using the commercial software FAST (Fluores-
cence Analysis Software Technology, ALANGO). Instrument
response functions were obtained by recording the scattered light
from a clean cover glass.

III. Results and Discussion

A. Photoluminescence Spectra. The photoluminescence and
absorption spectra of DO-PPV in chloroform solution are shown
in Figure 1. The absorption maximum at 484 nm (20 661 cm-1)
corresponds to the single chain species. The PL spectrum
contained a prominent peak at 18 367 cm-1 and had a small
shoulder at 17 110 cm-1. The former corresponds to the
electronic 0-0 transition and the latter is the 0-1 vibronic
transition for the extended chains.29 To check for self-absorption
effects, data were obtained at 10-5, 10-6, and 10-7 M concentra-
tions of DO-PPV. While the spectrum at 10-5 M shows evidence
of self-absorption for the 0-0 transition (Supporting Informa-
tion), the data obtained at 10-6 and 10-7 M concentrations were
not significantly affected by such distortion. The absorption and
emission spectra in wavelength scale were fitted to a sum of
two Lorentzian functions representing the 0-0and 0-1 transi-
tions. Superimposed on the emission spectrum in Figure 1 are
Lorentzian fits to the two vibronic transitions for the data at
the lowest concentration. The fact that the measured spectrum
was well fit by a sum of these two spectra (dashed line in Figure
1) provided further evidence that aggregation is not present in
the solution. This was further confirmed by aging the solution
for 3 days, which resulted in no change in either the absorption
or PL spectra.29 The Huang-Rhys factor (S) constitutes a
measurement of the changes in coordinates of the equilibrium
position between the ground state and the excited state involved
in the electronic transition. In the distorted harmonic potential
approximation, the Huang-Rhys factor can be calculated from
the ratio between the intensity of the 1-0 and 0-0 bands (see
the Appendix for derivation). We thus calculated the Huang-Rhys
factor from the fits by the ratio of the areas of these two vibronic
bands. The use of the photoluminescence spectrum measured
at 10-7mol/L DO-PPV yielded S ) 0.75 ( 0.01, and an identical
result was obtained from the data at 10-6mol/L DO-PPV (cf.
Supporting Information30).

The ensemble PL spectrum in the polystyrene matrix obtained
by summing the spectra of 37 single polymers is presented in
Figure 2. Again the spectrum had a single prominent peak
(17 549 cm-1) and a smaller peak (16 125 cm-1) corresponding
to the 0-0 and 0-1 transitions, respectively. In single molecule
experiments, the low concentrations involved ensure that there
is no self-absorption-induced distortion to the emission spectra.
Indeed, the summation of a large number of single molecule

Figure 1. Photoluminescence (PL) spectra of dilute DO-PPV in CHCl3

solution recorded at 10-7 mol/L (thin solid lines). The thick solid line
is a fit to a sum of Lorentzians representing the 0-0 and the 0-1
transitions (dot-dashed lines). (Inset) Absorption spectrum with the
excitation wavelength used for PL spectral measurements marked (λex

) 420 nm).
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spectra yields an ensemble emission spectrum virtually free of
self-absorption effects. As in solution, the measured spectra were
well fit by a sum of two Lorentzians (lines in Figure 2),
indicating that aggregation was also absent in the polystyrene
matrix. In comparison with the solution spectrum, both the peak
and shoulder positions were red-shifted by approximately 800
cm-1 and the Huang-Rhys factor (S ) 0.42 ( 0.01) was
reduced by ∼44%. While the spectral red shift suggests that
there has been an increase in the conjugation length of the
emitting segments in the polymer, this is not unambiguous, as
the different dielectric constants may also contribute to the shift.
More unambiguous evidence for an increase in conjugation
length is the change in the Huang-Rhys factor.29 Previous
experimental and theoretical work suggests that the Huang-Rhys
factor decreases with increasing conjugation length in a
conjugated polymer system,31-33 and experimentally it was
found to decrease with temperature.7 The smaller value of S in
polystyrene suggests that a more planar form of the polymer
backbone exists in our films because this would result in an
increase in the conjugation length. While in solution there is
free torsional motion of the benzene ring along the polymer
backbone, in a solid matrix the torsional motion is expected to
be hindered after solvent evaporation is complete. In a good
matrix, this lack of torsional motion should allow increased
delocalization of the π-electrons along the polymer chain,
resulting in increased conjugation length segments and a
lowering of their energy gaps, assuming that the polymer is
trapped in a conformation close to the ideal planar conjugated
form.

B. Lifetime Measurements. The fluorescence lifetime decay
curve of single polymers in solution is shown in Figure 3. The
raw data (circles) were found to be a single exponential function,
which is consistent with the existence of a single emissive
species having an excited state lifetime (τ) of 0.69 ( 0.03 ns.
The ensemble fluorescence lifetime decay curve of single
polymers in the polystyrene matrix is shown in Figure 4. This
curve was obtained by summing the individual fluorescence
lifetime decay curves for 122 isolated polymers. The resulting
fit was also a single exponential function and was well-fit using
a lifetime (τ) of 1.07 ( 0.02 ns. In comparison to the lifetime
in solution, polymers remained in the excited state ∼55% longer
when embedded in a matrix. This relative increase in lifetime
has also been observed in thin films of CN-PPV9 and CN-ether-
PPV.10

The ensemble experiments provide only the population
average value for the excited state lifetime. Single molecule
experiments also allow for the observation of the behavior of
individual classes of molecules, which is obscured in the
ensemble data. Properties are expected to vary between indi-
vidual polymers due to polydispersity (i.e., differences in chain
lengths), the presence of defects, and the local environment
resulting in a Gaussian distribution.17 Figure 5 presents the
distribution of the excited state lifetimes for the 122 isolated
polymers whose decay curves were summed in Figure 4. The
distribution was fitted by a sum of two Gaussians (solid line)
centered at τa ) 0.96 ns with a full width of 0.36 s and τb )
1.7 ns and a width of approximately 0.2 ns. The main component
comprises 96%, while the small satellite mode constitutes 4%
of the population. The fluorescence decay curves for polymers
representative of each of the classes are shown in the inset of
Figure 5. Both decays were clearly single exponential, indicating
that within an individual polymer only one emitting species
existed. The minor peak may be caused by polymers that have
considerably shorter conjugation lengths.25,34 This shorter
conjugation length could be the result of the relatively rare
occurrence of more than one defect occurring in a single polymer
that might allow it to fold back on itself. In previous work, it
was estimated that up to 5% of these polymers contain such

Figure 2. Summation of the PL spectra for 37 single chains of DO-
PPV in polystyrene matrix. The experimental result is shown by the
thin solid line. The thick solid line is the sum of two Lorentzians
representing fits to the 0-0 and the 0-1 transitions (dot-dashed lines).

Figure 3. PL decay curve of DO-PPV in CHCl3 solution. Excitation
was at λex ) 460 nm and detection at λdetect ) 550 nm. Experimental
results are indicated by the open circles. The thick line is a least-squares
fit to a single exponential function convoluted with the instrument
response function of the MCP-PMT detector at 460 nm (thin solid line).
The fluorescence lifetime for this solution is τ ) 0.69 ( 0.03 ns.

Figure 4. PL decay curve of DO-PPV dissolved in CHCl3 and spin-
cast into a polystyrene matrix (λex ) 460 nm, 515 nm < λdetect < 740
nm). The sum of the measured decay curves for 122 single chains is
shown with open circles. The thick line is a least-squares fit to a single
exponential function convoluted with the instrument response function
for the (MPD) avalanche photodiode (thin solid line). τ )1.07 ( 0.02
ns in polystyrene.
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defects.19 One cannot, however, completely rule out the occur-
rence of other interchain interactions due to limited aggregation
or segregation occurring during casting of the sample. Hence,
some of the investigated objects may possibly have been small
aggregates supporting excimers that are known to have lower
radiative rates due to delocalization of the excited state wave
function over multiple chains.8,12

In the following discussion, we focus our attention on the
96% of polymers contained in the main peak. The wide variation
in lifetime indicates that the microenvironment in which a
polymer finds itself has a significant effect on its emission
properties. This is not unique for short chain DO-PPV. For high
molecular weight (Mw ∼ 200 kDa) MEH-PPV dissolved in
toluene and dispersed in PMMA matrix, the fluorescence
lifetime was found to be in the 0.4-1.2 ns range,14 while for
low molecular weight (Mw ∼ 8 kDa) MEH-PPV dissolved in
chloroform and embedded in polystyrene, the lifetime variation
has been reported to be much smaller (1.2-1.4 ns).17 The mean
and width of the lifetime distribution (0.78 < τa < 1.14) for our
Mw ∼ 16 kDa DO-PPV thus lies between that observed for short
and long chain MEH-PPV.

C. Calculation of Excited State Lifetime and Fluorescence
Quantum Yield. In this section we present a calculation of
fluorescence lifetime and decay rate constants of DO-PPV in
the polystyrene matrix based on those in solution and on the
molecular exciton theory as derived by Hayashi et al.25 The
fluorescence lifetime (τ) is related to the radiative (kr) and
nonradiative (knr) rate constants by the well-known equation

In this equation, knr represents the sum of all nonradiative
rates that compete with the fluorescence decay process. The
fluorescence quantum yield (Φ) is given by

where Φ* is the fraction of absorbed photons leading to the
generation of singlet excitons. Generally for PPV-type polymers,
Φ* ) 1.35 Substituting the measured fluorescence lifetime (τ
) 0.69 ( 0.03 ns) and the quantum yield (Φ ) 0.32 ( 0.02)
in the chloroform solution, one obtains kr,solution ) 0.48 ( 0.04
ns-1 and knr,solution ) 0.97 ( 0.07 ns-1 for DO-PPV in CHCl3.

The radiative rate for spontaneous emission from an excited
molecule depends on the square of the refractive index (n) of
the medium via the Strickler-Berg equation36

where ν̃ is the frequency, ν̃ul is the frequency of the transition,
gu and gl are the degeneracies of the upper and lower states,
NAv is Avogadro’s number, ε is the molar absorption coefficient,
and c is the speed of light in a vacuum. The integral in eq 3 is
over the entire electronic absorption band. By using the scaling
of eq 3 with refractive index, we estimate the radiative decay
constant for DO-PPV in the matrix based on that in solution
to be

This is a ∼20% increase over that in the solution and acts to
decrease the fluorescence lifetime in the film. This is in contrast
to the experimentally observed increase in lifetime, suggesting
that the increase in the radiative rate constant must have been
completely absorbed by a large decrease in the nonradiative
rate.

The calculation of the nonradiative decay rates is more
difficult, as these will not only be affected by index of refraction
but also by the concentration of trap sites and quenchers that
will differ between the solution and matrix. Hayashi et al.25

proposed a model for the calculation of the nonradiative rate
constant that is applicable to this system. The calculation is
based on the molecular exciton theory24 and on the assumption
that only two vibronic transitions contribute to the spectra.25

For internal conversion between an excited state b to ground
state a [knr(bfa)], they obtained

where Vs is the coupling constant between states a and b, ωba is
the average transition energy, ωp is energy difference between
the two vibronic bands, and S is the Huang-Rhys factor. While
this equation is strictly valid only at T ) 0 K (the nonradiative
rate constant varies with temperature via its dependence on the
Huang-Rhys factor), the use of eq 5 at higher temperatures
has been shown to constitute a reasonable approximation.25,37

In this work, we use the average of the energies for the emission
and the absorption maxima as an estimate for ωba, and the
difference between the center positions of the peak and shoulder
in the PL spectrum for ωp.

From the absorption and emission spectra of DO-PPV in
chloroform solution (Figure 1) one obtains ωba ) 19 514 cm-1,
ωp) 1258 cm-1 and S ) 0.75 ( 0.01. For the polymer
embedded in the polystyrene matrix, the respective values are
ωba ) 19 105 cm-1, ωp) 1425 cm-1, and S ) 0.42 ( 0.01 (cf.
Figure 2). As it is difficult to measure the absorption spectrum
of single polymers, we have assumed that the absorption peak

Figure 5. Fluorescence lifetime distribution of 122 single chains of
DO-PPV in a polystyrene matrix. (λex ) 460 nm, 515 nm < λdetect <
740 nm). The curve is a fit to a Gaussian function having τ ) 0.96 (
0.18 and 1.7 ( 0.1 ns. The inset shows the PL decay curves of single
polymers corresponding to the modes of the distribution. Experimental
results are indicated by the open circles. The solid lines are fits that
yielded the fluorescence lifetimes (τ) for these individual polymers:
(a) 0.96 ( 0.02 and (b) 1.73 ( 0.04 ns.
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was the same both in solution and in matrix form. These
experimental values allowed IS to be calculated for the medium
embedding the polymers. Under the assumption that the coupling
constant (Vs) is medium independent, we obtain the nonradiative
rate constant in the matrix:

In comparison, the nonradiative rate constant of the extended
single chains in the polystyrene matrix was 48% lower than in
solution. The main contribution to this difference arose from
the difference in Huang-Rhys factors.

The fluorescence lifetime and quantum yield (Φ) and, hence,
the light emission efficiency of the polymer in the matrix can
be calculated from the decay rate constants. Making use of eq
1, we obtained the lifetime of DO-PPV in the matrix τmatrix )
1.0 ( 0.3 ns. We note that this is in good agreement with our
experimental value of 1.07 ( 0.02 ns (cf. Figure 4), confirming
the applicability of the extended exciton model.24,25 From eq 2,
the fluorescence quantum yield of the DO-PPV in polystyrene
matrix is calculated to be 0.6 ( 0.2, which represents an 88%
increase of the luminescence efficiency in the polystyrene host
relative to that in chloroform solution. All of the parameters
and the key results for this work are summarized in Table 1.
These results are consistent with the idea that exciton diffusion
to a quenching site affects the excited state lifetime.10 In solution,
the fluctuation of the bond angles imparts a dynamic component
faster than the exciton lifetime and increases the diffusion length,
which also increases the probability for excitons to visit
quenching sites. Our interpretation is that the more rigid
environment for polymers embedded in the polystyrene matrix
constrained these fluctuations, which lead to a reduced exciton
diffusion and quenching probability, thereby reducing the
nonradiative rate.

Turning our attention to the range of observed lifetimes, we
compare the variation with that predicted by the same theory.
The presence of large torsion angles and other structural disorder
in the polymer effectively breaks up the conjugation of the
polymer into a number of segments with varying conjugation
lengths.9,10,12,3,19,11,31 The conjugation length corresponds to the
number of polymer repeating units over which the photogener-
ated exciton is delocalized. Exciton theory predicts that kr for a

fully conjugated system of N units decreases with N.31 Thus, a
variation in the average conjugation length of the emitting
chromophores between individual polymers leads to a range of
values of kr and thus, by virtue of eq 1, results in a broadening
of the distribution of excited state lifetimes. The radiative rate
is given by31

where A is the Einstein coefficient for spontaneous emission,
N is the number of repeating units in the chain, and D is a
constant. It is straightforward to propagate a variation in N into
one in kr. The fluorescence lifetime is a function of both radiative
and nonradiative rates (kr and knr), which depend on the exciton
delocalization length and possibly on the microenvironment of
each polymer molecule. Thus, if στ/τ is the spread in the number
of exciton delocalized units in the polymer, combining eqs 1
and 7 yields for the relative lifetime width στ/τ due solely to
the variation in kr

where Nj is the average number of exciton delocalized units in
the polymer and Φpolystyrene is the fluorescence quantum yield
of DO-PPV in polystyrene. Experiments and time-dependent
density functional calculations have established that the average
conjugation length for π-conjugated polymers ranges from 4
to 7.31,38-41 We therefore use an average conjugation length Nj
) 5 with standard deviation σN ) 1.3, which is consistent
with results for a polymer with comparable molecular weight
and polydispersity.31 Substituting these values, the previously
calculated fluorescence quantum yield, and the measured
fluorescence lifetime into eq 8, one obtains στ ) 0.13 ns for
the broadening contribution due to the variation of the radiative
rates among emitting segments of the polymer. This accounts
for about 77% of the experimentally measured width (στ

exp )
0.18 ns). Thus, it appears that microenvironment-induced
variations in nonradiative decay rates contribute nearly 30% to
the broadening of the distribution. This is consistent with the
rather strong effect of the embedding matrix in our calculated
nonradiative rate constant.

IV. Conclusions

The fluorescence lifetime and the fluorescence quantum yield
of rodlike DO-PPV increased when this polymer was embedded
in a polystyrene matrix, relative to that in a chloroform solution.
The increase resulted from a combination of two factors. First,
the ∼48% reduction in the nonradiative rate caused by less
efficient exciton quenching in polystyrene resulted in an increase
in both lifetime and quantum yield. Second, the larger refractive
index of polystyrene relative to that in chloroform caused a small
increase (∼20%) in the radiative rate, which also acted to
increase quantum yield but which was not sufficient to
compensate the effect of the decrease in the nonradiative rate
on the fluorescence lifetime. Our measurements and calculations
suggest that the media in which a polymer is embedded has a
rather large contribution to the luminescence efficiency of the
conjugated polymers. The close agreement between the mea-

TABLE 1: Comparison of Photophysical Parameters for
DO-PPV in 10-7 mol/L Solution with Those Obtained for
Molecules Embedded in the Inert Polystyrene Matrix

CHCl3

solution
polystyrene

matrix difference

experiment
absorption peak/cm-1 20661 ( 2
PL (0-0 peak)/cm-1 18367 ( 1 17549 ( 4
PL (0-1 peak)/cm-1 17110 ( 3 16119 ( 8
Huang-Rhys factor 0.75 ( 0.01 0.42 ( 0.01 -36%
lifetime/ns 0.69 ( 0.03 1.0 ( 0.02 +45%
quantum yield (Φ) 0.32 ( 0.02
ωp/cm-1 1258 ( 3 1425 ( 10
ωba/cm-1 19466 ( 1 19115 ( 2
refractive index (n) 1.45 ( 0.07 1.60 ( 0.08 +10%

calculations
kr/ns-1 0.48 ( 0.04 0.58 ( 0.09 +21%
knr/ns-1 0.98 ( 0.07 0.5 ( 0.2 -48%
lifetime (τ)/ns 1.0 ( 0.3
quantum yield (Φ) 0.6 ( 0.22

knr,matrix )
Is,matrix

Is,solution
knr,solution ) 0.5 ( 0.2 ns-1 (6)

kr ) D
2A|µ|2

N + 1
cot2( π

2N + 2) (7)

στ/τ )
Φpolystyrene

(Nj + 1) |(1 - 2π

(Nj + 1)sin( π
(Nj + 1)))|σN

(8)
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sured and calculated lifetimes for the individual polymers in
the matrix suggests that the exciton model of Lin et al.24 as
extended by Hayashi et al.25 can be relied upon to estimate the
fluorescence quantum yield of single molecules in a matrix when
the quantum yield in the solution form is known. This provides
a convenient guideline in the choice of polymer blends used
for film fabrication. Finally, the factor of 2 increase in quantum
yield for rodlike DO-PPV over the solution state suggests that,
if long chain polymers can be isolated and extended, then one
can expect an increase in quantum yield, allowing for highly
efficient single molecule devices.
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Appendix

Let us consider the case in which the electronic transition
from the electronically excited state b to the electronic ground
state a takes place due to the emission of light. The electronic
states a and b have vibration manifolds {V} and {u}, respec-
tively. We also assume that thermal equilibrium in the vibronic
manifold of the electronic state b is achieved before the emission
occurs. The emission intensity for this system can be expressed,
under the Condon approximation and the Fermi golden rule, as

where k′ represents a constant, Pb{u}(T) is the Boltzmann
distribution function with temperature T, µbab is the electronic
transition dipole moment, pωa{u},b{V} ) Ea{u} - Eb{V} with, for
example, Ea{u} being the energy of vibronic manifold consisting
of the electronic ground state and its vibrations, and pω is the
photon energy.

Assuming displaced harmonic potential surfaces for the
nuclear motions of the molecular system, eq A1 reduces to (for
detailed derivation, please see refs 42, 43)

where

Here Gab
l (t,T) can be given by

where

and the Huang-Rhys factor is given by

with dab
l being the displacement between the vibrational potential

surface minimum of the electronic state a and that of b along
the normal coordinate of the vibrational mode l.

Note that eq A4 is the exact molecular formula for absorption
within the Born-Oppenheimer approximation, Condon ap-
proximation, and displaced-harmonic potential approximation.
Thus, if quantum chemistry (ab initio or density functional
theory) methods can be applied to a given molecular system,
one can predict absorption spectra of the molecular system.

For large systems, quantum chemistry methods may not be
possible or practical. If the experimentally observed spectra of
such systems exhibit a few peaks with broad widths, one can
assume one high-frequency vibrational mode (hωl . kT) and
one averaged low frequency mode (hωl , kT). In this case,
one can see from eq A5a that njH(T) ) 0 for the high-frequency
vibrational mode so that eq A4 can reduce to

The low-frequency vibrational modes lead to njL(T) > 1. In
this case, one can apply the short time approximation to eq A5a,
i.e.,

Equation A4 reduces to

We finally obtain by substituting eqs A6 and A8 into eq
A2

I(ω, T) )

k'ω3 ∑
{V}

∑
{u}

Pb{u}(T)|〈Θa{u}| µfab|Θb{V}〉|
2δ(ωa{u},b{V} + ω) (A1)

I(ω, T) ) k'ω3| µfab|2Re∫-∞

∞
dt exp[it(ωab + ω)]Gab(t, T)

(A2)

Gab(t, T) ) ∏
l)1

N

Gab
l (t, T) (A3)

Gab
l (t, T) ) exp[Sab

l {(njl (T) + 1)(eitωl - 1) +

njl (T)(e-itωl - 1)}] (A4)

njl (T) ) (epωl /kT - 1)-1 (A5a)

Sab
l )

ωl

2p
dab

l (A5b)

Gab
l (t, T) ) exp[Sab

l {(njl (T) + 1)(eitωl - 1) +

njl (T)(e-itωl - 1)}]Gab
H (t, T) ) exp[-Sab

H + Sab
H eitωH] )

exp[-Sab
H ] ∑

m)0

∞ (Sab
H )m

m!
exp[imωH] (A6)

e(itωL ≈ 1 ( itωL -
(tωL)2

2
(A7)

Gab
L (t, T) ) exp[itSab

L ωL - Sab
L {2njL(T) + 1}

(tωL)2

2 ]
(A8)
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The integral in eq A9 can be carried out analytically. It
follows that

where

Equation A11 clearly shows that the vibronic progression is
a function of the high-frequency mode with the weighting factor
(Sab

H )m/m!. At each resonance, the intensity is given by

with C being a constant so that the ratio of the (m+1)th and
mth vibronic peaks is given by

Therefore, the ratio of the areas or intensities of the first and
second peaks provide a reasonable estimate of Huang-Rhys
factor Sab

H . In our paper, we have used a Lorentzian function
instead of a Gaussian function to estimate the ratio. The two
line shape functions will provide the same Sab

H value.
For the internal conversion (IC) rate constant, the same

Gab(t,T) function is used under one high-frequency mode
approximation. Using the saddle point method, one can obtain
the rate constant shown in the paper. In calculations of the IC
rate constant, the Huang-Rhys factor of a higher frequency
mode (promoting mode) is important. This is due to the fact
that the Franck-Condon factor is more preferable to achieve
the energy conservation during internal conversion compared
with that of the low-frequency vibrations.
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I(ω, T) ) k'ω3| µfab|2exp[-Sab
H ]Re ∑

m)0

∞ (Sab
H )m

m! ∫-∞

∞
dt ×

exp[it(-ωba + Sab
L ωL + mωH + ω) - Sab

L {2njL(T) + 1}
(tωL)2

2 ]
(A9)

I(ω, T) ) Aω| µfab|2exp[-Sab
H ]� π

{2njL(T) + 1}
Sab

L (ωL)2

2

×

∑
m)0

∞

Im(ω, T) (A10)

Im(ω, T) )
(Sab

H )m

m!
exp[- (ωba - Sab

L ωL - mωH - ω)2

2{2njL(T) + 1}Sab
L (ωL)2 ]

(A11)

Im
res ≡ Im(ω ) ωba - Sab

L ωL - mωH, T) ) C
(Sab

H )m

m!
(A12)

Im+1
res

Im
res

)
(Sab

H )m+1

(m + 1)!
/
(Sab

H )m

m!
)

Sab
H

m + 1
(A13)
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