JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

Fluorescence Blinking, Exciton Dynamics, and Energy
Transfer Domains in Single Conjugated Polymer Chains

Hongzhen Lin, Seyed R. Tabaei, Daniel Thomsson,
Oleg Mirzov, Per-Olof Larsson, and Ivan G. Scheblykin

J. Am. Chem. Soc., 2008, 130 (22), 7042-7051 « DOI: 10.1021/ja800153d « Publication Date (Web): 13 May 2008
Downloaded from http://pubs.acs.org on February 8, 2009

<= Chromophore

fluorescent
E -3 trap

/\/ : : ~ame quencher

N/
~\< | ‘ quenching
£
\/

sphere
Additional resources and features associated with this article are available within the HTML version:

ET domains,
unquenched

1 ET domains,
m [ quenched

More About This Article

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja800153d

A\C\S

ART CLES
Published on Web 05/13/2008

Fluorescence Blinking, Exciton Dynamics, and Energy
Transfer Domains in Single Conjugated Polymer Chains
Hongzhen Lin," Seyed R. Tabaei,! Daniel Thomsson," Oleg Mirzov,*
Per-Olof Larsson,* and Ivan G. Scheblykin*

Chemical Physics and Pure and Applied Biochemistry, Lund University, Box 124,
22100 Lund, Sweden

Received January 8, 2008; E-mail: ivan.scheblykin@chemphys.lu.se

Abstract: In order to understand exciton migration and fluorescence intensity fluctuation mechanisms in
conjugated polymer single molecules, we studied fluorescence decay dynamics at “on” and “off” fluorescence
intensity levels with 20 ps time resolution using MEH-PPV [poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-
phenylenevinylene] dispersed in PMMA. Two types of intensity fluctuations were distinguished for single
chains of conjugated polymers. Abrupt intensity fluctuations (blinking) were found to be always accompanied
by corresponding changes in fluorescence lifetime. On the contrary, during “smooth” intensity fluctuations
no lifetime change was observed. Time-resolved data in combination with data on fluorescence emission
and excitation anisotropy lead to a picture where a single polymer molecule is seen as consisting of several
energy transfer domains. Exciton migration is efficient within a domain and not efficient between domains.
Each domain can have several emitting low-energy sites over which the exciton continuously migrates
until it decays. Emission of individual domains is often highly polarized. Fluorescence from a domain can
be strongly quenched by Forster energy transfer to a quencher (hole polaron) if the domain overlaps with

the quenching sphere.

1. Introduction

Conjugated polymers (CPs) or so-called organic semiconduc-
tors are important materials for organic electronics'? and
biodetection.* Understanding fundamental mechanisms behind
their optical and electronic properties® is difficult due to
complicated intra- and intermolecular interactions in these
materials. All these interactions are dependent on material
morphology on a nanometer scale,’ leading to a huge diversity
of the properties of individual CP molecules. This diversity is
ensemble-averaged in traditional spectroscopy of bulk samples
like films and solutions. Therefore, it is important to study
conjugated systems at the individual chain/nanoparticle level.®
Since 1997,” conjugated polymers have become the systems
intensively studied by single molecule spectroscopy (SMS)
techniques.®'”

If a polymer chain was ideal and free of defects, the excited
state (exciton) would be delocalized over the whole chain

* Chemical Physics.
*Pure and Applied Biochemistry.
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regardless of its length at 0 K. For a situation close to that, see
ref 11. However, in reality, the presence of static and dynamic
disorder (including chemical defects) leads to localization of
the excited state.'? For the poly(phenylene vinylene) (PPV)
family of CPs, exciton is localized on 5—10 monomer units
(3—6 nm in length). Therefore, a single CP chain with molecular
weight of several tens of kilodaltons or more can be seen as an
ensemble of hundreds of weakly coupled chromophores.'
Studying such an ensemble of chromophores by SMS methods
may appear futile, since the inevitable averaging over so many
chromophores could be expected to make all CP chains behave
very similarly. However, it has turned out that CP molecules
keep their individuality and behave in many senses in the same
way as such classical objects of SMS as organic dyes and
quantum dots, showing broadly distributed fluorescence spectra,
fluorescence blinking, and fluorescence spectral diffusion,
e‘:(:.10,14—22

A generally accepted model for this “individuality” exploits
an idea that the whole ensemble works as an antenna for
excitation light, but only very small parts of it (a few
chromophores or even a single one) are responsible for the light
emission as a result of efficient downhill energy migration
(funneling). Such a part is called a “low-energy segment” or
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an “exciton trap”.'®*** This idea has been utilized in almost
every paper concerning SMS of CPs since 1997.° Although in
other multichromophoric systems the concept of energy fun-
neling to the chromophore with the lowest energy often works
very well, > its direct generalization to such “bulky” complex
systems of unknown topology as CP isolated chains seems not
fully appropriate. It has turned out that the photophysical
behavior of a polymer single molecule depends strongly on its
particular organization.’**® The important factors include
molecular weight, the number of chemical defects,? the solvent
in which the polymer was initially dissolved,?®*” and whether
or not*® the molecule is embedded in an inert polymer matrix
and the type of the matrix.?®

To explain the blinking effect, it was proposed that the exciton
migration is so efficient that an exciton can reach a quencher
site from any place in the polymer chain.>* What is important
here is the ratio between the energy migration radius and the
size the polymer chain occupies in space. Basically, making
the chain more compact results in a more efficient exciton
quenching due to facilitating of exciton hopping between more
tightly packed segments and shortening of migration distance
required to reach the quencher.?’

In the above description, we have not said anything about
the quencher itself. What is the interaction radius between the
exciton and the quencher? In other words, how close must the
exciton come to the quencher in order to be quenched? In the
original works by the group of Barbara,? the exciton—quencher
interaction was considered to be local, meaning that direct
“collision” between the two is required for quenching to occur.
Therefore, the exciton migration efficiency alone was respon-
sible for quenching. Later on it was suggested that a charge
transfer state like polymer™/O~ (a hole polaron sitting on the
chain) is an efficient quencher;24 however, again the radius of
quenching was not discussed.

Already before SMS was applied to CP, a large body of
literature concluded that polarons are effective exciton
quenchers.’*? The quenching itself occurs via a Forster
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energy transfer (ET) mechanism because polaron transition
possesses large dipole moment and the ET is a spin-allowed
process (the same as, for example, singlet—tripet annihilation)
(see ref 6 and references therein). Exciton quenching by Forster
ET to polarons was suggested to explain the effect of an applied
electric field to single PPV nanoclusters (aggregates).*® Fluo-
rescence blinking of individual MEH-PPV [poly(2-methoxy-5-
(2'-ethylhexyloxy)-1,4-phenylenevinylene] chains was assigned
to long-range ET to photogenerated polarons'® and confirmed
by experiments using an electric field.>*’

Therefore, the blinking behavior cannot be considered alone
as a solid proof of extraordinary efficient exciton migration over
a polymer chain. Indeed, similar blinking effect occurs even at
low temperature (77'® and 15 K**) when exciton migration must
be substantially suppressed.***' By using the quenching act as
a probe of exciton migration, one cannot say how exciton is
migrating when the quencher is not there.

Despite the general belief that the quenching act happens on
a time scale much shorter than the exciton lifetime (otherwise,
the quenching is not efficient), no direct experimental proof has
been presented. The only data available in the literature on
fluorescence lifetime in the “off” state** could not resolve this
fast process. The authors proposed that the “irresolvable” part
belonged to a component much faster than 50 ps. However, it
is known that the fluorescence intensity in some cases can
decrease without corresponding lifetime change due to, for
example, increasing of generation yield of charged species
against single exciton generation*>™** or reorientation of the
emitting transition dipole moment.*> Therefore, an accurate
study of the correlation between fluorescence lifetime and
fluorescence intensity of a single polymer molecule is needed.
Similar studies have been done to unravel the blinking mech-
anism in inorganic quantum dots.*®*’
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Figure 1. Experimental setup for time-resolved measurements. O, objective
lens; D, dichroic mirror and filters; F, flipping mirror; L,, motorized lens.
Inset: instrumental response function measured at 460 nm.

In the present contribution, we will present unambiguous data
on the fluorescence decay dynamics of single chains of MEH-
PPV dispersed in a PMMA matrix measured at different stages
of their fluorescence intensity fluctuations. For the first time,
anisotropy of absorbing states and emitting states will be
compared for the same single molecules of MEH-PPV. Topol-
ogy of polymer chains will be discussed in relation to observa-
tion of the fluorescence polarization changes upon intensity
fluctuations. Although it is impossible to explain the properties
of all single chains within the framework of one model, we
will demonstrate that at very first approximation most of the
polymer molecules can be seen as consisting of several
independent energy transfer domains.

2. Experimental Section

MEH-PPV (M, = 150 000—250 000) was purchased from
Sigma-Aldrich and the polydispersity index was determined to be
5.0 by GPC. MEH-PPV solutions of appropriate concentration (~3
x 1077 g/L) were prepared by dissolving the polymer in a solution
of 10% PMMA [poly(methyl methacrylate), M,, = 996 000, Sigma-
Aldrich] in toluene. The solution was spin-cast onto a quartz or
silicon/silicon oxide substrate to yield a uniform film with a
thickness of about 200 nm.

A home-built wide-field fluorescence microscope setup based
on an Olympus IX-71 inverted microscope and a CCD camera with
on-chip multiplication gain (Photometrics, Cascade 512B) was used
to study MEH-PPV at single molecule level. For steady state
measurements the sample was excited by CW Ar ion laser at 458
or 514 nm. For time-resolved measurements, we used excitation
by the second harmonic of a 150 fs pulse from a Ti-Sapphire laser
(Tsunami, 80 MHz repetition rate) with spectral maximum at 916
nm. The light of the second harmonic (spectral maximum at 458
nm) was passing through the same set of filters (“filter cube”) as
the light of the 458 nm Ar ion laser line, resulting in excitation
spectrum with maximum at 458 nm and ~10 nm spectral width.

A long working distance objective lens (Olympus LUCPlanFl
40x, NA 0.6) allowed imaging of the sample through a 1 mm thick
window of a vacuum chamber (10~ Torr) in which the sample
was always situated for room-temperature experiments. Low-
temperature experiments were carried out using a Janis ST-500
microscopy cryostat. Lens L; (Figure 1) was used to defocus the
excitation beam, giving an excitation spot of ~30 um in diameter
at the sample plane. Typical excitation power was 80 W/cm? or
less. Lens L, imaged the sample to the CCD camera (image plane
A»). The total magnification of the system was 80x.
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By flipping the mirror (Figure 1) the image could be obtained at
the pinhole plane (A,*). By adjusting the position of the lens L, in
the plane perpendicular to the optical axis the image XY position
could be tuned so that the fluorescence light from a molecule of
interest passed through the 100 um pinhole. The fluorescence
photons were then detected by a fast avalanche photodiode (APD,
Micro Photon Devices, crystal size 100 um, 250 cps dark counts)
and counted by a PicoHarp 300 (PicoQuant GmbH) photon counting
system. This system operating in time-correlated single photon
counting regime had a response function of about 50 ps [see Figure
1 inset for the instrumental response function (IRF) measured at
460 nm]. Unfortunately, the shape of the IRF depends on the
wavelength of the photons detected by the photodiode (stronger
tail for shorter wavelengths). Therefore, the IRF shown in the figure
could not be used directly to fit the fluorescence decays of single
molecules emitting in a different spectral range. The IRF was
corrected (its tail was partly suppressed) to give satisfactory
monoexponential fits to fluorescence kinetics of dye solutions, which
are known from literature to decay monoexponentially.*® Due to
the tail of the IRF, a monoexponential decay with a time constant
longer than 300—400 ps has a maximum at ca. 50—100 ps after
the start pulse, a purely numerical effect. Time-tagged time-resolved
(TTTR) mode was used to detect absolute arrival times of all
photons together with synchronization pulses from the laser in order
to obtain fluorescence decay kinetics and fluorescence intensity at
any given time of the fluorescence transient measurement.

To perform polarization-sensitive experiments, a A/2 waveplate
was placed into the linearly polarized excitation beam and a
polarization filter (analyzer) was set in front of the CCD camera.
A Berek polarization compensator was used to maintain the linear
polarization of the excitation light at the sample plane after it passed
the dichroic mirror and filters. By rotating the /2 plate with a step
motor (rotation frequency =~ 0.125 Hz) the polarization angle of
the excitation light (¢ex) was rotated in the sample plane. The
analyzer angle (¢g) was also rotated by another motor with
approximately 10 times lower frequency. As a result, fluorescence
intensity as a function of angles @¢x and ¢y was measured. To the
best of our knowledge, such a technique of continuous polarization
rotation both in excitation and fluorescence paths has not been used
in single molecule spectroscopy earlier. More details about the
technique will be reported elsewhere. This two-dimensional func-
tion, /(¢ex,n), contains all the information about polarization
properties of an investigated molecule. For example, we can extract
information about polarization anisotropy in excitation of a molecule
by averaging I(@ex,@n) over @n: Ie(@ex) = /[T K @Pex-r) dpg. This
function is equivalent to that obtained in experiments where linear
excitation polarization is rotated and there is no analyzer in the
fluorescence path.>® Analogous averaging over ., can be performed
to obtain the fluorescence intensity Ir(¢y) modulated due to
fluorescence anisotropy under circularly polarized excitation (see
below). It is worth noting that for any kind of photoluminescent
multichromophoric system both Ix(¢q) and Ig(@e) have the
functional form U1 + M cos(2(¢ — ¢o)), where 0 < M < 1 and 0
< @o = m are the polarization modulation depth and phase,
respectively. Modulation depth of fluorescence (My) and excitation
(Mg) can thus be obtained from Ir(¢@n) and Ix(@ex), respectively.
We also did direct measurements of Ir(pn) by using circular
polarized excitation light (section 3.4).

3. Results and Discussion

3.1. Fluorescence-Intensity Transients and Fluorescence
Decays. Up to 105 individual MEH-PPV molecules were studied
by TTTR technique. The fluorescence-intensity transients of
three representative molecules (molecule 1, 2, and 3)are shown
in Figures 2A, 3A, and 4A, respectively. The intensity transients

(48) Lampert, R. A.; Chewter, L. A.; Phillips, D.; Oconnor, D. V.; Roberts,
A.J.; Meech, S. R. Anal. Chem. 1983, 55, 68-73.
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Figure 2. Single molecule 1: (A) Green line, fluorescence time transient
with 10 ms bin size; black line, 100 points FFT smoothing of the time
transient. The transient was divided into a series of periods according to
the average intensity level (H, high intensity; M, medium intensity; L, low
intensity). (Inset) Enlargement of the transient upon intensity change. (B)
Fluorescence decay curves for different periods. (C) Decays of fluorescence
intensity (count/s) for different periods (see the text).

(green lines) were obtained by counting the number of photons
arriving within 10-ms bins. The background level was about 2
counts per 10 ms and mostly originated from the APD dark
counts. The transients were manually divided into a series of
periods according to their intensity levels (high level, HI,
H2, ...; medium level, M1, M2, ...; and low level, L1, L2, ...).
Two different types of intensity changes were observed: one
occurred abruptly within 10 ms (Figures 2 and 3), while the
other happened much more slowly on a time scale of ~1 s
(Figure 4).

Single photon counting fluorescence decay histograms (for
example, see Figure 2B) were generated separately for every
period and then fitted by single- and/or double-exponential
functions. Furthermore, by dividing the total number of photon
counts by the collection time (the length of the period), decays
of fluorescence intensity (counts/s) were obtained (see Figures
2C, 3B, and 4B). Note that the intensity fluctuations within each
period were mainly due to shot noise, and the fluorescence
lifetime was confirmed to be constant during each chosen period.

3.1.1. Abrupt Intensity Fluctuations (Blinking) Accompanied
by Changes in Fluorescence Decay Kinetics. Figures 2 and 3
represent abrupt changes in the fluorescence intensities of single
molecules. For example, from H1 to M1 (Figure 2A, inset),
the fluorescence intensity of molecule 1 dropped from ~15 to
~5 counts in a single step (i.e., within 10 ms). Such sudden
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Figure 3. Single molecule 2: (A) Fluorescence time transient with 10 ms
bins (green line) and the same transient after smoothing (black line). Inset:
enlargement of the transient upon abrupt intensity change. (B) Decays of
fluorescence intensity (count/s) for different periods.
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Figure 4. Single molecule 3: (A) Fluorescence time transient with 10 ms
bins (green line) and the same transient after smoothing (black line). (Inset)
Enlargement of the transient upon intensity change. (B) Decays of
fluorescence intensity (count/s) for different periods.

changes (indicated by red arrows) were found between every
two neighboring periods in Figure 2A.

The decays for the nine periods in Figure 2A were classified
into three groups according to their relative intensity levels
(Figure 2B). Interestingly, the decay curves within each group
possess nearly the same profile, suggesting a strong correlation
between fluorescence dynamics and the intensity levels in
molecule 1. Fluctuation of fluorescence dynamics was also
observed in molecule 2 (Figure 3) and other single MEH-PPV
molecules upon abrupt intensity changes (blinking).
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Table 1. Fitting Parameters?® for the Fluorescence Kinetics of
Molecule 1 (Figure 2)

period Ay 71 (ps) Ay 72 (ps) 1
HI (1exp) 1 600 — — 1.01
H3 (1exp) 1 580 — - 1.03
Ml (o 352 — — 1.07
MI (2exp) 0.494 583 0.506 60 1.02
M2 (o 376 — - 1.06
M2 (2exp) 0.537 604 0.463 52 1.01
M3 gy 1 314 — — L12
M3 (2exp) 0.538 590 0.462 70 1.01
L1 (2exp) 0.056 537 0.944 40 1.002
L3 (2exp) 0.088 808 0.912 75 1.03

“ Parameters of single (lexp) or double (2exp) exponential fits to the
fluorescence decays: 7; and 7, are the lifetimes, and A; and A, are the
pre-exponential factors (A; + A, = 1), respectively. For periods HI and
H3, good single-exponential fits were achieved. The fitting parameters
for H2 and L2 are not listed because of insufficient photon counts.

The fluorescence dynamics at different blinking states (in-
tensity levels) will be described in detail below.

High-Intensity Levels—Monoexponential Decay. All the fluo-
rescence kinetics for the high-intensity periods (H1, H2, and
H3) in molecule 1 can be fitted by single-exponential decay
function, giving the same lifetime (~600 ps) within the limit
of experimental errors (Table 1). Remarkably, monoexponential
fluorescence decay dynamics were also observed in molecule
2 and in all the other single MEH-PPV molecules at quencher-
free state (high intensity level) including in some stable
nonblinking molecules. One can explain this monoexponential
decay behavior by assuming that all the emitted photons came
from one emitting species or several emitting species with
similar lifetimes.*’

It is well-known that the fluorescence lifetime of a chro-
mophore depends strongly on its length (N). According to the
exciton model,'>*?° the radiative lifetime decreases almost
linearly with increasing N for N > 5 monomer units. PPV
oligomers in solution show monoexponential fluorescence decay
dynamics.”' Radiative lifetime changes from 2.7 ns for trimer
to 1.25 ns for hexamer.>' Fluorescence lifetime also decreases
with length (1.7 ns for trimer and 0.52 ns for hexamer). If a
quencher interacting with excited molecules by long-range
Forster mechanism is added to the solution, the fluorescence
kinetics becomes nonexponential.39 Therefore, the nonradiative
component most likely originates from internal conversion and
intersystem crossing.

Typical lifetimes measured for MEH-PPV in good solvents
are in the range of 0.2—0.5 ns,>>* while in films and poor
solvents decays become nonexponential with the main compo-
nent around 0.3 ns.**>* In our experiments, MEH-PPV single
molecules being at a high intensity level showed monoexpo-
nential behavior with lifetimes in the range of 0.4—1.2 ns. These
lifetimes are shorter than those reported recently for very short
individual MEH-PPV chains (1.2—1.4 ns).>® This difference
might be due to short chains mainly consisting of short
chromophores with relatively long lifetimes.

(49) Chang, R.; Hsu, J. H.; Fann, W. S.; Liang, K. K.; Chiang, C. H.;
Hayashi, M.; Yu, J.; Lin, S. H.; Chang, E. C.; Chuang, K. R.; Chen,
S. A. Chem. Phys. Lett. 2000, 317, 142-152.

(50) Yu, J. W.; Fann, W. S.; Kao, F. J.; Yang, D. Y.; Lin, S. H. Synth.
Met. 1994, 66, 143-148.

(51) Peeters, E.; Ramos, A. M.; Meskers, S. C. J.; Janssen, R. A. J. J. Chem.
Phys. 2000, 112, 9445-9454.

(52) Smilowitz, L.; Hays, A.; Heeger, A. J.; Wang, G.; Bowers, J. E.
J. Chem. Phys. 1993, 98, 6504-6509.

7046 J. AM. CHEM. SOC. = VOL. 130, NO. 22, 2008

Medium- and Low-Intensity Levels—Fast Component
Appears. We first fitted the decay curves for the M periods of
molecule 1 by single-exponential function, resulting in shorter
lifetimes than those for the H periods (Table 1). However, the
fits (not shown) were not satisfying for the initial part of the
decays, as reflected by the goodness-of-fit parameter ()*) shown
in Table 1. While the decay curve for each H period had a
maximum at ca. 100 ps after the start pulse (At = 0) due to the
shape of the IRF (see Experimental Section), the decay curves
of the M periods reach their maxima just after the start pulse
(Figure 2B,C), implying the existence of a fast decay component
as a result of exciton quenching. The lifetime for this fast
component (7, = 50—70 ps) was obtained by fitting the decay
curves for M periods by double-exponential functions. At low-
intensity periods (L1, L2, ...), the fast component became more
prominent, providing the possibility for a more accurate fit
(Table 1). Control measurements confirmed that this fast
component was not from any possible artifacts such as light
from impurities in the matrix, background fluorescence, and
direct light from the excitation laser pulse.

The long decay components for the M periods were very
similar in lifetime to the monoexponential decays during the H
periods. Thus, the decays for the M periods can be regarded as
intermediate between those for H and L periods. Note that the
decay curves generated from all photons (regardless of the
intensity level) have very similar profiles to those from the M
periods, as shown in Figure 2B.

Molecule 2 showed a similar distinctive fast decay component
(70 ps) upon abrupt intensity drops (Figure 3). However,
contrary to molecule 1, the slow component at off states (L
periods) showed a substantially longer lifetime (1150 ps) than
that for H periods (730 ps). This long lifetime component might
result from unquenched chromophores with shorter conjugation
lengths or from disordered H-aggregates (see ref 56 and
references therein). On the other hand, the long tail may also
be related to delayed fluorescence due to exciton formation via
recombination of initially created charge-separated species.*'****
Among the examined molecules, only eight showed such long
lifetime component in blinking-off state.

A fast fluorescence decay component could always be
observed in single MEH-PPV molecules upon abrupt emission
intensity drop. With the limit of our time resolution, its lifetime
varied in the range of 20—120 ps for different molecules, with
a distribution centered around 50 ps.

More than a half of the investigated molecules (~54%)
possessed medium intensity levels similar to those of molecule
1. The coexistence of a fast fluorescence decay component and
unaffected component at medium intensity levels gives a picture
as follows: the quenching efficiency is close to unity for a
fraction of chromophores, while almost zero for the others. It
is interesting to understand why a part of a polymer chain could
remain unaffected while the other parts are being quenched
entirely. A simple explanation is that the unaffected chro-
mophores are far away (spatially separated) from the quencher.
On the other hand, some chromophores may avoid being

(53) Samuel, I. D. W.; Crystall, B.; Rumbles, G.; Burn, P. L.; Holmes,
A. B.; Friend, R. H. Chem. Phys. Lett. 1993, 213, 472-478.

(54) Yan, M.; Rothberg, L. J.; Kwock, E. W.; Miller, T. M Phys. Rev.
Lett. 1995, 75, 1992-1995.

(55) Lim, T. S.; Hsiang, J. C.; White, J. D.; Hsu, J. H.; Fan, Y. L.; Lin,
K. F.; Fann, W. S. Phys. Rev. B 2007, 75.

(56) Clark, J.; Silva, C.; Friend, R. H.; Spano, F. C. Phys. Rev. Lett. 2007,
98.
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quenched even if they are close to the quencher due to
unfavorable orientation, mismatched energy levels, or the
presence of a competing energy-transfer pathway leading to
another energy trap rather than to the quencher.

3.1.2. Smooth Intensity Fluctuations Not Accompanied by
Fluorescence Decay Change. For molecule 3, much slower
fluorescence intensity changes (happened during ~1 s) were
observed (Figure 4A, inset). Note that such slow intensity
changes were still fast enough to appear like “blinking” when
looked at on the time scale of seconds. To distinguish from
abrupt blinking considered above, from now on we term this
kind of slow changes as “smooth fluctuations”. Investigation
of the fluorescence decays for molecule 3 gave much different
results to those of molecules 1 and 2. Single-exponential decay
kinetics were found for all the periods (Figure 4B). The lifetime
was constant during the whole measurement, despite of the large
fluctuations in the emission intensity. This result suggests that
abrupt changes and smooth fluctuations were induced by very
different mechanisms.

3.1.3. Direct Correlation between the Intensity Fluctuation
Type and the Presence of Excited-State Lifetime Change. Among
the studied single MEH-PPV molecules, 87 molecules (~83%)
showed abrupt intensity fluctuation (blinking), and 17 molecules
(16%) showed “smooth fluctuations” (13 molecules showed both
behaviors). We found that an abrupt change of fluorescence
intensity was always accompanied by appearance (when inten-
sity dropped down) or disappearance (when intensity jumped
up) of a fast decay component, while for a smooth intensity
fluctuation, no change in fluorescence decay (no resolvable fast
component) could be observed.

Note that several single molecules (~8%) showed gradual
and irreversible decrease (bleaching) of fluorescence intensity
during the measurements. We did not see any fluorescence
lifetime change in such cases either. If the bleaching resulted
from generation of permanent quenchers, some changes in the
lifetime (i.e., appearance of fast decay component) should have
been observed. Therefore, the gradual bleaching processes can
be seen as “destroying” the light-absorbing chromophores
without creating any quenchers.

The large polydispersity in molecular weights of MEH-PPV
could in principle result in a very broad distribution of
fluorescence behaviors. However, our ongoing work confirms
that the reported trends of fluorescence kinetics can be observed
for MEH-PPV molecules of very different molecular weights.

3.1.4. The Origin of Smooth Intensity Fluctuations. Although
the blinking effects in single conjugated polymer molecules have
been addressed in many reports, only a few of them have
discriminated between abrupt changes (distinct drops and jumps)
and slow changes (smooth fluctuations). Huser et al. noticed
that fluorescence intensity decreased gradually for single MEH-
PPV molecules spin-cast from chloroform, while those spin-
cast from toluene showed discrete intensity changes (blinking).?®
In a series of work by Fann et al. on single molecules of DOO-
PPV, a polymer with a structure very similar to MEH-PPV,
both single-step (intensity changed greatly within 10 ms) and
multistep (small changes in each step) fluorescence intensity
drops were observed. In all the above-mentioned work, the
gradual intensity drops were attributed to one-by-one (or few-
by-few) bleaching of chromophores in single polymer molecules,
leading to relatively smooth fluorescence intensity decrease. In
contrast, molecule 3 and its analogues showed both gradual
decrease and gradual increase in emission intensity. As far as
we know, such smooth intensity fluctuation in single conjugated

polymers has not been reported earlier. Attention has already
been paid to smooth intensity fluctuations in PPV single
nanoaggregates;>> however, no lifetime data were given at that
time.

It is difficult to find an explanation for smooth intensity
fluctuations. As soon as we see the same monoexponential
behavior upon fluctuations, the idea of variable efficiency of
quenching® can be ruled out. Unchanged kinetics of the emitting
states unambiguously indicates that the reason for smooth
intensity fluctuations must originate from processes happening
at light absorption and exciton generation stages. In this case,
we can distinguish two possible reasons for reduced emission
intensities: (1) changing of singlet excitons generation efficiency
by light excitation and (2) changing of the absorption at the
excitation wavelength. Rothberg and co-workers have proposed
that direct photogeneration of charge-separated species instead
of singlet excitons (branching effect) can occur in tightly packed
regions of MEH-PPV films.*'** The branching effect can be
more distinctly observed when the packed regions are directly
excited by low-energy photons. One would then expect non-
exponential decays because of delayed exciton formation via
charge recombination. In the present case, the branching effect
seems unlikely, since rather high photon energy excitation was
used and single-exponential decays were obtained (we excited
at 458 nm while the MEH-PPV film absorption has a maximum
around 510 nm). Therefore, the smooth fluctuations were much
likely caused by slow changes in the absorption of the molecule.

Fluorescence intensity fluctuations without lifetime change
have been observed for single dye molecules.’” A possible
reason for such fluctuations is changing of the orientation of
the dye in a matrix during the measurements.*>>® This can
change the light absorption efficiency (especially if the excitation
light is linearly polarized) and emission detection efficiency
when the emission transition dipole moment rotates out from
the sample plane®® and the numerical aperture of the objective
lens is not very high. In order to apply this idea, one has to
assume that a polymer chain as a whole can rotate substantially.
This is unlikely because it is “fixed” in the surrounding inert
polymer matrix under temperatures much lower than the matrix
glass transition temperature. However, we cannot exclude
changing of the angular light emission diagram of a polymer
molecule as a reason for slow intensity fluctuations (see section
3.3).

Absorption spectral diffusion can be considered as another
possible explanation of smooth fluctuations. A fluorescence
spectral diffusion with typical amplitude 500 cm™' has been
reported for MEH-PPV at low temperature.?**° Unfortunately,
there is no data available about absorption spectra of single
polymer molecules. However, there is no reason to think that
the density of light absorbing states is time-independent.' Due
to interaction between neighboring chromophores in tightly
packed regions, the density of states must include both excited
states of individual chromophores and excited states delocalized
over several chromophores like what happens in J and H
aggregates (Frenkel type of exciton states, see e.g. ref 56 and
references there in). These delocalized states are extremely

(57) Tinnefeld, P.; Herten, D. P.; Sauer, M. J. Phys. Chem. A 2001, 105,
7989-8003.

(58) Weston, K. D.; Goldner, L. S. J. Phys. Chem. B 2001, 105, 3453~
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(59) Luan, L.; Sievert, P. R.; Ketterson, J. B. New J. Phys. 2006, 8.

(60) Mirzov, O.; Pullerits, T.; Cichos, F.; von Borczyskowski, C.; Sche-
blykin, I. G. Chem. Phys. Lett. 2005, 408, 317-321.
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sensitive to the slightest rearrangement of the polymer chain,
which can be caused by thermal fluctuations or photochemical
disturbance of the chain. Therefore, absorption spectral diffusion
can account for observed slow intensity fluctuations with
constant fluorescence lifetime. However, we have to admit that
more research is needed to understand the origin of this
phenomenon.

3.2. Correlations between Excitation Anisotropy and
Emission Anisotropy. ET between chromophores can be moni-
tored to a certain extent by comparing arrangements of absorbing
and emitting chromophores in individual polymer chains.
Independent excitation polarization®*'=** and emission
polarization'?*"-?%¢* measurements have been performed for
single conjugated polymers since several years ago. However,
in order to see the correlations between organization of
absorbing and emitting chromophores, single-molecule excita-
tion and emission polarizations have to be measured simulta-
neously for the same molecules. Only a few such works have
been reported in the literature.'**5"*7 Lupton et. al monitored
the energy transfer processes between a conjugated polymer and
an energy accepting dye by probing both the excitation and
emission anisotropies of individual molecules.'* The polymer
in their studies (a polyindenofluorene derivative) had a relatively
short and rigid backbone so that the polarization data could be
well-assigned to different backbone conformations and quite
clear energy redistribution schemes. When a polymer (such as
MEH-PPV) possesses a flexible long chain, the situation
becomes much more complicated and sufficient data must be
collected in order to obtain statistically significant results that
can demonstrate correlations between organizations of absorbing
and emitting sites.

In this paper, both excitation and emission anisotropy were
derived for the same single MEH-PPV molecules. The scatter
graph in the bottom right of Figure 5 shows the correlation
between the polarization modulation depths of fluorescence (Mr)
and excitation (Mg). Each point in the figure represents the Mg
and Mg values for one molecule. Note that the data were
obtained before the molecules experienced any quenching or
bleaching. Assuming that the emission quantum yield does not
depend on the excitation light polarization, Mg tends to reflect
the distribution of orientations of the absorbing chromophores
(i.e., the conformation of the molecule), while Mg reflects the
distribution of emitting site orientations.

To interpret this experimental result, we performed a simple
simulation aimed at studying the dependence of the appearance
of the scatter graph on the number of emitting chromophores
in polymer chains. Specifically, we were interested in studying
the dependence of the spread of the scatter graph points around
the diagonal on the average number of emitting chromophores.
For simplicity, the simulation assumed that the intensity of the
emitters is the same and that geometrically the problem is 2D

(61) Hu, D. H.; Yu, J.; Padmanaban, G.; Ramakrishnan, S.; Barbara, P. F.
Nano Lett. 2002, 2, 1121-1124.

(62) Lammi, R. K.; Barbara, P. F. Photochem. Photobiol. Sci. 2005, 4,
95-99.

(63) Sun, W. Y.; Yang, S. C.; White, J. D.; Hsu, J. H.; Peng, K. Y.; Chen,
S. A.; Fann, W. S. Macromolecules 2005, 38, 2966-2973.

(64) Lammi, R. K.; Fritz, K. P.; Scholes, G. D.; Barbara, P. F. J. Phys.
Chem. B 2004, 108, 4593-4596.
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K.; De Schryver, F. C. Single Mol. 2001, 2, 35-44.
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Figure 5. Simulated and experimental Mg vs Mg scatter graphs. The
numbers of emitting chromophores chosen for the simulations are indicated
in the plots.

rather than 3D. Clearly, for the trivial case of a single emitter
per chain (perfect irreversible downhill ET to a single chro-
mophore) all the graph points would be located on the horizontal
line corresponding to Mg = 1, regardless of Mg. In a general
case, some distribution of orientations for every value of Mg
had to be considered. The distribution function for orientations
was chosen so that an ensemble of chromophores with such
orientation distribution would exhibit the given Mg. We chose
the angular distribution (pg(¢), where 0 < ¢ < 1) among the
functions of the form

pp(#) Dexp(—A sin’ ¢)

By varying the value of A from O to oo, the excitation modulation
depth Mg of the chromophore ensemble with orientation
distribution pg(¢) is changed from O to 1, so for every needed
value of Mg a corresponding distribution pg(¢) could be chosen.

After choosing the distribution we generated a number of
random values from it. These values represented the orientations
of the linear emitting chromophores, their number being a
simulation parameter. After obtaining the geometry of the set
of emitters in this way, it was straightforward to calculate the
polarization modulation depth of fluorescence from these
chromophores under the assumption that they exhibit the same
fluorescence intensity. The simulation was repeated for a range
of Mg values (resulting in a simulated scatter graph Mg vs M)
for five different numbers of emitting chromophores (resulting
in the five simulated scatter graphs shown in Figure 5).

The plots show a very clear and intuitive trend: with the
increase of the number of emitters, the plot points compress
along the diagonal more and more. By comparison with the
experimental plot, the presented examples enable us to suggest
that a rough estimate of the number of emitters in our molecules
is ~20.
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Admittedly, there is no reason for the number of emitters to
be fixed in reality. For example, larger molecules may have
more emitters and the number of emitter may very well be
different even for molecules of the same mass. Moreover, we
have made a few rather rough assumptions above. Therefore,
the conclusion about the number of emitters (~20) should be
considered as true as far as the order of magnitude (~20 rather
than ~1 or ~100). It is also worth noting that the typical number
of emitters can depend on Mg. One can see from the comparison
that for high values of Mg the number of emitters can be smaller.
Note that the experimental data points in Figure 5 are biased
from around the My = Mg diagonal toward higher values of
Mp (more spots in the area Mg > Mg). This can be explained
easily within the concept of downhill energy migration from
shorter chromophores (having higher transition energy) to longer
ones (having lower energy). In reality, if there is some
preferential orientation of chromophores within a polymer chain,
the longer chromophores will have that (or close) orientation
more likely than an average random chromophore. Since the
longer chromophores are the dominant emitters due to downhill
ET, the emission is more polarized than expected.

3.3. The Model of Energy Migration Domains. In this section
we mainly focus on the case of abrupt rather than smooth
intensity fluctuations. We have seen from the lifetime experi-
ments (section 3.1) that abrupt blinking resulted in the appear-
ance of a fast component in fluorescence decay kinetics. The
time constant of this component is several times smaller than
the original lifetime. The decay time of the remaining component
stayed unchanged or changed only slightly. The latter evidence
indicates the existence of some kind of zones or domains in
the polymer chains, each of the domains being quenched
independently (if at all) of the other domains. These domains
should be just a few, because otherwise the blinking would be
weaker (smaller steps, though still abrupt). Energy transfer
between the domains must be weak, because there would be
no unaffected component left in the kinetics otherwise. Ad-
ditionally, we have seen that before the quencher appears the
molecules exhibit single-exponential fluorescence decay. This
can happen in the case of a single emitter in every chain and in
the case of multiple emitters with close fluorescence lifetime.
Now, we have seen in section 3.2 the evidence that the typical
total number of emitting chromophores is ~20. This means that
every domain contains a few emitting chromophores.

Considering the above statements, there are two sets of
questions to be answered: (1) Why does an unquenched
molecule have single-exponential decay kinetics? Can we expect
the lifetime of the ~20 emitters to be distributed narrowly
enough for that? (2) Why can a whole domain containing a
few exciton traps get quenched to almost 100%, whereas the
rest of the domains stay unaffected? Why do not we observe
intermediate quenching that would manifest itself with inter-
mediate decay times?

On the basis of the presented experimental results, no single
physical picture can be unambiguously derived. However, we
can present one as a hypothesis. The above observations and
questions can be explained and answered if we assume the
following additional propositions to be true.

Intradomain ET is fast in comparison to the radiative lifetime,
whereas interdomain ET is comparable with it. Due to the fast
intradomain ET, an excitation performs a large number of hops
over the chromophores of the domain. Uphill hops are less likely
than downhill ones but nevertheless still much faster than the
radiative lifetime. As a result of these assumptions, we conclude

Correlation between
ME and AIF

Blinking and lifetime
experiments

Several domains, either

The amount of dipole
unaffected or quenched =100% P

emitters is ~20

o P AN

quenching
‘ sphere

(I
~W

Few emitters in every domain, both downhill and uphill
ET, "exciton sharing" by domain chromophores

Figure 6. Experimental results, conclusions from them and unifying
hypothesis.

that the excitation is “shared” among the chromophores of a
domain. It spends more time on the lowest-energy chromophores
(traps) but nevertheless visits most of the chromophores (except
the highest-energy ones) during its lifetime. Thus, the domain
emits “collectively” with single-exponential kinetics, and the
decay rate is a weighed average of the decay rates of the domain
chromophores. Unlike fluorescence lifetimes of the exciton traps
themselves, these averages are not likely to differ significantly
for different domains, which explains the single-exponential
lifetime for the whole chain. At the same time, this picture
explains the possibility of ~100% quenching of one or several
domains without affecting the rest: it is enough for the quencher
to have only a part of a domain in its range to quench it strongly.

The presented picture is outlined in Figure 6. Work is in
progress at the moment, aimed at modeling ET in single MEH-
PPV chains. Preliminary results confirm the suggested hypoth-
esis and will be published elsewhere.

As one can see, the quenching efficiency depends both on
the exciton migration domain size and the actual interaction
distance between the exciton and quencher (gray circle in Figure
6). However, it is known that noncoherent exciton migration is
a temperature-activated process.”>® It means that actual splitting
of a polymer chain to exciton migration domains must be
temperature dependent. Temperature dependence of exciton
migration distance (meaning domain size in our language) has
been studied in conjugated polymer films usually by observation
of energy transfer to acceptor molecules (dyes) of known
concentrations.**® List et al. reported about 5 times decrease
of the exciton migration efficiency upon cooling from room
temperature to 77 K. The excitation energy transfer processes
were successfully modeled as a combination of temperature-
activated exciton diffusion and direct (Forster) energy transfer
to acceptor molecules.*” Observation of large amplitude fluo-
rescence intensity jumps (blinking) at temperatures as low as
15 K for MEH-PPV single molecules is a clear indication of

(68) Pope, M.; Swenberg, C. E. Electronic Processes in Organic Crystals
and Polymers, 2nd ed.; Oxford University Press: New York, 1999.

(69) Scheblykin, 1. G.; Lepnev, L. S.; Vitukhnovsky, A. G.; Van der
Auweraer, M. J. Lumin. 2001, 94, 461-464.
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Figure 7. Polarization modulated fluorescence transient (A) of a single
MEH-PPV chain (experimental results, black lines; model, green lines),
for an exposure time of 100 ms. The molecule was modeled by two dipole
emitters (E). Experimental and modeled transients for total intensity (B),
modulation depths (C), and polarization phase angle (D) (see eq 1) are also
shown.

the importance of direct long-range interaction between excitons
and quenchers. On the other hand, the decrease of the average
amplitude of intensity fluctuations (from 70% at 300 K to 40%
at 77 and 15 K)'"®*® and the broadening of the fluctuation
amplitude distributions upon lowering the temperature show that
the exciton diffusion contributes significantly to the quenching
process at room temperature.

3.4. Emission Polarization Changes upon Quenching. The
measurements in section 3.2 probed the excitation and emission
anisotropy of whole single molecules in quencher-free state. It
is interesting to study the organization of different domains and
individual properties of each domain in single conjugated
polymer chains. Such information can be achieved by monitor-
ing arrangement of emitting sites upon quenching event using
polarization-sensitive SMS techniques. '

Circular polarized light was used for excitation. The fluo-
rescence light was passing through a polarizer rotating at a
constant frequency Q. The detected fluorescence intensity (Ir)
can be described by the following equation:

I = 1/21[1 + My cos 2(Qt — @,)] (1)
IL=1,,+I

max min

MF = (Imax - Imin)/(I

max

+ Imin)

where In.x and I, are the maxima and minima of the
fluorescence intensity during each modulation cycle, respec-
tively, Ip is the total intensity without polarizer, Mg is the
modulation depth, which has the same physical meaning as that
mentioned in section 3.2, Qt is the angle of the polarizer (i.e.,
@n), and ¢ is the phase angle where Ir reaches In,x. The values
of Iy, M, and ¢ can be obtained by fitting the intensity transient
to the above equation.

About 64 molecules were studied with this technique. In
experiment, the cosine wave shape of the modulated intensity
transient (Figure 7A, black solid line) was somewhat blurred
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by irregular intensity fluctuations. Such irregular fluctuations
were found much suppressed at low temperatures, indicating
that they might come from thermoactivated fluctuations of
orientations of the emitting chromophores or fluctuations of the
energy redistribution over different chromophores.'® The plots
B, C, and D in Figure 7 display Iy(f), Mg(f), and ¢o(f) with a
temporal resolution of 3 s limited by the modulation cycle
period.

Figure 7 shows the emission polarization results of a MEH-
PPV molecule with a substantial quenching event during the
measurement. Two different stages (stage 1 and 2) can be
recognized from the modulated transient (Figure 7B). Stage 1
can be regarded as unquenched (quencher-free) state. The
polarization modulation depth in stage 1 was relatively high
(Mrp = 0.8), suggesting that the molecule adopted a relatively
ordered conformation (Mg ~ My according to section 3.2). On
the other hand, the emission was not completely polarized, i.e.
Mg < 1, revealing that it was coming from two or more emitting
chromophores of different orientations.

A dramatic decrease of emission intensity (indicated by red
arrow) occurred upon transition from stage 1 to stage 2,
accompanied by a jump in Mr and ¢p. It happened in less than
100 ms, indicating the occurrence of a fluorescence quenching
event rather than slow changes of absorbing chromophores
(section 3.1). According to the “energy migration domain”
model described in section 3.3, this molecule consisted of at
least two domains. In the simplest case, the substantially
quenched chromophores can be assigned to one domain, while
the remained emission with even higher modulation depth (Mg
~ 1) can be assigned to another domain.

Therefore, this particular molecule can be treated as two
domains and at least one of them gives highly polarized
fluorescence like a single dipole. It is reasonable to try to model
each domain in this molecule as a dipole of certain emission
intensity (/; and I, respectively; see Figure 7E). Another
parameter of the model is the angle (a) between the two dipoles.
This simple model gives a perfect fit to all the experimentally
observed characteristics such as I(f), Mg(t), and ¢o(t) (Figure
7) for I,/I, = 5/3 and oo = 38°.

It turned out that the two-dipole model gives satisfactory fits
to fluorescence polarization and intensity transients for about
half of the investigated molecules. The angle between the dipoles
varies from 0° to 90° for different molecules. Most of the time,
the fluorescence anisotropy of a MEH-PPV molecule tended to
increase when quenching happened.

Treating each domain as a single emitting dipole (i.e.,
ME gomain = 1) means that all emitting chromophores have the
same orientation in a domain. The success of this model shows
that the emitting sites in a single molecule tend to locate in a
few highly oriented regions rather than be distributed randomly,
even when the observed excitation and fluorescence anisotropy
were low. Previous studies on conjugated polymers indicated
that the emitting sites are presumably situated in ordered regions
containing parallel segments.**’® However, no direct evidence
was given and the existence of such regions in single molecules
was only a prediction from simulation results.?*"’° Our experi-
mental results clearly state that the MEH-PPV single molecules
embedded in the PMMA matrix did often possess such ordered
regions.

(70) Sumpter, B. G.; Kumar, P.; Mehta, A.; Barnes, M. D.; Shelton, W. A.;
Harrison, R. J. J. Phys. Chem. B 2005, 109, 7671-7685.
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4. Conclusions

Fluorescence dynamics and conformations of single molecules
of MEH-PPV dispersed in a PMMA matrix prepared from
toluene solutions were studied. It is the first time experimental
data on correlation between fluorescence intensity and picosec-
ond fluorescence dynamics of a single conjugated polymer
molecule were presented and combined with complementary
studies of polarization in excitation and fluorescence.

MEH-PPV molecules in unquenched states possess monoex-
ponential decay with lifetime from 0.4 to 1.2 ns. Two types of
fluorescence intensity fluctuations were clearly distinguished:
(1) abrupt sudden intensity changes (blinking) always ac-
companied by change of fluorescence decay kinetics and (2)
smooth intensity variations without lifetime change.

Abrupt jumps of fluorescence intensity (blinking) were
interpreted as a result of a fast exciton quenching with reciprocal
rate between 20 and 120 ps. One possible explanation for smooth
intensity changes can be slow variations of the amount of
excitation energy absorbed by a molecule, e.g. due to spectral
diffusion.

The clear correlation between the degree of anisotropy of
absorbing and emitting states for individual MEH-PPV mol-
ecules shows that energy migration does not lead to trapping
of excitons in a single or a very few emitting traps. There are
many (10 or more) chromophores with different orientations
contributing to the emission.

On the basis of fluorescence decay dynamics and the
correlations between anisotropy of excitation and emission, we
conclude that most of the molecules can be seen as being
composed of several energy migration domains. We propose
that those domains are parts of the polymer chain over which
exciton can efficiently migrate during its lifetime. The blinking
is a result of exciton quenching by Forster energy transfer to a
photogenerated quencher. A domain (or several domains) can
be strongly quenched if the quenching sphere (whose radius
can be as large as several nanometers) covers a part of the
domain(s).

Domain fluorescence is often highly polarized and it can be
seen at first approximation as emission of a single dipole with
certain oscillator strength. This can be regarded as direct
evidence that the emitting sites in such domains are mainly
located in ordered regions containing parallel segments.
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