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Abstract We report on the spectroscopy of isolated chains
of P30T, in a highly dilute solution in the inert polymer
host poly(methyl-methacrylate) (PMMA). This environ-
ment permits a detailed analysis of emission transitions in
the 1.9-2.2 eV range by suppressing the formation of the
lowest emitting-energy aggregated form of P3OT. Herein it
is observed that the 1.9-2.2 eV band is in fact split into low
(red) and high (blue) energy forms in a highly analogous
situation to that found for the conjugated polymer MEH-
PPV. Another focus of this work is an investigation of the
interaction of singlet and triplet excitons in P3OT. The
results indicate that, like in MEH-PPYV, triplet excitons are
highly efficient fluorescence quenchers for P30T, strongly
quenching the fluorescence of P30T under even relatively
low excitation intensities.
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Introduction

The poly-3-alkyl-thiophene) (P3AT) “family” of conjugated
polymers has been extensively studied due to their
importance in the fabrication of organic light-emitting
diodes (OLEDs) [1-5], thin film transistors [6, 7], and
photovoltaic cells [8—11]. An adequate knowledge of the
electronic structure and excited state dynamics of this class
of polymers is essential for understanding the mechanisms
that govern device performance. Despite the considerable
amount of research done on P3AT derivatives, many key
aspects of their electronic structure and spectroscopy
remain poorly understood. Thin-films morphologies of
compounds in the P3AT class are highly heterogeneous
leading to a large range of electronic transition energies.
Multiple types of excited states are present in solution and
pure films with an extraordinary large spread of vibronic
origin transition energies, i.e. 1.9-2.5 eV. Although these
states are not understood in detail, evidence suggests that
various factors are responsible for the large shifts in the
transition energies, including the specific conformation of
the polymer chain, chain—chain aggregation, and the
formation of crystalline phases [12-22].

The spectroscopy of P3AT conjugated polymers is
analogous in many respects to that for the more widely
investigated poly-phenylene-vinylenes, especially the pro-
totypical poly[2-methoxy, 5-(2'-ethylhexyloxy)-p-phenyle-
nevinylene] (MEH-PPV). Single molecule spectroscopy
(SMS) of isolated polymer chains of MEH-PPV has offered
a unique window on the effect of morphology on the
spectroscopy of this polymer [23]. In addition, time-
resolved SMS methods have been used to investigate the
spectroscopic dynamics of MEH-PPV, leading to an
unprecedented understanding of the interaction of triplet
and singlet excitons in MEH-PPV [24, 25].
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This paper describes the first single molecule spectros-
copy of a P3AT conjugated polymer. Isolated chains of
poly-3-octyl-thiophene (P30T), in an inert polymer host,
are studied using both time and frequency resolved
techniques. Such an environment completely inhibits the
formation of the lowest energy aggregated form of P30T
(with multiple peaks in the 1.3—1.8 eV range) and allows
for a detailed analysis of emission in the 1.9-2.2 eV range.
In this work it is observed that this band is in fact split into
low (red) and high (blue) energy forms in a highly
analogous situation to that found for MEH-PPV [26-29].
Another focus of this work is an investigation of the
interaction of singlet and triplet excitons in P3OT. The
results indicate that, like in MEH-PPYV, triplet excitons are
highly efficient fluorescence quenchers for P30T, strongly
quenching the fluorescence of the P30T under even
relatively low excitation intensities.

Experimental section

Ultra dilute thin-film samples of P30T (Aldrich, MW=
142 kDa, regioregularity >98.5% head-to-tail) were pre-
pared according to a reported procedure. [29] Typically,
samples were diluted (10°° M) in a solution of poly
(methyl-methacrylate) (PMMA, Aldrich MW=95 kDa) in
toluene (3%w/w) and spin-cast onto glass coverslips to
yield films of approximately 100-nm thickness. Samples
were then coated with either gold or aluminum (~200 nm)
to prevent oxygen and water from diffusing into the PMMA
layer. For nanoparticle samples a 300 nm-thick polyvinyl
alcohol (PVA, Aldrich) layer imbedded with P3OT nano-
particles was used. Aggregates were prepared by a
reprecipitation technique as described elsewhere [30-32].
Single molecules and nanoparticles were excited with the
488 nm line of an argon ion laser and images and spectra
were obtained from a confocal scanning microscope
apparatus described elsewhere [33]. Excitation intensities
were approximately 50 W/cm?®. For time-resolved experi-
ments fluorescence transients were acquired using a
previously described setup [24]. Briefly, the transient signal
was recorded with a multichannel scalar (MCS) that was
synchronized to a sequence of excitation pulses. The
sequence of excitation pulses was derived from the output
of an argon ion laser (488 nm) that was intensity-modulated
by an acoustic optical modulator.

Results and discussion
Ensemble spectra

It is well known that the UV-visible emission and absorption
spectroscopy of P30T is extraordinarily broad and complex
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Fig. 1 (a—d) Absorption and emission spectra of P30T in different
environments. (a) Chloroform solution absorption (dashed line) and
emission (solid line). (b) Room temperature pure film absorption
(dashed line) and emission (solid line), adapted from references [41]
and [18]. Low temperature (77 K) pure film absorption (dashed grey
line) and emission (solid grey line), adapted from reference [15].
(¢) Ensemble emission of single molecule spectra in PMMA matrix.
(d) Absorption (dashed line) and emission (dotted-dashed line) spectra
of nanoparticles suspended in water, and ensemble emission of single
nanoparticles in PVA matrix (solid line)

due to a combination of intricate factors; some of which are
highly dependent on the physical state of the sample. Several
factors can strongly influence the spectra, including the
solvent, temperature, and concentration for solutions; and the
processing conditions for pure films. Figure 1 summarizes
the absorption and emission spectra of P30T in different
environments, using data from this and other laboratories.
Besides the usual vibronic splitting due to molecular
vibrations (see for example the peaks labeled with “V” in
Fig. 1) the emission spectra are also split due to shifts in the
vibronic origin of the 7—7t* transition of P30T by the local
single-chain conformation and chain—chain interactions.
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The simplest situation is a dilute P3OT solution in a
“good” solvent for which the intra-chain and inter-chain
interactions are significantly suppressed due to favorable
solvent—solute interactions (Fig. 1a, solid and dashed lines).
The emission and absorption of conjugated polymers in this
case is similar to those observed for similarly structured
oligomers in solution, demonstrating that the long polymer
chain has quasi-localized “m—m* chromophores” with a
distribution of conjugation lengths in the range of 9-13
repeat units for the case of the regioregular P30T used in
this work [34-38]. The actual chain length (~720 repeat
units) is much longer than the conjugation length allowing
for multiple chromophores.

It should be emphasized that the peak of the emission
spectra (2.18 eV) in a good solvent is at much lower energy
than the absorption peak (2.75 eV) indicating that the most
probable conjugation length for the emission is much
longer than the most probable conjugation length for
absorption. For the conjugated polymer MEH-PPV, an
analogous observation was assigned to highly efficient
inter-chain intramolecular energy transfer from regions of
shorter conjugation length to less plentiful longer regions
along the polymer chain. However, the observation that
both the emission and absorption spectra of P30T in
solution in a good solvent are similar in shape to the
corresponding ones for an oligomer composed of ~11
thiophene units suggests that excited torsional relaxation in
these environments may be another factor responsible for
the much longer conjugation length in emission for P30OT.

In order to organize these set of complex results we
denote the short and long conjugation length electronic
transitions as Type I and Type II chromophores respectively,
see Table 1. The relatively sharp Type II emission is
consistent with the general results for conjugated polymers
that, even for planar systems, the transition energy
approaches a minimum value for a large number of repeat
units due to electron correlation effects. In contrast for short
chains, there is a strong dependence of the transition energy
on the number of repeat units due to the 1D spatial
confinement of the electronic wave function.

It is interesting that the spectroscopy of P3OT reveals
that the conjugation length distribution significantly shifts
toward longer values as the solvent quality is decreased.
This is evidence that the chain folding and perhaps small

amounts of chain—chain aggregation induce a more planar
conformation in the ground state of P30T due to chain—
chain packing forces, increasing the number of Type II
chromophores in the ground state of P3OT.

The effect of chain—chain interaction and polymer
morphology on the spectroscopy of P30T is especially
apparent in the spectroscopy of well ordered thin-films
(Fig. 1b). At room temperature, emission peaks at 1.82 and
1.66 eV are observed in these films, and have been assigned
to two distinct crystalline phases with different inter-chain
stacking distances, on the basis of X-ray diffraction, solid
state NMR, and powder emission studies [20-22]. These
results suggest that the different spectral positions of the
emission peaks corresponding to these two phases is related
to different inter-chain interactions rather than intra-chain
properties. At low temperatures (~77 K), the spectra of
well-ordered films show a small red shift and sharpening of
the spectral features compared to the corresponding spectra
at room temperature. In general, the multiple absorption
and emission peaks of the films are equally spaced and this
is especially clear in the spectra of the film at low
temperature (Fig. 1b). These equally spaced frequency
intervals are indicative of vibronic transitions corre-
sponding to the same chromophoric species. In particular,
the observed ~0.18 eV (1450 cm ') interval might be
assigned to C—C stretching modes in the thiophene ring
[39]. Regardless of the interpretation about the origin of the
regular frequency intervals, it is clear that the multiple
transitions in the 1.9-1.2 eV emission range are a
consequence of interchain interactions, we denote them
collectively as Type III chromophores.

Herein we examine the spectroscopy of single isolated
polymer chains of P30T in a PMMA matrix. The spin-
coating approach used to prepare these samples effectively
suppresses chain—chain interaction. The ensemble spectrum
for these samples (Fig. 1c) reveals a broad emission with a
peak that is lower in energy than the peak emission in the
good solvent chloroform but higher in energy than the
aggregate type emission. The broad emission indicates a
large distribution of emission energies for the individual
P30T chains in the PMMA environment. The P30T
emission in this case can be assigned exclusively to Type
IT emission. The observed broadening and red-shift can be
explained in terms of chain packing effects that split the

Table 1 Summary of

optical transition energies Chromophore type

Peak absorption (eV) Peak emission (eV)

for P30T . .
I (Short conjugation length)

“Broad and structureless peak. I (Long conjugation length)
PPosition of the multiple peaks
observed at room temperature
(R) and at 77 K (L).

III (Aggregate type)b

2.75° -

- 2.10-2.15 (A)
1.95-2.00 (B)

1.48, 1.65, 1.82. (R)
1.3, 1.47, 1.64, 1.81. (L)

2.01, 2.19, 2.37. (R)
2.05,2.22, 2.39. (L)
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Type II emission into two sub-types, IIA and IIB, in
analogy to the red and blue sites recently reported for
MEH-PPV [26-29].

Figure 1d shows a P30T sample preparation that is
intermediate between the isolated polymer chains and a
pure thin film. Here a colloidal solution of P30T
nanoparticles (each comprised of >50 chains) in water
(Fig. 1d, dotted line) exhibits Type III emission with emis-
sion peaks at ~1.7 and 1.85 eV. The ensemble spectrum of
single isolated P30T nanoparticles in a PVA matrix
(Fig. 1d, solid line) shows analogous type of emission and
peaks maxima as those of the nanoparticle water suspen-
sion. This reinforces the idea that the Type III emission is
mainly associated with the aggregation of multiple chains,
perhaps due to different polymer morphology for large
aggregates than folded single chains.

Single molecule spectra

Figure 2 shows typical examples of single molecule
emission spectra isolated at high dilution in an oxygen
depleted polymer host to avoid photochemical artifacts. For
more than 90% of the molecules investigated, the spectra
did not exhibit any detectible time dependence of line shape
or integrated intensity (i.e. due to photochemistry) during
the irradiation period (~2 min), and the analysis was
restricted to these stable molecules. It will be shown in a
later section of this paper that due to the absence of oxygen
in the samples, triplet quenching by oxygen is not a factor,
and a significant population of triplets (as much as one per
chain) are present during the spectroscopic measurements.
Comparison of single molecule ensemble emission spectra
in the presence and absence of oxygen (not shown),
however, indicates that the presence of triplets does not
significantly affects the shape of the emission spectrum of
the singlet molecules, in analogy to SMS studies on
MEH-PPV.

Figure 3a and b display the distributions of peak and
mean emission energies for an ensemble of P3OT single
molecules in PMMA. These distributions are much nar-
rower than each single molecule spectrum itself demon-
strating that the spectral broadening for each chain is much
larger than that due to the molecule-to-molecule inhomo-
geneity. However, a detailed vibronic analysis of the
individual spectra demonstrates that the major source of
broadening is vibronic structure, followed by broadening
due to the presence of more than one chromophore per
chain, see below.

It is interesting to compare the distribution for P30T to
the analogous distributions for MEH-PPV (Fig. 3¢ and d),
which have been previously reported. For MEH-PPV, two
peaks are observed in the histograms, due qualitatively to
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Fig. 2 (a—d) Typical emission spectra (Aex.=488 nm) of single P30T
molecules. The smooth line corresponds to the fit to a Franck—Condon

model as described in the text. The bars represent the amplitude and
vibronic origin for each apparent chromophore used in the fitting

L
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the presence or absence of low energy “red sites” sites in a
specific polymer chain. For MEH-PPV single polymer
chains with red sites, singlet excitons are efficiently trapped
by the red sites. The efficiency of energy transfer from
more plentiful blue sites to the red sites can approach unity
for large molecular weight chains, and especially for the
bulk polymer film [27, 28].

For P30T, the distributions do not exhibit an obvious
splitting due to blue and red sites, but rather a single broad
distribution is observed. However, a detailed vibronic
analysis which is presented below indicates that an
analogous blue/red splitting exists for P3OT but it is
masked by the dominance of the red form and a greater
energy disorder of the individual red and blue forms for
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P3OT. The vibronic analysis of the SMS data was
accomplished by fitting the individual spectra to a two
mode, Franck—Condon model as described elsewhere [27].
Briefly, two C—C stretching modes with identical Huang—
Rhys factors (S) and up to three vibrational quanta were
considered. Each vibronic line was broadened by a
Gaussian shape function with a common width, o. In order
to obtain a good fit of the model curves (shown as a smooth
curve in panels a—d in Fig. 2) to the experimental data, it
was necessary to use 1, 2, and (in few cases) even 3 distinct
chromophores. The chromophores had distinct vibronic ori-
gins (Eg) but similar vibronic intensity patterns (given by S)
that were typical of 7—m* transitions. The bars in the
spectra represent the amplitude and vibronic origin for each
apparent chromophore used for the fitting.

Figure 2a and b show examples of SM spectra contain-
ing only one apparent chromophore. The spectrum in
Fig. 2a contains a “blue” chromophore and the spectrum
in Fig. 2b contains a “red” chromophore. Figure 2¢ shows
an example of a SM spectrum in which two apparent
chromophores were required for a successful fit of the
experimental data. The spectrum in Fig. 2d shows a small
high-energy peak that appears in rare occasions in the blue
side of the SM spectra. In order to account for these peaks,
chromophores with excess high energies were used in the
fitting procedure. These features are tentatively assigned to
the emission from high-energy chromophores that are
temporarily populated during the energy transfer process
in the single chains. Figure 4a portrays an ensemble

Energy (eV)

average of experimental and fitted (smooth line) single
molecule emission spectra. The chromophore energies
resulting from the fits are represented by the stick plots
under the spectra in Fig. 4. In the stick plots, a molecule
can contribute 1, 2, or 3 “sticks” per chain due to the
individual chromophores. The heights of the sticks reflect
the relative intensity of each chromophore. The bar-plot
inserts in Fig. 4, in contrast, represent the probability
distributions of lowest transition energies, Ey' (one per
molecule), within the respective ensemble or sub-ensemble.
This latter data has higher resolution that the peak and
mean emission maxima distributions shown in Fig. 3 due to
the fitting of the individual chromophores. While the
ensemble E,' data does not exhibit a resolved bimodal
distribution, a qualitative indication of a bimodal energy
distribution (red/blue) is apparent in the sub-ensemble
spectra, as shown in Fig. 4b and c, using the lowest energy
Ey' as a sorting criteria. The molecules selected for the sub-
ensemble are indicated by the filled bars in the inserts.
The molecules on the low energy side of the E'
distribution are well-fit almost exclusively by individual
red chromophores with E, energies ranging from 1.91 to
2.01 eV. The blue sub-ensemble, is well-fit by a combina-
tion of “red” and “blue” chromophores having E, energies
in the 1.94-1.99 and 2.15-2.08 eV ranges, respectively. The
presence of two emitting chromophores per molecules (i.e.
dual emission) is further evidence for a bimodal energy
distribution of red and blue chromophores and is analogous
to that previously observed for MEH-PPV. Thus, various
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SMS modulation spectroscopy of P30T
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Fig. 4 Experimental and calculated (smooth line) ensemble (a) and 4k 1 T T
sub-ensemble (b and c¢) spectra of P30T in PMMA matrix. The bars 0.1 0.2 0.3
represent the energies and amplitudes of the 0,0 transitions from Time (ms)
calculated fits. The inserts show the histogram corresponding 0,0 2k -
transition energies for the lowest energy chromophores in each S
spectrum. Panel (a) shows the total ensemble spectrum. Panels (b) r I r

and (c¢) show red and blue sub-ensembles constructed by adding up
single molecule spectra with peak wavelengths in the 1.97-2.02 and
2.08-2.13 eV ranges, respectively. The solid black bars in the
histograms for the corresponding inserts indicate the selected ranges

types of evidence suggests that P30T does in fact possess
two sub-types of Type II chromophores, due to red and blue
sites, which we designate, respectively Type IIA and IIB.

In light of this observation, it is interesting to reexamine
the ensemble spectra shown in Fig. 1. The shift between the
emission in a good solvent and in the PMMA solution can
now be interpreted as being due to an increase in the
number of red sites per polymer chain due to polymer
collapse in the PMMA environment. A similar observation
has been made for MEH-PPV [29].
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Fig. 5 (a and b) Typical confocal fluorescence images of P3OT single
molecules in PMMA matrix. Both images were obtained from the
same sample under the same excitation power (44 W/cm? at 488 nm).
Image (a) is of a region not covered by the gold layer and exposed to
atmospheric oxygen, image (b) is of a gold coated region. (¢) Typical
excitation intensity modulation data for single P30T molecules (data
points) and the corresponding fit to the kinetic model (solid line). The
intensities of the four sequential excitation pulses (A¢x=488 nm) are
6, 21, 44, and 75 W/cm?, from left to right, respectively. The insert
shows a histogram of the reverse intersystem crossing rates obtained
from the fitting of 15 individual molecules. (d) Average low power
intensity modulation data for five P30T molecules. The average
intensity during the excitation window is 0.4 W/cm?. The insert shows
an enlarged view of the fop part of the excitation window, the grey
smooth line represents a single-exponential fit to the data with a
lifetime of 17+1.5 pus



J Fluoresc (2007) 17:749-757

755

quenched by the presence of triplets. One consequence of
this effect is shown qualitatively in Fig. 5a and b, which
correspond to confocal images of a sample of P30T
molecules in PMMA matrix containing high and low
concentrations of oxygen respectively. The images clearly
show that the emission of single molecules at saturated
oxygen conditions is significantly higher than that at low
oxygen concentrations. The low intensity in the oxygen-
depleted sample is due to the buildup of triplet states which
are efficient singlet quenchers, while in the oxygenated
samples triplets are quickly quenched by oxygen-induced
intersystem crossing.

Figure 5c portrays the SMS fluorescence intensity of a
typical single molecule recorded while modulating the laser
intensity in the form of four laser pulses of intensities, 6,
21, 44, and 75 W/em®. The data were synchronously
averaged for approximately 10° cycles of the pulse
sequence. The shape of the fluorescence response to each
pulse has been previously described for MEH-PPV to be
due to an initial drop in intensity resulting from a build-up
of triplet population during the excitation pulses [24]. The
off period between pulses is sufficiently long to ensure that
the triplet population completely relaxes between pulses. It
has been shown that data of this type can be analyzed
(fitted) to extract parameters such as the rate of reverse
intersystem crossing, the probability of quenching singlet
excitons by triplet excitons, and the cross section for
absorption [24, 28].

The basic form of the data, i.e. a single exponential
decay to a steady-state intensity, is indicative of rapid
triplet-triplet exciton annihilation. Due to this process, no
more than one triplet exciton per chain is present on
average during the intensity modulation cycle. At high
excitation power, the rapid exponential decay at the
beginning of each pulse is primarily due to the rate of
creating triplet excitons, i.e. the product of the excitation
rate and the quantum yield for intersystem crossing. At low
excitation power the time scale for establishing the
fluorescence steady state is simply the inverse of the
reverse intersystem crossing rate constant (i.e. the triplet
lifetime). Thus, this excitation power regime can be used to
measure the reverse intersystem crossing rate constant for
single polymer chains.

Figure 5c shows the typical excitation intensity modu-
lation data for single P30T molecules and the
corresponding best-fit of the previously described kinetic
model to the data. The excellent agreement between the
experimental data and the best-fit model curves supports
the application of this kinetic model to analyze exciton
dynamics in P3OT. The insert shows a histogram of the
reverse intersystem crossing rates (kjs.') with a mean value
of 62 ms' (6=9 ms ') obtained from the fitting of 15
individual molecules. The corresponding triplet lifetime

of 16 us is in good agreement with the reported value
in benzene solution (21 us) [40]. This result not only
further validates the application of the kinetic model for
P3OT but also confirms the assignment of the triplet
exciton state as significant quencher of singlet excitons in
SMS experiments.

Figure 5d shows the results of the low power intensity
modulation experiments. In order to get a reasonable signal
to noise ratio, the fluorescence intensity traces from five
individual molecules were averaged. At the power level
used in these experiments the kinetic population of states
model predicts that the observed intensity decay is
essentially equal to the triplet lifetime. This prediction is
confirmed by fitting the data to an exponential function
which yields a lifetime of 17+1.5 ps in excellent agreement
with the mean triplet lifetime observed at higher powers

(16 ps).

Conclusions and summary

In conclusion we have investigated for the first time the
single molecule spectroscopy of the conjugated polymer
P3OT. The results show that single P3OT chains isolated in
an inert polymer do not show emission from the lowest
energy aggregated form of P3OT associated to distinct
crystalline phases. The lack of aggregate fluorescence
allowed us to study in detail the emission in the 1.9—
2.2 eV range and it was observed that in fact this band is
split into low (red) and high (blue) energy forms. The
presence of this dual emission was rationalized in terms of
chain packing effects that create high and low energy
chromophores in analogy to the red and blue sites recently
reported for MEH-PPV. In the case of P30T, however, the
dual emission is masked in the peak/mean wavelength
histograms by the dominance of the red form and a greater
energy disorder of the individual red and blue forms.

In addition to the analysis of single molecule spectra we
investigated the dynamics of singlet-triplet interactions in
P30T by using the recently developed single molecule
intensity modulation technique. The results show that triplet
excitons are highly efficient fluorescence quenchers for
P30T, strongly quenching the fluorescence of the P30T
under even relatively low excitation intensities. The good
agreement between the P3OT triplet lifetime obtained in
our experiments and the reported value in the literature
strongly supports the assignment of the triplet state as the
main quencher of singlet excitons in conjugated polymers.

We conclude that single molecule spectroscopy of P30T
is highly analogous in many aspects to that of MEH-PPV
and other conjugated polymers. This observation highlights
the ability of SMS techniques to study this important class
of organic electronic materials.
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