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ABSTRACT

Organic nanoparticles consisting of single conjugated polymer chains were investigated as a function of degree of conjugation by means of
single-molecule spectroscopy. The degree of conjugation was synthetically controlled. For highly conjugated chains, singlet excitons are
efficiently funneled over nanometer distances to a small number of sites. In contrast, chains with less conjugation and a high number of
saturated bonds do not exhibit energy funneling due to a highly disordered conformation.

This paper is concerned with the spectroscopy of isolated
conjugated organic semiconductor nanoparticles, consisting
of single conjugated polymer molecules. Single conjugated
polymer molecules offer convenient means for obtaining
highly conjugated organic nanoparticles. Furthermore, the
investigation of single conjugated polymer molecules has led
to important insights on the photophysics of conjugated
polymers.1-6 Organic semiconductor nanoparticles have not
been as extensively investigated as their inorganic counter-
parts, for example, CdSe. For inorganic semiconductors, the
optical properties can be tuned over a large range by varying
the particle size.7,8 This effect is due to quantum confinement
of the exciton when the particle size is comparable to or
smaller than the exciton Bohr radiusRB. For CdSe,RB equals
55 Å.9 In contrast to the behavior of inorganic semiconduc-
tors, organic semiconductors often have an exciton Bohr
radius that is about 1 Å, as a result of a much larger carrier
effective mass and much smaller dielectric constant,10,11 as
compared to inorganic semiconductors.9 Conjugated organic
semiconductors do, however, exhibit a different type of
exciton confinement associated with extended one-dimen-
sionalπ-conjugation.12 The exciton size for aπ-conjugated
system is most effectively tuned by chemical alteration of
theπ-system, i.e., by the introduction of saturated bonds that
break theπ-conjugation.

Another important property of organic semiconductors that
should be sensitive to nanoparticle structure and dimension
is the singlet exciton migration lengthls. For example, for
the extensively investigated conjugated polymer polymer
poly[2-methoxy, 5-(2′-ethyl-hexyloxy)-p-phenylene-vinylene]
(MEH-PPV),ls is on the order of 20 nm.13 We have recently
shown, using single-particle spectroscopy, that certain spec-
tral properties of organic nanoparticles consisting of single
MEH-PPV molecules are a consequence of efficient singlet
energy transport on a distance scale comparable to the size
of the nanoparticles.1,3,14In detail, it was observed that singlet
excitons are efficiently “funneled” by energy transfer to a
small number of sites in an organic nanoparticle, resulting
in red-shifted emission spectra and site-localized photochem-
istry and photophysics. The surprisingly efficient and
directional energy transport (energy funneling) was attributed
to a highly ordered conformational structure2,4 resulting from
conjugated polymer folding within the nanoparticle.

This paper is concerned with the single-molecule spec-
troscopy and photodynamics of chemical derivatives of
MEH-PPV, with broken conjugation due to varying amounts
of single-bond defects that replace carbon-carbon double
bonds in the phenylene-vinylene backbone, see Figure 1.
Using single molecule polarization spectroscopy,1,15 the
conformational order of a single polymer chain is observed
to substantially decrease as the number of single-bond defects
are increased synthetically. The polarization spectroscopy
experimental results are in reasonable agreement with
simulations that employ Monte Carlo calculations for the
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chain conformations.2 The simulations were made as a
function of the number of single-bond defects per chain. The
single molecule spectroscopy results also demonstrated that
the exciton migration length is dramatically reduced in
particles with a large number of single-bond defects. This
reduction in migration length is manifested by a qualitative
reduction in the amount of spectroscopically observed energy
funneling.3

The synthetic procedure for two of the samples, MEH-
PPV45 and MEH-PPV85, follows the published method16

that employs a precursor containing methoxy and acetoxy
eliminating groups. The polymer samples are denoted by
MEH-PPVx, where x is the percentage of CdC double
bond. MEH-PPVx containsx% monomers with vinyl group
(CdC double bond) and (100-x)% monomers with C-C
single-bond defects, i.e., with uneliminated methoxy groups
(Figure 1). We also studied commercial MEH-PPV (Uniax),
denoted by MEH-PPV97. The 97 designation indicates the

presence of 3% single-bond defects, which was inferred from
the wavelength of the absorption maximum (500 nm) of
MEH-PPV97 in chloroform solution. The analysis uses a
published correlation of absorption maxima vs single-bond
defect concentration.16 The MEH-PPVx samples investi-
gated here have an average molecule weightMw of 220 000
(for MEH-PPV45 and MEH-PPV85) and 500 000 (for
MEH-PPV97). The single molecules were isolated at low
concentration in an inert polycarbonate polymer host film
on a glass microscope coverslip. The single-molecule
microscopy/spectroscopy apparatus and the sample prepara-
tion methods have been described previously.3

Figure 1 illustrates the fluorescence intensity transientsI(t)
for three typical single molecules. Because the direction of
polarization (θ) of the linear polarized excitation light is
modulated between 0 andπ (with a period of one second),
I(t) periodically oscillates in time. A time invariantI(θ) has
been determined by time averaging ofI(t) synchronized to
the modulation period.I(θ) was fit to the equation2

where the modulation depthM reflects the anisotropy of the
excitation ellipsoid projected on thex, y plane (z is the light
propagation direction) andφ is the angle of maximum
intensity for a chosen molecule.I(θ) represents the angle
dependent absorption cross section of the stationary conju-
gated polymer molecule projected on thex, y laboratory
frame.17

The ensemble probability distributions (PM) of M for the
three MEH-PPVx compounds is important experimental
information on the conformation of these compounds (see
the left panel of Figure 2). ThePM plots were constructed
by measuring the individualM values for more than 100
single molecules and making a histogram of this anisotropy
data. The most probableM value and the mean anisotropy
Mh rms (Figure 3) are measures of the alignment of the
chromophores within a single molecule, assuming the optical
transition dipoles of MEH-PPV repeating units are along
the chain direction.18 The experimental results demonstrated
that both the most probableM value and Mh rms decrease as
the number of single-bond defects increases. For MEH-

Figure 1. The left panel is the typical single molecule fluorescence
intensity transientsI(t) of MEH-PPV97 (A), MEH-PPV85 (B),
and MEH-PPV45 (C) under linearly polarized excitation with 1
Hz angle spinning. The right panel is the correspondingI(θ) from
averaging the intensity of several cycles of polarization modulation.
The structure of MEH-PPVx is shown on the top. The fluorescence
signal was collected under continuous wave laser excitation with
wavelengths of 457 nm (MEH-PPV45) and 488 nm (MEH-
PPV85 and MEH-PPV97).

Figure 2. Left: the normalized probability distribution (PM) of
modulation depth (M) for MEH-PPV97, MEH-PPV85, and
MEH-PPV45. Right: the probability distribution of quenching
efficiency (Q ) 1 - Iquenched/Iunquenched).

I(θ) ∝ 1 + M cos 2(θ - φ)
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PPV45, the Mh rms is extremely small and close to the
measurable limit of our instrument, i.e.,M e 0.1.

It is important to consider the implication of the observed
anisotropy data on the conformational structure of the
different MEH-PPVx forms. Previous Monte Carlo simula-
tions of polymer chain conformations with few single-bond
defects or no defect have shown how Mh rms varies with
conformational order and conformational class. Mh rms for
MEH-PPV45 is close to Monte Carlo predictions for a
disordered conformation, such as a random coil or molten
globule conformation. In contrast, the higher Mh rms values for
the MEH-PPV with fewer single-bond defect forms ac-
cording to simulation are indicative of considerably more
ordered conformations, such as the toroid (structure I in
Figure 3) and defect cylinder (structure II in Figure 3) forms.
The toroid and defect cylinder conformations are predicted
for stiff conjugated polymers with no single-bond defects
and a small number of single-bond defects, respectively.2

This paper presents additional Monte Carlo bead-on-chain
simulation results for stiff conjugated polymer chains with
random single-bond defects. The chosen parameters for the
simulations (chain stiffness, bead-bead attraction energy,
and number of beads) are identical to previous simulations
of MEH-PPV.2,19Figure 3 presents the average anisotropies
(Mh rms) of the simulated conformations as a function of the
number of single-bond defects per chain. The simulated
results show a trend analogous to the experimental data, i.e.,
a decrease in anisotropy as the number of single-bond defects
increased. The discrepancy between experiment and simula-
tion reflects the oversimplicity of the model, which treats a
large portion of the polymer chain (∼2.5 repeat units) as a
single bead. Additionally, the simulations use relatively
shorter chains to decrease the computation time and assume
a uniform chain length, which also may account for the
differences between simulation prediction and the experi-
mental results.

It is interesting to note that for chains with a large fraction
of single-bond defects, simulations predict highly disordered

conformations, such as structure III in Figure 3. This
conformation appears to be very similar to the molten globule
conformation, which is the stable form of collapsed freely
jointed polymer chains. Thus, a large number of single-bond
defects “destroys” the conformational order produced by
chain stiffness in these simulations and presumably also in
real defective MEH-PPV molecules.

The single-molecule spectroscopy data on the MEH-
PPVx series offer interesting insights into the spectroscopic
and photophysical consequences of conformational disorder
for organic nanoparticles. It is well established that an
isolated MEH-PPV molecule consists of hundreds of local
“quasi-chromophores” along the chain with a distribution of
transition energies, each with a length of 10-17 repeat
units.20 The distribution is a consequence of conformational
distortions,4,21 chemical defects,16 electron correlation ef-
fects,22 and chain-chain contacts.23 To understand the
fluorescence spectra of MEH-PPV single molecules, one
has to consider two issues: the distribution of transition
energies24 and intramolecular electronic energy migration.
Ensemble studies on MEH-PPV solutions and thin-film
samples suggest that intramolecular electronic energy migra-
tion is highly efficient for MEH-PPV with a small number
of single-bond defects and results in energy migration over
the ∼20 nm scale in pure films. Energy migration also is
responsible for a narrow red-shifted emission spectrum due
to energy transfer and subsequent emission from low energy
choromophores. In contrast, for MEH-PPV with a large
number of single-bond defects, energy migration is much
less efficient, resulting in a broadened blue-shifted emission
relative to MEH-PPV with a low single-bond defect
concentration.16

Figure 4 shows the first data on the emission spectra of
single isolated chains of a conjugated polymer with a large
number of single-bond defects. These single-molecule results
on the MEH-PPVx series parallel the previously published
ensemble measurements.16,25 For MEH-PPV97 the narrow
red-shifted fluorescence spectrum is highly suggestive of
efficient energy migration to a small number of low energy
chromophores.1 Correspondingly, for MEH-PPV45 the
single molecule fluorescence spectrum suggests very little
energy migration.16

Additional evidence on how the efficiency of energy
migration varies as a function of number of single-bond
defects is found in the single molecule intensity fluctuations
of the MEH-PPVx series. As discussed in previous pa-

Figure 3. Top: the simulated polymer chain conformation with
three different single-bond defect concentrations (I: no single-bond
defect, II: 15 single-bond defects per chain, III: 30 single-bond
defects per chain). Bottom: the root-mean-square of modulation
depth (M) with a series of single-bond defect concentrations of
simulated polymer chains (dots) and experimental study of MEH-
PPVx single molecules (square). The number of single-bond defects
in MEH-PPVx is estimated by the molecular weightMw and the
percentage of defects.

Figure 4. Total fluorescence spectra of∼100 single molecules of
MEH-PPV97, MEH-PPV85, and MEH-PPV45 in polycarbonate.
Excitation wavelength is 457 nm for MEH-PPV45 or 488 nm for
MEH-PPV85 and MEH-PPV97.
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pers,1,3,4,14 the single molecule fluorescence intensity of
continuously irradiated conjugated polymers exhibits abrupt
intensity changes due to the quenching of singlet excitons
by reversibly formed, long-lived, photoinjected hole polarons
(i.e., radical cations).26-28 Examples of this phenomenon are
apparent in Figure 1A at 35 and 40 s for MEH-PPV97.
The quenching efficiency (fractional drop in intensity) of a
single polaron can be nearly 100% for MEH-PPV97 and
exhibits a broad distribution, as shown in the right panel of
Figure 2. Based on the quenching efficiency, the intra-
molecular energy migration length of the singlet excitons
(which live for ∼200 ps29) must correspond to a significant
portion of the molecule. A typical MEH-PPV molecule is
8 nm in diameter assuming a density of 0.8 g/mL and a MW
of 500 000. On the other hand, the quenching efficiency
distribution for MEH-PPV45 (Figure 2 right panel) suggests
that energy transfer be almost completely suppressed when
the number of single-bond defects is significantly increased.
This is also apparent in the individual transients as in Figure
1C.

It has been previously been argued that the parallel packing
of chain segments in the ordered collapsed defect-cylinder
conformation of MEH-PPV97 allows for rapid, directional
energy transfer process,30 perhaps by a Fo¨rster mechanism.
This proposal is supported by the observation that the highly
disordered MEH-PPV45 exhibits much less efficient energy
migration that the more ordered MEH-PPV97. Another
potential reason for less efficient energy migration for
MEH-PPV45 may be associated with relatively short
average conjugation length of MEH-PPV45 due to the large
number of single-bond defects. A short average conjugation
length (i.e., number of conjugated CdC bonds) implies a
relatively large energy gap between the transition energies
of the most probable chromophores. For example, studies
on PPV-type oligomers show that for oligomers with a small
number of repeat units (2-5) the transition energy varies
strongly with the number of repeat units, but for longer
oligomers (>7) the transition energy varies much less.20 A
larger distribution of energy gaps could, in principle, decrease
the rate of Fo¨rster energy transfer. Detailed modeling,
however, will be necessary to determine whether this latter
effect is significant.

In conclusion, energy migration in an MEH-PPV nano-
particle consisting of a single-polymer chain occurs over
distances comparable to the particle size and as such is
spatially confined by its nanometer dimension. In contrast
MEH-PPV nanoparticles with large numbers of single-bond
defects do not exhibit nanoscale energy migration or spatial
confinement of the energy migration process.
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