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ABSTRACT: The photophysics and conformation of single long-chain 2,5-dioctyloxy-p-phenylenevinylene
(DOO-PPV) polymers are investigated. The fluorescence intensity—time trace of an individual polymer
contains abrupt quantized intensity changes superimposed on small gradual changes. Under the same
processing conditions, the size of abrupt changes varies from individual to individual, varying between
0 and 100% of the total intensity. Polarization modulation indicates considerable orientation of absorption
dipoles within the polymer. Time-dependent measurements indicate that, in the majority of polymers,
absorption dipoles in those regions of the polymer responsible for abrupt intensity changes are arranged
less anisotropically than in regions responsible for the gradual changes. Spectroscopic measurements
show a greater spectral variation accompanying jumps than that accompanying gradual decay. This can
be explained by the coexistence of extended regions and a core region. The first is characterized by a
relatively greater alignment of absorption dipoles and multiple emitters, while in the second, absorption
dipoles are more isotropically distributed and energy is efficiently funneled to a few emitting excitons.
Within a single processing batch, the ratio of these two regions varies from individual to individual.

Introduction

Luminescent conjugated polymers have been the focus
of extensive research due to their potential application
as the active layer in a flat panel display! and interest-
ing photophysical properties. Considerable effort has
been expended in trying to understand the relationships
between energy transfer, quenching, and conformation
and their effects on the photophysics in the condensed
phase. Single molecule spectroscopy (SMS) has shown
that the behavior of a single polymer is different from
the on—off blinking observed in the fluorescence of small
molecules.? Within the family of PPV (p-phenylenevi-
nylene) polymers, such single polymer studies can be
divided into two categories: the majority that focus on
long-chain polymers (primarily MEH-PPV) and a few
investigating simpler, persistent length polymers (i.e.,
poly[2,5-dioctyloxy (DOO)-PPV). For short chain poly-
mers, the fluorescence time trace is characterized by
emission at a few discrete intensities,® the number of
which corresponds to the number of chromophores or
excitons expected theoretically.* Data obtained by rotat-
ing the excitation polarization and observing the modu-
lation in fluorescence indicate that conformation is
predominately rod-shaped, except for kinks attributed
to tetrahedral defects.? In such a system, energy trans-
fer between excitons has been shown to be quite
inefficient.® The picture is more complicated for long
chain MEH-PPV with the nature of the fluorescence
time trace strongly dependent on processing condi-
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tions.” 12 Simulations on the collapse of a polymer found
tetrahedral defect density to be a key parameter in
determining the final conformation of the polymer.”
Experimentally, Yu et al. observed emission from MEH-
PPV at only a few discrete intensities, leading to the
conclusion that there is very efficient “energy funneling”
from many absorbing excitons to a few, lower energy,
emitting segments.® When dissolved in tetrahydrofuran
(THF) and deposited by ink jet printing, the fact that
fluorescence time trace was similar to small molecules
was taken to indicate the existence of only a single
emissive site.!! While Huser et al. observed similar
behavior for MEH-PPV dissolved in toluene, they ob-
served that replacing toluene with chloroform resulted
in an emission that decreased gradually with only small
discrete jumps occurring later in the time trace.l? Their
conclusion was that the conformation of MEH-PPV is
solvent dependent. Toluene causes MEH-PPV to “self-
aggregate” with energy being transferred to a single
emitter while in chloroform the polymer remains ex-
tended with multiple emitters.® While the above results
indicate that MEH-PPV can adopt two distinct types of
behavior, a number of questions remain. Do processing
conditions dictate the conformation of the individual
polymer, or can some individuals within the same batch
exhibit the first type of behavior and other individuals
the second? Taking this a step farther, within an
individual polymer, can some regions of the polymer
exhibit the first type of behavior and some regions the
second type? Finally, is this type of behavior unique to
MEH-PPV, or is it a general characteristic of the PPV
family?

To answer these questions and to obtain a better
understanding of the conformation of individual PPV
derivative polymers, we chose to make the first single
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Figure 1. Gel permeation chromatography (GPC) results for
pristine and refined DOO-PPV. Calibration was with polysty-
rene standards. The solvent was chloroform. The inset shows
the structure of the DOO-PPV monomer.

molecule investigation into long-chain dioctyloxy-PPV
(DOO-PPV). DOO-PPV, in contrast to highly soluble,
asymmetrically substituted MEH-PPV, is a symmetri-
cally substituted polymer (see Figure 1(inset) for struc-
ture) known for its poor solubility which depends
strongly on both solvent and temperature. The various
photophysics properties of DOO-PPV, including its
cooperative and stimulated emission properties'®14 and
even-parity states,!® as well as possible application in
ultrafast excitonic switching!® have been investigated.
While a molecular exciton based model with one emis-
sive species has been found to adequately explain the
absorption and PL spectrum of dilute solutions MEH-
PPV,18 difficulties have been found in employing the
same model for DOO-PPV in poor solvent. However,
Chang et al.’® have shown that both the PL spectra and
dynamics of the time-resolved PL can be explained,
within the context of the above model, by the coexistence
of an intrachain and one kind of aggregate (interchain)
state whose quantum efficiency is less than the former
state. In addition to solubility and chemical structure
induced differences, the DOO-PPV studied in this work
has a low tetrahedral defect rate (<1%) compared with
standard MEH-PPV (~5%). Granted the influence of
solubility, chemical structure, and defects” on polymer
conformation, it is not clear whether single DOO-PPV
will exhibit similar behavior and adopt a similar con-
formation to MEH-PPV.

Experimental Methods

DOO-PPV, having <1% tetrahedral defects (as determined
by NMR using the technique of Becker?’), was synthesized
following a procedure similar to that used by Holmes and co-
workers?! and Wudl and co-workers.?? The molecular weight
(weight-average) (M) of the pristine polymer is estimated to
be 900 kDa with a polydispersity (0) of 8.6 as determined by
gel permeation chromatography (GPC) calibrated with poly-
styrene standards (Figure 1, gray dashed line). While this
molecular weight and polydispersity are typical of those used
in conjugated polymer experiments, a direct study of this
polymer may result in ambiguity in the results due to the
influence of shorter chain polymers. Two length scales are of
interest here: the first is the persistence length of the polymer
(/y) and the second the mean distance between defects (/q).
Polymers that are on the order of a persistence length or that
are defect-free would be expected to exhibit quite different
conformation than longer chain polymers. (For the above
polymer, 12% of the polymers are shorter than 11/, and 1.7/4.)
To reduce the number of shorter chains in the sample and thus
remove ambiguity, we have taken advantage of the limited
solubility of this polymer,?? immersing the pristine DOO-PPV
in 40 °C chloroform and discarding the dissolved fragments.
The molecular weight of the resulting polymer, as estimated
by gel permeation chromatography (GPC) using chloroform as

Luminescent Conjugated Polymer 2967

the solvent, is 1300 kDa with a polydispersity (0) of 4.0 (Figure
1, solid line). The refinement process has thus reduced the
percentage of polymers in the tail having lengths <11/, and
<1.7l4 to <4% of the sample population. Considering the fact
that in this study ~80 polymers were observed, one expects
that only three of these polymers will exhibit behavior
characteristic of shorter chain lengths. Further evidence that
short chain polymers have been removed is seen in the PL
spectra in solution previously published by Hsu et al.2® in
which the refined spectrum lacks the blue emission contributed
by short chain polymers in the pristine sample. (This polymer
contains ~3000 monomer units, and ~500 chromophores,
assuming six monomers per chromophore.?)

The residual powder was then dissolved in 50 °C chloroform
solution for a day. The dispersed single-molecule stock solu-
tion, after further dilution in a polystyrene matrix (~polysty-
rene:chloroform:toluene (5 mg:8 mL:2 mL)), was spin-cast onto
a fused silica coverslip to form a film thickness of <100 nm
and moved into a dry nitrogen glovebox. The film was allowed
to dry under low pressure for a number of hours before the
nitrogen pressure within the chamber was raised to atmo-
spheric pressure. The sample was then sealed in a specially
designed holder to reduce the contact of the film with the
ambient environment® as the presence of oxygen sets the time
scale for the experiment. Under ambient conditions sample
lifetimes under excitation are only a few seconds, and the
photons available from a single polymer limits one to an
integration time of ~10 ms. Thus, protection is necessary to
extend polymer lifetime in order to reduce the probability of
multiple quench events occurring within a single time inter-
val.24% Such events would mask both dark states and energy
transfer.?8

The protected sample was observed using confocal fluores-
cence microscopy in standard epi-fluorescence geometry.28
After raster scanning the sample, individual polymers were
systematically positioned at the focal point of the objective lens
(Nikon 100x oil immersion, N.A. = 1.3), excited by a continu-
ous wave argon laser (488 nm, linearly polarized), and their
fluorescent time trace recorded by an avalanche photodiode
operating in single photon counting mode.

The alignment of absorption dipoles (¢) within the polymer
was investigated by slowly rotating the polarization of the
excitation light at 5 Hz using an electrooptical modulator (2.5
Hz) and observing the changes in emission intensity.?” This
technique takes advantage of the fact absorption and thus
fluorescence are proportional to |u-E|?, where E is electric field
vector. If neither the absorption dipoles nor excitation light
has a component perpendicular to the sample plane, this
provides unambiguous information on the orientation of the
absorption dipole.?® While not crucial for this experiment, in
the prepared sample, the first condition is nearly met as the
dipoles are randomly oriented primarily in the sample plane.!
The second condition is met by underfilling the objective lens
in order to avoid those sections which contribute to a field
component perpendicular to the sample plane.

Spectral changes during the fluorescence time decay were
investigated by splitting the PL into two channels. The first
channel was directed toward an APD in order to monitor the
nature of the fluorescence time decay while the second channel
was directed into a monochromator/liquid nitrogen-cooled CCD
detection system.

Results and Discussion

Time-Averaged Photoluminescence (PL) Spec-
trum. Figure 2 compares the PL spectrum of DOO-PPV
embedded in polystyrene with that recorded in good and
poor solvents. The PL spectrum of DOO-PPV (Figure
2, dotted line) diluted in chloroform (good solvent) is
similar to MEH-PPV and is peaked at 550 nm and has
shoulder at 595 with a relative height of 0.6. Generally,
the Huang—Rhys factor (S) of <0.6 for conjugated
polymers indicates a single emissive state which has
been attributed to intrachain emission.” Good agree-
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Figure 2. Photoluminescence (PL) spectra of long-chain DOO-
PPV polymers excited at 488 nm. The dashed black line is the
spectra recorded for the polymer diluted in chloroform (good
solvent). The gray line is the difference between the spectrum
in toluene (poor solvent) and that in a good solvent, in other
words, the spectrum of an aggregate.!” The solid black line is
an ensemble average of the spectra of single polymers embed-
ded in the polymer matrix. This spectrum cuts off at 650 nm
due to the limited bandwidth of the monochromator/CCD
combination used in our experiment (140 nm).

ment has been found between this spectra and the
predictions of a molecular exciton based model.®19 The
PL spectra of highly dilute DOO-PPV in toluene (poor
solvent) can be decomposed into two components: an
intrachain component (similar to that in chloroform) and
an “aggregate” component (Figure 2, gray line)!® having
a peak at 595 nm and a shoulder at 630 nm. The second
is similar to that of DOO-PPV deposited in a thin film.
Its Huang—Rhys factor is also 0.6, indicating that this
spectrum also represents a single emissive species.
Above 50 °C the spectrum in toluene is characterized
solely by an intrachain component, but as temperature
drops below room temperature, the “aggregate” compo-
nent increasingly dominates. The ensemble single poly-
mer spectrum under our deposition conditions (Figure
2, solid line) has a peak at ~560 nm and has a shoulder
at ~590 nm having a relative height of ~0.75. This
additional height at the shoulder suggests that polymers
investigated in this experiment may have two states
contributing to emission. The actual emission spectrum
of a single polymer both varies from individual to
individual and between different periods in the poly-
mer’s lifetime. This variation is, however, much less
than in short chain DOO-PPV, where the spectrum of
an individual polymer is considerably narrower than the
ensemble average, and the peak position varies from
individual to individual.?

Fluorescence Time Trace. The fluorescence time
trace provides valuable information on energy transfer
and the number of emitters in a polymer. A trace
dominated by one or two large steps would indicate
either very few absorbing and emitting sites or very
efficient energy transfer from many absorbing sites
within the polymer to a few emitting sites. Decay
dominated by many small steps would indicate that
there exist many absorbing and emitting chromophores.
Figures 3—5 present fluorescence time traces represen-
tative of the behaviors observed in the sample. For the
polymer in Figure 3, the fluorescence decays smoothly
during the first 12 s, with one distinct drop occurring
at ~5.8 s, which recovers ~0.4 s later (see inset). From
12 to 25 s emission is relatively constant, at which point
the intensity drops quickly, but not in a single step (on
the 10 ms time scale of the experiment), to about half
its previous value. At 28 s the emission drops abruptly
to near background level. Emission remains near back-
ground until 76 s when an abrupt jump in intensity
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Figure 3. First 140 s of the fluorescence time trace of single
long-chain DOO-PPV polymer under excitation with linearly
polarized light. Excitation irradiance is ~1600 W/cm?, and the
background level is ~4 counts/10 ms. The PL from the polymer
is denoted by the solid black line while the background (taken
at a point where there is no polymer) is denoted by the light
gray line. Note that there is a break in scale between 30 and
60 s as during which time there is no fluorescence from the
polymer. While in the main figure, the bin size is 100 ms, the
inset expands the area around 6 s to show that the drop in
intensity is real and occurs within the 10 ms time scale of this
experiment. (It should be noted that the count rate is low due
to the use of a low efficiency detector (this figure only).)
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Figure 4. First 15 s of the fluorescence time trace of single
long-chain DOO-PPV polymer under excitation with linearly
polarized light recorded with 10 ms time resolution. Excitation
irradiance is 1600 W/ecm?. In contrast to the previous polymer,
at short time intervals this polymer exhibits multistep emis-
sion while at a longer time scale there is a slow smooth decay
in emission intensity. The inset is a histogram of the change
in intensity between each time interval. While the changes in
intensity are dominated by Gaussian noise, the two strong
peaks (marked by arrows) at +48 counts/10 ms are from
repeated abrupt intensity changes.

occurs. Such on—off behavior occurs out to 170 s (when
we stopped recording data, although only the first 140
s of the molecule lifetime is shown). For this molecule,
abrupt changes in intensity (drops or jumps) occur at
5.8,6.2,28.4,76.2,83.7,97.4, 130.5 s, and in each case
the change of intensity (A) is the same (A ~ 19 + 5
counts/10 ms). Other changes in intensity are gradual
and less than shot noise.

For the polymer in Figure 4, the first 3 s is character-
ized by both large abrupt fluctuations in emission and
smaller changes in intensity on the order of the shot
noise. No abrupt changes of intensity occur between 3
and 8.8 s. At 8.8 s there is an abrupt drop (A ~ 48
counts/10 ms) and asequent jump in intensity by the
same amount 100 ms later. At 9.2 s there is another
abrupt drop in intensity (A ~ 70 counts/10 ms) followed
by a jump in intensity 200 ms later (A ~ 48 counts/10
ms). This is followed by a gradual decline (or small
steps) in intensity to background level (12 s) before
intensity increases again at 14.6 s in what appears to
be a small step (A ~ 7 & 3 counts/10 ms). Figure 4 (inset)
is a histogram of the changes in intensity. Distinct peaks
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Figure 5. First 140 s of the fluorescence time trace (main
figure) and histogram (inset) of a single long-chain DOO-PPV
polymer under excitation with linearly polarized light. Bin size
is 10 ms. Excitation irradiance is 1600 W/cm?. Note the peaks
at 3 counts/10 ms and 31 counts/10 ms on the histogram.

occur at A = +48 counts/10 ms (indicated by arrows),
indicating that a section of the polymer enters and
leaves a “dark state” 11 times during the polymer’s
survival time.

For the polymer in Figure 5, during the first 50 s,
there is a combination of large abrupt intensity jumps
(A ~ 170 counts/10 ms) and much small intensity
changes on the 10 ms time scale of this experiment. The
last of these large jumps occurs at 12.1 s and then drops
back by the same amount 100 ms later. The total
emission intensity gradually declines to a low ~40
counts/10 ms at 13 s and then fluctuates gradually until
about 44 s, reaching a maximum of ~250 counts/10 ms
at 31 s. Although during this interval, the fluctuations
in intensity are generally gradual, there are a number
of discrete intensity changes of A ~ 28 counts/10 ms.
After 50 s there are no longer gradual changes in
emission, but rather the fluorescence time trace is
similar to the single step “on/off” blinking seen in small
molecules. The histogram (Figure 5, inset) shows that
the change in intensity is A ~ 28 counts/10 ms in this
region.

From Figures 3—5, it can be seen that the fluorescent
time trace of a polymer is characterized by abrupt
quantized changes in intensity superimposed on gradual
changes in emission intensity (changes < shot noise).
The relative size of these large jumps varies, even
within a single processing batch, from individual to
individual and ranges from zero to almost 100% of the
total intensity. Within a single polymer, the size of the
abrupt change in intensity takes on only a few distinct
values (in Figure 3, A ~ 19 + 5 counts/10 ms; in Figure
4, A ~ 48 counts/10 ms; in Figure 5, either A ~ 170 or
A ~ 28 counts/10 ms.) This behavior is quite different
from the single step “on/off” blinking behavior in small
molecules.230 Rather, it seems to be a combination of
the two different types of emission reported from MEH—
PPV(discrete levels and jumps®231 and exponential
decaying without discrete intensity jumps®). The com-
bination of a few large abrupt changes in intensity and
many smaller changes suggests that the polymer is
composed of two types of regions—those responsible for
the large jumps in intensity and those responsible for
the more gradual changes. In the first region three-
dimensional energy transfer efficiently couples energy
to one or two emission sites (energy funnel) from a large
number of absorption sections.® In the second region,
many sections both absorb and emit. (This may be due
of relatively inefficient one-dimensional energy transfer
along the polymer backbone.®3233) For the rest of this
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Figure 6. Fluorescent transient of a single DOO-PPV mol-
ecule under excitation with slowly rotating linearly polarized
light. Excitation irradiance is 1600 W/cm?. Upper inset shows
an example of curve fitting to the equation I = A sin?(wt + ¢)
+ C (see text for details).

paper we will denote the first type of emission as core
emission and the second as emission coming from the
extended region of the polymer.

Time-Averaged Modulation Depth. Information
on the overall alignment of these absorbing sections
(dipoles) is obtained by rotating the polarization of the
excitation light and observing the change in the total
unpolarized emission intensity. This is illustrated in the
following example. The fluorescent transient of a single
molecule in which the excitation light is rotated is
shown in Figure 6. The inset shows the result of fitting
a small section of the experimental data by using I = A
sin%(wt + ¢) + C, where I is the unpolarized fluorescence
intensity, w is twice the frequency of rotation of the
excitation polarization (2.5 Hz), ¢ is a phase factor, C
is the minimum emission intensity, and A is the
amplitude of the modulation. A, ¢, and C are allowed
to vary to obtain the best least-squares fit. The modula-
tion depth (M)7 then be calculated: M = A/(A + C). M
ranges from O (no modulation, A = 0) to 1 (100%
modulation, C = 0). (A feel for the significance of M can
be gained by considering a polymer having only two
incoherent absorption dipoles. If the dipoles are aligned,
M = 1. M = 0 indicates a 90° difference in orientation,
and M = 0.7 indicates a 45° misalignment.) For a
straight polymer chain M = 1, as all the absorption
dipoles are aligned. In the opposite extreme, a value of
M = 0 indicates a conformation in which the absorption
dipoles are have no preferred orientation. The polymer
illustrated in Figure 6 was characterized by Maverage =
0.75, indicating considerable alignment of the absorp-
tion dipoles within the polymer as a whole.

The average modulation depth, over the lifetime of
the polymer, was calculated for 79 individual polymers.
Figure 7 summarizes the results. The average modula-
tion depth of ~0.50 and the almost complete absence of
modulation depths <0.3 or >0.7 indicates that dipoles
are neither perfectly aligned nor completely isotropically
arranged. The lack of deep modulation indicates that,
in contrast to short-chain polymers, long-chain polymers
do not collapse into ordered rodlike structures. The lack
of modulation depths <0.3 indicates that polymers adopt
neither a highly ordered structure such as a toroid nor
a highly disordered structure such as a random coil or
molten globule, for which one expects M = 0. The width
(fwhm = 0.31) indicates that there is substantial con-
formational variation between polymers. One possible
structure satisfying these requirements would be one
that combines regions of rodlike polymer with a molten
globule-like region.
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1.0

Some additional insight into the overall polymer
conformation can be obtained by comparing the histo-
gram of observed modulation depth with that predicted
for Hu’s” six classes of polymer conformation obtained
under the assumption that the predominately cylindri-
cal polymer can take any three-dimensional orientation.
The model predictions are superimposed on Figure 7.
For MEH-PPV, Hu et al. found that polymers adopted
a cylindrical conformation and their experimental his-
togram was a superposition equal portions of the defect-
coil and defect-cylinder structures.” The key difference
between the two structures is that the first is derived
assuming that there is no Leonard-Jones attraction
between sections of the polymer chain. The results of
Hu’s modeling cannot be compared with our experimen-
tal results quantitatively as their simulation assumes
individual polymers can be randomly oriented in three
dimensions while our experimental setup can best be
described as two-dimensional (i.e., DOO-PPV polymers
lie predominately in the sample plane). The two-
dimensional experimental results can be compared
qualitatively to theory by noting that the effect of
allowing a cylindrical structure to take an arbitrary 3D
position is to broaden the 2D distribution and reduce
the mean value of M. For instance, for completely
aligned dipoles (i.e., rod-shaped) the mean M is reduced
from ~1 to ~0.7 with the extra degree of freedom. With
this proviso, the histogram for DOO-PPV is clearly
neither rod-shaped nor toroidal but rather resembles
that for a class of polymer shapes denoted by Hu” as
defect-cylinders. It is interesting that DOO-PPV, despite
having a very different chemical structure from MEH-
PPV, does not differ more in conformation.

Time-Dependent Modulation Depth. Observing
the time dependence (or intensity dependence) of the
modulation depth provides information on the relative
orientation of the absorbing sections within the polymer.
While the majority of polymers have both gradual and
abrupt intensity changes, Figures 8 and 9 compare the
time behavior of modulation depth recorded for a
polymer which lacks large abrupt changes in intensity
(Figure 8) with a polymer in which such abrupt changes
dominate (Figure 9). For the polymer in Figure 8, the
average modulation depth is ~0.63. M varies only
slightly over the life of the polymer and is uncorrelated
with the emission intensity despite intensity changing
by an order of magnitude during the section of the time
trace shown here. For the polymer shown in Figure 9,
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Figure 8. (top) First 50 s of the fluorescence time trace and
(bottom) variation of the modulation depth (M) over time of a
single DOO-PPV polymer as obtained from single-molecule
polarization spectroscopy. The horizontal line is the root-mean-
square of M of this polymer (M = 0.633). Excitation irradiance
is ~1600 W/cm?. For this polymer, whose time decay is
predominately exponential, M remains approximately constant
as a function of time.
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Figure 9. First 50 s of the (top) fluorescence time trace and
(bottom) variation of the modulation depth (M) over time of a
single DOO-PPV polymer as obtained from single-molecule
polarization spectroscopy. The horizontal line is the root-mean-
square of M of this polymer (M = 0.53). Excitation irradiance
is ~1600 W/cm?2. For this polymer, whose time decay is
dominated by abrupt intensity fluctuations, M changes drasti-
cally during its lifetime.

the depth of modulation is less (0.53), and M varies
significantly as a function of time. In addition, M and
emission intensity are correlated with shallower modu-
lation at higher intensities. This fact that modulation
is deeper for the polymer lacking quantized large
intensity changes (Figure 8) suggests that there is
greater anisotropy in the orientation of absorption
dipoles in the region responsible for gradual changes.

This can be confirmed by observing the change in M
as the region responsible for abrupt intensity changes
is alternatively quenched and unquenched. If the align-
ment of absorption dipoles in the core region is relatively
anisotropic compared to the extended portion of the
polymer, then a sudden drop in intensity when emission
ceases from the core region should be correlated with
an increase in modulation depth as the more anisotro-
pically aligned outlying regions provide a greater per-
centage of PL. When the core region starts emitting
again, there should be a corresponding decrease in the
modulation depth, as is seen in Figure 9. In Figure 10
a histogram of the ratio of depth of modulation (M, =
Miow intensity/Mhigh intensity) on either side of the abrupt
intensity changes occurring in 38 polymers is plotted.
One expects this to be Gaussian with mean (/.0
dependent on the relative isotropy of the core and
extended regions (i.e., if core regions are more isotropic
(anisotropic) than the extended regions, then one ex-
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Figure 11. Spectrum at two time intervals for a polymer
whose decay exhibits predominately exponential behavior. The
inset shows the corresponding fluorescence time trace. Despite
the intensity dropping ~35% between the first and second time
interval, there is very little change in the PL spectrum.

pects M, > 1 (M, < 1)). The best fit to a single Gaussian
is centered at M, = 1.05 (Figure 10, gray dotted line).
M, > 1 indicates that the core region is, in general,
characterized by a more isotropic distribution of absorp-
tion chromophores than the extended regions. However,
the histogram itself is decidedly non-Gaussian as evi-
denced by the high value of ¥2 (2.6). A much better fit
(x> = 1.5) is obtained when one assumes that the
histogram is composed of two components (Figure 10,
black solid line). The large component has a peak
centered at M, = 1.07 with weight of 4.0 and a small
component with peak centered at M, = 0.97 and weight
of 0.3. This suggests that while in 93% of polymers there
is a more isotropic arrangement of absorption dipoles
in the “core” region than in the “extended” region, in a
significant minority (7%) of polymers, the extended
region has a slightly more isotropic arrangement of
dipoles.

Time-Dependent Spectra. Further insight into the
two types of regions can be obtained from the variation
of the spectra during the decay of the PL time trace.
Figure 11 shows the spectrum of a polymer at full
intensity and after the intensity has dropped to 65% of
the original intensity. The time decay of the PL of this
polymer is gradual with only relatively small abrupt
fluctuations in intensity (Figure 11, inset). The spectra
are peaked at ~560 nm with a shoulder at ~600 nm
having a relative height of 0.67. The spectrum exhibits
no drastic change between during the decay although
the peak position may shift slightly. Such a gradual
spectral change is indicative of a large number of
emitters taking part in the emission process. Figure 12
shows the spectra of another polymer at two periods in
its time trace. In contrast to the previous polymer, the
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Figure 12. Spectrum at two time intervals for a polymer
whose decay is dominated by abrupt changes in intensity. The
inset shows the corresponding fluorescence time trace. For this
polymer emission is primarily at two intensity levels. Both the
spectrum peak and the relative intensity of the first and second
peaks change.

time decay of the PL of this polymer is composed of large
abrupt fluctuations and a noticeable absence of gradual
changes in intensity (Figure 12, inset). Initially, when
more than one segment is emitting, the spectrum is
peaked at ~560 nm with a shoulder at ~600 nm having
a relative height of ~0.72. However, in contrast to the
stable spectrum in Figure 11, the large abrupt change
in intensity between the first and second time interval
is accompanied by an equally abrupt spectral change
with the peak shifting 25 nm to 535 nm and the ratio
of shoulder to main peak reaching close to 1. Such
drastic spectral change could only occur if there are only
a few emitters in this polymer. Reiterating, the rela-
tively constant spectra during gradual decay points to
the existence of multiple emitters, while the abrupt
spectral changes accompanying an abrupt intensity
change points to the existence of a few emitters.

Summarizing, the above experimental results indicate
the coexistence of an extended and a core region(s)
within a single DOO-PPV polymer. In the core region,
a relatively isotropic distribution of absorption dipoles
funnels energy efficiently to one (or a few) emission
sites. In the extended region, composed of a relatively
anisotropic distribution of absorption dipoles, greater
separation of adjacent chains forces energy transfer to
occur primarily along the polymer backbone (intra-
chain), thus allowing for a large number of emission
sites. For DOO-PPV, within the same polymer batch,
the number of segments falling within each of these
regions varies from individual to individual, ranging
from 0 to 100%, with the majority of individuals having
segments in each region. For MEH-PPV, a number of
groups!-12:32 have published fluorescence time traces.
These can be roughly divided into two categories—those
demonstrating smooth exponential decay like features
and those demonstrating periods of constant emission
punctuated by abrupt intensity changes. The nature of
the trace observed depends on deposition conditions. In
contrast, both features are often observed within a
single DOO-PPV polymer and a variety of behaviors
seen within a single batch. This may be a consequence
of the limited solubility of this polymer that gives it a
greater tendency to self-aggregate.

Rather than monitoring the orientation of absorption
dipoles, Huser®1? investigated the conformation of single
MEH-PPV by observing the polarization of the emitters.
For MEH-PPV dissolved in chloroform (extended, many
emitters) polarization was isotropic while that dissolved
in toluene (“aggregated”, few emitters) exhibited high
polarization anisotropy. They concluded extended MEH-
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PPV assumes a random extended coil, while the emis-
sion dipoles in aggregated MEH-PPV are aligned. This
is clearly in contrast to our absorption measurements
in DOO-PPV in which the reverse behavior was seen.
While for the core region a consistent picture for both
MEH-PPV and DOO-PPV can be obtained in which
randomly aligned absorbing dipoles (i.e., molten globule)
transfer energy to a few aligned emitting segments, the
same is not true for the extended region. In this case, it
would seem that DOO-PPV tends to extend linearly
while MEH-PPV tends to loosely coil. Further experi-
ments monitoring the conformation of the absorbing
segments of MEH-PPV would be necessary to confirm
this picture.

If in this experiment we are not looking at single
polymers but rather groups of polymers or even a
multipolymer aggregate,?® a number of alternative
explanations of our data are possible. As the usual
quantum jump on/off signature of single small molecules
is not necessarily applicable to long chain polymers, we
propose five criteria to establish that one is indeed
looking at single polymers. (1) The source of the
fluorescence should be diffraction limited. In this ex-
periment, we observed fwhm < 0.4 um for isolated
emission centers—close to the diffraction limit of emitted
light. (2) A variation of polymer concentration should
result in a corresponding variation in the density of
diffraction-limited spots. The concentration of the poly-
mer in the solvent was varied by a factor of 10, and a
corresponding variation was seen in the number of spots
observed in a 100 um? scan. (3) The total fluorescence
intensity from a spot should not exceed the number of
photons expected from a single polymer. For short chain
DOO-PPV polymers prepared under similar conditions,
~4000 cps are detected.? Since these polymers are ~120
times heavier, given equal quantum efficiency, the count
rate should not exceed 500 000 cps for a single polymer.
Our maximum count rates are a factor of 4 lower. (4) A
PL spectrum similar to that of the polymer in dilute
solution rather than that of a multipolymer aggregate?®
is indicative of a single polymer (although a spectrum
similar to an aggregate does not exclude the possibility
that the source is a single polymer). The recorded
spectrum (Figure 2) shows no evidence of large-scale
multipolymer aggregation. (5) A modulation of PL
intensity when the polarization of the excitation light
is rotated should be indicative of a single polymer.
While, a priori, one cannot predict the PL dependence
on excitation polarization of a single polymer, in a large
cluster one expects there to be little dependence. In the
observed polymers, modulation depth was >0.5, indicat-
ing a significant dependence of PL intensity on excita-
tion polarization. While any one of these five criteria
does not ensure that one is looking at a single molecule,
the fact that all the criteria are met gives us confidence
that we are actually observing single polymer photo-
physics.

Finally, we would like to make some comments on
the different number of photons collected in short- and
long-chain polymers. Under these experimental condi-
tions, we collect, on average, for polymers containing
four excitons ~1000 [photons/s/oligomer], while for these
long chain polymers containing 500 excitons, we only
collect ~200 [photons/s/oligomer]. This could be either
due to the statistically higher probability to create
quench sites in a longer polymer or because excitons in
the core region do not contribute efficiently to emission,
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as has been observed for aggregated states in solution!®.
This reduced yield could be due to a single emitter being
cycled near its maximum rate. On the basis of an
excited-state lifetime of ~450 ps,2® intersystem crossing
time (7isc) of ~40 ns, and a triplet state lifetime (Tiiplet)
of ~20 us, one expects a maximum cycling rate for an
exciton of ~1 MHz. In short chains of DOO-PPV (no
energy transfer), at our excitation levels and assuming
a fluorescence quantum yield of 0.323 and a collection
efficiency of ~3%, a single oligomer is cycling at <10%
of saturation. If, however, in the aggregated region 50
absorbing dipoles transmit energy to a single emitter,
then clearly a bottleneck would arise, greatly limiting
the total emission from the aggregated region. This is
consistent with our observation that, in general, the
fluorescence intensity is higher for individual polymers
lacking large abrupt intensity changes. It is also con-
sistent with the small jump of ~700 [photons/s] clearly
visible just before 15 s in Figure 4, being interpreted
as the signal from a single oligomer exiting a dark state
in the extended region; i.e., emission in extended region
is unchanged. (Since such a small step is indistinguish-
able from shot noise when there are more then 10
chromophores emitting, changes in intensity due to
individual excitons turning on and off in the extended
region are only distinguishable when the majority of the
chromophores have already been quenched, i.e., the
tail.)

Conclusion

In conclusion, the fluorescence time trace of a single
DOO-PPV is a combination of a few large quantized
jumps along with gradual changes in intensity. The
relative contribution to the total intensity of the two
behaviors varies from individual to individual within
the same processing batch. Time-independent polariza-
tion spectroscopy indicates considerable alignment of
absorption dipoles within a polymer demonstrating that
the polymer is neither rod-shaped, toroidal, or a molten
globule. Time-dependent polarization data indicate that
the distribution of absorption dipoles in the region of
polymer responsible for large abrupt changes in inten-
sity is more isotropic then the region responsible for
more gradual changes in intensity. These results sug-
gest the coexistence of an extended and a core region
within a single polymer. The extended (intrachain)
region is characterized by a strongly anisotropic distri-
bution of absorption dipoles and multiple emitters.
Absorption dipoles in the core region, while still exhibit-
ing alignment, are relatively more isotropically distrib-
uted. In this region, close packing allows efficient three-
dimensional energy transfer to funnel energy from many
absorbing to a few emitting sites. For DOO-PPV, under
similar processing conditions and within the same
batch, the relative size of the core and extended regions
varies from individual to individual. While it is tempting
to try to equate the extended region observed in this
single polymer experiment with the intrachain state and
the core region with the aggregate state observed in
ensemble experiments,!® our spectral data are insuf-
ficient to make this connection.
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