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Abstract

The fluorescent transient of single polymers of a PPV derivative, poly(2,5-dioctyloxy p-phenylene vinylene) (DOO-
PPV) spin-cast in polystyrene matrix is observed. Having the polymer with low-defect density and length close to its
persistent length, the effect of defects on conformation can be investigated. Independent chromophores align in the
majority of cases suggesting that the polymer maintains a rod-like structure in the absence of defects. Non-aligned
chromophores are the result of defects that introduce ‘kinks’ in the polymer conformation. © 2001 Published by

Elsevier Science B.V.

Single molecule detection has been proven to be
an excellent method for studying the photophysics
of molecules without blurring due to ensemble av-
eraging. Since the first observation of a single dye
molecule at room temperature in 1993 [1], many
groups have undertaken studies of similar small
molecules showing that they behave as a single
quantum system [2-6]. Nimitz et al.’s (1996) dis-
covery that a nanocrystal — although composed of
many CdSe molecules [7] — also behaves as a single
quantum system led to many studies seeking to
understand the phenomena [8]. While some groups
have concentrated on the small molecules, others
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have sought to observe similar phenomena in larger
molecular systems [6,9,10]. Special attention has
been paid to the light emitting conjugated polymer
thin films [11-16] due to their potential as the active
medium in OLED devices [17]. The results reported
for these large systems — composed of thousands of
monomers have been, to say the least, confusing.
This is not only due to the size of the system and its
many potential conformations [15] but also due to
complications resulting from the random spacing of
intrinsic defects [13] — typically on the order of 5%.
For example, MEH-PPV polymer commonly
studied contains over 1700 vinyl bonds of which
some 100 are statistically defective. Hu et al. have
recently shown that these defects result in confor-
mations quite different than that expected from a
perfect system [13].
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In this Letter we report on the study of an in-
termediate-sized polymer — larger than the small
molecules previously studied and much shorter
than the polymer chains commonly being investi-
gated. By studying a polymer having a length close
to the persistence length for this polymer in solu-
tion [18] we are able to reduce the number of
possible conformations. Indeed, the polymer of
this length is expected to be predominately rod-
shaped. In addition, by preparing this polymer
with a defect rate of ~1% (defect rate <1.5% as
measured by NMR using the technique of Becker
[19], limited by S/N ratio), 75% of the polymers
will be defect free and only 5% will contain more
than a single defect. Thus the photophysics of both
the defect-free polymer and the effect of a single
defect can be conveniently studied. Indeed we be-
lieve that a thorough study of this sort of inter-
mediate-sized system provides great possibility for
the quantitative understanding of the behaviors in
conjugated polymers.

In the work described here, pristine poly(2,5-
dioctyloxy p-phenylene vinylene) (DOO-PPV) [20]
was fractionalized by taking advantage of the
limited solubility of this symmetrically substituted
structure [21]. The solid polymer was first im-
mersed in chloroform at 0°C for a few hours. The
dissolved polymer (short chain lengths) was then
discarded while the residual polymer was dried and
dissolved in chloroform at 24°C. In this step the
residual polymer (long chain lengths) is discarded.
The GPC measurements shows that the dissolved
polymers have a number average molecular weight
(M,) of 8.2 kDa and a polydispersity, M,,/M,, of
2.23, where M, is the weight average molecular
weight. Since in single molecule experiments the
molecule is measured one at a time, it is more
appropriate to use M, than the standard ‘mean-
average’ molecular weight (MHMW)I/ 2. The M,
corresponds to polymer of about 24 monomers.
Assuming that the 1D excitons are delocalized
along the backbone over approximately 6 mono-
mers, this length corresponds to a polymer of ~4
chromophores and 13 nm in length (close to the
persistence length for this type of polymer) [18,22].

After dilution of the polymer in an inert poly-
styrene matrix, it was spin-cast onto a fused silica
substrate. The resulting film thickness was <100

nm. Under these conditions, most molecules will
align to have the polymer backbone in the plane of
the thin film. As oxygen and water have been
shown to be extremely detrimental to polymer
lifetime [14,16], extensive steps were taken to
protect the polymer from exposure to oxygen and
water. N, was bubbled through all solutions,
drying after spin-casting was done in a low-pres-
sure nitrogen environment and a special holder
designed to ensure that the sample surface re-
mained in contact with N, only during imaging
(Fig. 1 inset).

The sample was observed using confocal fluo-
rescence microscopy (Fig. 1). Three criteria were
used to ascertain that we were, in fact, looking at
single polymers and not aggregates. An area scan
was used to check that the bright spots were dif-
fraction limited. Sample concentration was varied
over two order of magnitude (from 200 to 2 mol-
ecules/1000 pm? — data being recorded taken at the
lower concentrations) and the density of the spots
seen to vary appropriately. Finally, the ensemble
average of individual molecule spectrum was taken
and found to be similar to that of the dilute
polymer measured in solution [16,20].

Having established that one is looking at single
polymers, the first questions to be answered are
whether or not there is any alignment of chro-
mophore absorption dipoles within a single poly-
mer (i.e., are all dipoles in the same direction), and
whether or not there is a preferential orientation
for an ensemble of polymers resulting from the
spin-coating process. Comparing the fluorescence
intensity of two successive area scans, one taken
with linearly polarized light and one in which the
direction of the electric field vector is modulated
rapidly (compared to integration time) at constant
angular frequency, answers both questions. Since
the intensity of the emission signal /(¢) is propor-
tional to the absorption, which according the di-
pole approximation, is proportional to {(u - E)?),
where p is the molecular transition dipole and E(¢)
is the laser field. Thus by modulating the laser field
one averages over all possible dipole directions
while maintaining the polarization direction se-
lectively excites those molecules whose dipoles are
aligned with the electric field. For polymers having
approximately the same length, one expects that
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Fig. 1. Schematic of the single molecule confocal microscope. In all cases continuous TEMoo /linearly polarized laser light with a near
diffraction limited spot (~300 nm) after passing through a 488 nm narrow band (NB) filter and dichroic mirror (DM) through an oil
immersion 100x objective lens (NA = 1.3) was used to excite the sample. Fluorescence was collected in the common epifluorescence
geometry. After passage through a longpass (LP) and 70 nm bandpass (BP) filter centered at 550 nm to eliminate scattered 488 nm
light, it was focused onto a 200 um core optical fiber for detection with an APD operating in photon counting mode with an in-
tegration time 10 ms. Area scans were accomplished by moving the sample with a tube peizoelectric. Fluorescence transients were
recorded after centering the light on individual polymers. The E-O modulator in the excitation path allows the electric field vector to be
rotated either slowly or rapidly with respect to the integration time [see text for details]. The inset shows the sample holder used to place

the sample in an N, environment during scanning.

the modulated fluorescence intensity will be ap-
proximately the same for all polymers, while the
peak intensity of polymers will vary in the linearly
polarized case from 0 to 2 times the modulated
case if there is an alignment of dipoles within in-
dividual polymers. Such a variation with some
molecules increasing in brightness while others
fade into the background was observed. We con-
clude the correlative orientation of chromophores
within an individual polymer.

Further light is shed on the relative direction of
individual chromophores by investigating the flu-
orescent transients of individual polymers taken
with unmodulated cw linearly polarized light. Two
different types of behavior are possible. On the one
hand, if the polymer has maintained a rigid rod
structure when spin-cast then one expects that the
chromophore dipoles will align predominately in
the same direction and the fluorescent transient
will exhibit a decay structure dominated by mul-
tiple equal steps. On the other hand, if the struc-

ture is not linear and the dipoles do not align then
one would still expect to see steps; however, in this
case the magnitude of the steps may be unequal.
The transient trace shown in Fig. 2 is typical of
that observed for the vast majority of the single
polymers studied (~100). Fluorescence is seen to
occur at three discrete intensity levels equally sep-
arated by 6 counts/10 ms (background is 2 counts/
10 ms) — the final discrete step back to background
is not shown in this figure so as to emphasis the
first part of the trace. This result can be interpreted
as follows. Initially three semi-independent aligned
chromophores (within a single polymer) are active.
After 330 ms, one chromophore enters a tempo-
rary ‘dark state’ while the other two remain active.
13.5 s into the trace this chromophore abruptly
leaves the dark state and resumes emitting. At the
20 s point another (or the same) chromophore
enters a temporary dark state until the 23 s point.
All three chomophores continue to be active for
30 s, whereupon 2 chromophores are permanently
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Fig. 2. Typical fluorescent transient of a single DOO-PPV
molecule that is presumed to be defect free [see text]. Excitation
irradiance is 200 W /cm®. Background is ~2 counts/10 ms. Note
that only the first 60 s of this scan are shown in order so that the
individual steps are not obscured. Note that the step sizes are all
of approximately the same height. The inset shows the align-
ment of chromophores relative to electric field that is expected
to generate this type of fluorescent transient. Due to the low-
excitation irradiance, signal to noise ratio has been increased by
continuous averaging of 10 adjacent bins (this figure only). The
inset shows the deduced conformation of this polymer.

quenched while the final chromophore continues
to emit until the end of the recorded trace. In the
majority of cases the model of 3 or 4 aligned
chromophores successfully explains the observed
data indicating that the spin-cast polymer main-
tains a rigid rod-like structure.

However, although this represents the majority
of the molecules observed, a significant minority,
while exhibiting emission at multiple discrete lev-
els, does not have steps of equal magnitude. The
fluorescent transient of a polymer exhibiting this
type of behavior is shown in Fig. 3. Note that in
this figure the excitation irradiance has been in-
creased by a factor of eight so that the smaller
steps can be clearly observed. This polymer ex-
hibits emission at three discrete levels, first at
around 48 counts, followed by 11 and finally 5
counts above background per 10 millisecond time
interval. This data can be understood as follows.
For the first 36 s three chromophores are active —
one chromophore is closely aligned with the E(r)
while the remaining two are at an angle. At 41 s,
the chromophore whose dipole was most closely
aligned with the excitation field (and hence has
absorbed the most photons) is abruptly quenched.
The remaining two chromophores (aligned) re-
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Fig. 3. Typical fluorescent transient of a single DOO-PPV
polymer that is believed to contain a single defect [see text].
High excitation irradiance was used (1600 W/cm®) to clearly
show the non-constant step height. Background is ~5 counts/10
ms. The non-constant step size indicates that the dipoles are not
all aligned to the same direction. The inset shows one of the two
possible conformations that fit the above data.

main active being independently quenched at 44
and 45.3 s. From the ratio of the size of the large
and small steps (7.17) and assuming that the angle
between the strongest chromophore’s u and E(¢) is
<35°, the angle between chromophores can be
calculated to be either 110 +2° or 70 + 2°. The
polymer is thus no longer straight but contains a
single ‘kink’. The inset to the figure shows one of
the two possible configurations (110 4 2°). Re-
cently Hu et al. [13], have discussed such an effect
from defects by means of Monte Carlo simulation
showing the role defects play in determining the
conformation of large polymers showing that a
single defect can create just such a kink.

This interpretation can be checked by recording
the fluorescent transient as E(¢) is modulated
slowly relative to the integration time and quickly
relative to fluorescence decay [23]. In this case E()
was modulated at 2.5 Hz. By least squares fitting
each section of the curve by I=(u-E) =
A sin® (ot + @) + C, (where I is the fluorescence
intensity, @ is the modulation frequency and 4, ¢,
C are allowed to vary) and assuming that each
chromophore emits photons at the same rate, one
can deduce the relative orientations of the chro-
mophore dipoles. For aligned polymers, the max-
imum intensity of aligned dipoles was an integral
multiple of a base intensity, modulation was 100%,
and ¢ remained constant. Fig. 4 shows the results
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Fig. 4. Comparison of the results of curve fitting (to
I =4 sin® (ot + @) + C) the modulated polarization fluores-
cent transient of a polymer with a model of the polymer as four
chromophores and two defects [see text]. In this polar graph,
the values of 4 + C vs. ¢ as the molecule decays are plotted as
6-pointed stars and labeled with the time at which the transition
to this emission state occurs. The amplitudes, 1, 1.5 and 2 are
denoted in terms of the fundamental step size observed. Su-
perimposed using arrows are the combination of dipoles that
account for observed emission at each time. The distance be-
tween the origin and the corresponding time represents the
observed emission intensity. The inset shows one possible
polymer structure that can account for this behavior — a com-
bination of four chromophores and two defects.

of such a procedure (for the more interesting case
of a relatively rare ‘defect-rich’ polymer), with the
fitted values represented by stars. A simple model
representing the polymer as four chromophores
and two defects inspired kinks is seen to closely
model the observed data. During the initial sec-
onds two parallel chromophores (1 and 2) are ac-
tive. These two chromophores are soon (at 1.3 s)
joined by a third chromophore (3) (separated from
the first 2 by a defect). At 4.2 s two chromophores
(1 and 2) are permanently quenched, while chro-
mophore 3 continues to be active until the 10.7 s
point. For the next half second there is no emission
until chromophore 4 becomes active, continuing to
emit until 23 s when it also is permanently quen-
ched. One possible configuration for this polymer,
incorporating two defects is shown on the left side
of Fig. 4.

Summarizing, well-defined steps indicate the
existence of well defined absorption chromo-
phores in polymers with length close the persis-
tence length (likely result of their low molecular
weight and hence limited number of conforma-
tions). The conformation of such polymers can be
deduced from their photophysical properties. For
the majority of polymers, the fluorescent transient
decay exhibits equal intensity steps indicating
an alignment of chromophore dipoles implying
that the pristine defect polymer has taken a rod-
shaped structure. Unequal steps imply a mis-
alignment of dipoles caused by kinks in the
otherwise straight polymer. These kinks are most
likely caused by the existence of defects. Thus by
observing the fluorescent transient decay of a
single polymer not only its conformation but also
the existence and number of defects in its back-
bone can be deduced.
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