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Ultralong-Range Polaron-Induced
Quenching of Excitons in Isolated
Conjugated Polymers

Joshua C. Bolinger,*t Matthew C. Traub,* Takuji Adachi, Paul F. Barbara

In conjugated polymers, radiative recombination of excitons (electron-hole pairs) competes with
nonradiative thermal relaxation pathways. We visualized exciton quenching induced by hole polarons
in single-polymer chains in a device geometry. The distance-scale for quenching was measured by
means of a new subdiffraction, single-molecule technique—bias-modulated intensity centroid
spectroscopy—which allowed the extraction of a mean centroid shift of 14 nanometers for highly ordered,
single-polymer nanodomains. This shift requires energy transfer over distances an order of magnitude
greater than previously reported for bulk conjugated polymers and far greater than predicted by the
standard mechanism for exciton quenching, the unbiased diffusion of free excitons to quenching

sites. Instead, multistep “energy funneling” to trapped, localized polarons is the probable mechanism

for polaron-induced exciton quenching.

(CP)-based electro-optic devices, such as

light-emitting diodes and organic photo-
voltaic solar cells, can be degraded via quenching
of the excitons (electron-hole pairs) through their
interaction with hole polarons (p*). Previous
electrical and single-molecule spectroscopic ex-
periments have demonstrated the existence of p*
traps in CPs (/, 2). As in the more extensively
studied quenching of electrically excited mole-
cules by electron acceptors in dilute solution,
exciton-quenching in the solid state is expected to
occur through electron transfer from the exciton
to p*. In conjugated polymers, the exciton-to-
polaron electron transfer process results in spatial
displacement and detrapping of the hole (3, 4).
The limited spatial resolution of conventional
far-field fluorescence microscopy has constrained
the ability to make real-space measurements of
the distance scale for exciton/polaron quenching
(9). Instead, it has been investigated primarily by
means of ensemble measurements of fluorescence
quenching induced by charge injection from elec-
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trodes on bulk samples (6). Such measurements,
which are not spatially resolved and are indirect
in nature, can be misleading because they spatial-
ly average over a highly disordered morphology.
As a result, very little is known at the molecular
level about the mechanism of polaron-induced
exciton quenching.

We introduce an electro-optical, subdiffraction
single-molecule spectroscopy imaging technique:
bias-modulated intensity-centroid spectroscopy
(BIC) (7). We used this method to spatially re-
solve the distance scale for fluorescence quench-
ing caused by singlet exciton deactivation by p*
in isolated single-polymer chains of poly[2-
methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) embedded in a non-
conducting polymer, poly(methyl methacrylate)
(PMMA). BIC combines single-molecule spectro-
scopic techniques that were previously introduced
for the investigation of exciton/polaron interac-
tions (I, 8) with subdiffraction single-molecule
imaging methods, such as photoactivated local-
ization microscopy (PALM) and stochastic opti-
cal reconstruction microscopy (STORM) (9-11),
that allow for the localization of fluorescent dyes
in biological samples on the <10-nm scale. In
contrast to PALM and STORM, BIC is designed
to measure the distance scale of an electro-optical
physical process, not just the molecular location.

In this study, a semiconductor capacitor-like de-
vice structure (Fig. 1A) was used to controllably
charge and discharge single-polymer molecules
with one or more p* by modulating the bias across
the device in the appropriate range (/). Holes are
injected from an adjacent-hole transport layer in
contact with the single molecules.

The degree of charging of a particular mo-
lecule is indirectly measured by recording the
synchronously averaged integrated intensity of its
fluorescence spot (/f) (Fig. 1B) as a function of
the bias E(V) across the device, which is mod-
ulated periodically in a square-wave (Fig. 1C).
For the bias conditions in Fig. 1, the quenching
is about 60% during the more positive portion
of the bias cycle, which corresponds to the in-
jection of approximately one p* for a MEH-
PPV macromolecule with a molecular weight
(M) of ~150,000, the material studied in Fig.
1 (1, 8). The fluorescence intensity centroid of the
single-CP molecule can be determined by a two-
dimensional (2D) Gaussian fitting procedure of
the time-dependent fluorescence images. This
centroid was displaced periodically in the sample
(x, ¥) plane as the bias was modulated, and in
turn, the fluorescence quenching was initiated
because of the p* injection (Fig. 1D). The total
bias-dependent centroid displacement was calcu-
lated from the orthogonal (X and Y) displacements
in the laboratory frame.

It is unlikely that observed centroid displace-
ments are caused by actual translocation of the
CP molecule because the materials that comprise
the device are rigid solids. Instead, we assigned
the observed displacement in centroid position to
selective quenching of some of the ~100 different
chromophores that comprise the 150,000 A,
multichromophoric single-CP molecule. On the
basis of previous nonspatially resolved spectro-
scopic measurements and modeling studies (72),
each single molecule is expected to be in a col-
lapsed, approximately cylindrical conformation
with dimensions in the ~5- by 200-nm range.
Thus, despite the undoubtedly complex local in-
tramolecular intensity pattern of emitting sites
the spatial substructure in each conjugated poly-
mer is difficult to resolve directly because of
the diffraction limit. Control experiments verified
that the observed centroid displacements are not
caused by potential artifacts, such as sloping back-
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ground profiles, detector artifacts, or inaccuracies
in the use of fitting with a single 2D Gaussian
function to determine the centroid position for a
closely spaced collection of emitting chromo-
phores (fig. S3).

A striking feature of the results in Fig. 1D is
that the centroid displacements as a function of
bias are nearly identical for each cycle. This pat-
tern allows for synchronous averaging of the
displacement data, leading to an improved signal-
to-noise ratio for the X'and ¥ components of the
centroid determination with a mean SD for the X
and Y position determination as small as 0.5 nm,
despite a diffraction limit of ~300 nm (Fig. 1E).
The plateaus in the X and ¥ component data in
Fig. 1E for the vast majority of the molecules
investigated (>95%) exhibited roughly constant
values during the uncharged (lower bias) and
charged (higher bias) periods and reflected the X,
Y centroid positions that correspond to these two
cases. These data can be used to calculate the
magnitude of the in-plane vector displacement,
D, of the centroid induced by p" injection into the
molecule. For the molecule portrayed in Fig. 1, C
to E, this procedure gives a measured D value of
29.4 £ 3.9 nm.

A histogram of D values for 167 molecules of
MEH-PPV (Fig. 1F) shows that the magnitudes
of the displacements range from 0 to over 60 nm
with a peak and mean displacement of 9.8 nm and
13.7 nm, respectively. The p*-induced quenching
for the molecules in this histogram falls in the
range of 40 to 80%, with a mean of about 60%.
On the basis of previous photoxidation studies,
for single-CP chains this quenching depth cor-
responds to ~1 charge per molecule (/3). The re-
producibility of D (and its X and ¥ components)
over repeated charging cycles implies energy trans-
fer from excited chromophores to a single station-
ary (or trapped) p*, which is injected to the same
location along the polymer chain for all cycles for
a given molecule. This is strong evidence for the
previous proposal that a p* injected into a single-
polymer chain located on an organic electrode is
trapped in a pre-existing site with a low-energy
highest occupied molecule orbital (HOMO) (/).
One candidate for a low-HOMO-energy site for
p' is a location along the polymer chain where
the chain makes extraordinarily close contact with
itself, allowing for n-stacking interactions that can
stabilize the hole through delocalization (/4).

The dynamics of this displacement of the
intensity centroid caused by trapped p can be ex-
plored by considering simulations of the quench-
ing of a multichromophoric molecule. Because
charge transfer processes are most effective at
distances of <1 nm, we hypothesize that the
actual charge transfer—quenching step is preceded
by multiple Forster energy transfer events, each
of which can operate at distances of ~5 nm. Pre-
sented in Fig. 2A is a graphical representation of
a polymer chain embedded in the charge injec-
tion device. The chain was generated by means
of'a previously described beads-on-a-chain Monte
Carlo simulation that is capable of producing
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Fig. 1. (A) Structure of the hole-injection device used in these studies. (B) False-color image of a single
molecule of MEH-PPV imbedded in the hole-only device. (C) Fluorescence-voltage (F-//) measurement of
the molecule shown in (B), in which the fluorescence trajectory is shown in black and the applied bias is
shown above, in green. (D) The centroid displacement of the fluorescence point spread function resulting
from the applied bias shown in (C), in which displacement in the x direction is shown at top (black), and y
is shown at bottom (red). (E) Synchronized average of the X (black line) and Y (red line) centroid
displacement obtained from (D). (F) Histogram of the total centroid displacement (D = /X2 + Y2) for
167 different single-molecule MEH-PPV (M, = 150,000) transients. Values peak at 9.8 nm, whereas the

mean value is 13.7 nm.

Fig. 2. (A) lllustration rep-
resenting a beads-on-a-
chain model of a folded
polymer chain, with length
L, at the 4, 4-N, N-
dicarbazole-biphenyl (CBPY
PMMA interface. Injection
and localization of a hole
polaron from the CBP layer
into the polymer chain is
represented by the black

Hole Transport Layer

arrow. Energy transfer of
an exciton (blue circle) on
the chain is represented
by the white arrow. The
effective quenching ra-
dius of the hole polaron
is shown with the white
dashed circle with fluo-
rescence resonance en- 0.0

0.3

0.2

DIL,

0.1

ergy transfer radius Rgr. T T T
(B) Average calculated flu- 00 0z o4
orescence intensity from

RET/Lh

>, 1.00 -
A % B
c
9 075
£
[0)
O 0.50 -}
c
()
5]
B 025
—_
o
=]
i 0.00
T T T T T T
00 02 04 06 08 10
RE‘Ith
[0)
8]
c
[9)
£
=
[3)
5]
(@)
T T T
06 08 10 0.0 0.1 0.2 0.3

DIL,

the molecule depicted in (A) as a function of the ratio of Rgr and L;,. (€) Average calculated centroid
displacement as a fraction of the length L}, from the molecule depicted in (A) as a function of the ratio
of Rgr and Ly,. (D) Histogram of possible centroid displacement values calculated from the molecule
depicted in (A) assuming a value of Rgy/Ly, = 0.5 for the quenching radius and that the quenching site
can occupy any site on the chain. Centroid displacements are given as a fraction of the length of the

chain, L.

many different molecular configurations (/2). The
exact conformation of a single-polymer molecule
is unknown; however, given the extraordinary
distances over which centroid displacement is
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occurring one molecular axis must be relatively
large compared with the others. In support of this
hypothesis, lattice models with a fixed volume were
constructed in order to simulate multichromophore
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Fig. 3. (A) Synchronous-
ly averaged fluorescence
transient of a single mole-
cule (black), with the ramp
bias applied as shown above
(green). (B) Synchronized
average of the point spread
function centroid position
obtained from the single
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molecule quenching via a Forster-type process.
The results of these simulations (fig. S2) suggest
that only highly asymmetric configurations (a long,
rectangular lattice array as opposed to a cubic one)
can produce large centroid displacements. Addi-
tionally, current work on absorption polariza-
tion of single-polymer chains of MEH-PPV
demonstrates a single population of molecular
conformations with a high anisotropy value (15).
Coupled with the large centroid displacements
observed in this work, we propose that a needle-
like structure as shown in Fig. 2A is appropriate.
Using the molecular conformation shown in
Fig. 2A, a simulation similar to the lattice model
was performed in which each bead is an individ-
ual chromophore. A random bead on the chain
was assigned as a quenching site. For illustrative
purposes, we used a single-step Forster quench-
ing mechanism as described in (7) and varied
the distance of energy transfer (Rgr) relative to
the length of the molecule (Ly,). The impact of
changing this distance on the centroid displace-
ment is presented in Fig. 2, B to D. Simulated
average fluorescence intensity as a function of
the ratio of Rgt and Ly, is shown in Fig. 2B. Un-
surprisingly, values of Rgr/Ly, of 0 and 1 produce
no fluorescence quenching and complete fluores-
cence quenching, respectively, whereas Rgy/Ly, =
0.5 produces 75% fluorescence quenching.
Average centroid displacement versus energy
transfer distance is compared in Fig. 2C. The
centroid displacement plateaued at a value of
~1/3 the length of the molecular axis at high
values of Rgt. Figure 2D plots the distribution of
centroid displacements calculated for Rgt/Ly, =
0.5, and with this parameter, the displacements
are weighted heavily between 25 and 35% of
the length of the folded polymer chain. The
large D values (such as >10 nm) thus imply that
one molecular axis of the polymer chain must be
at least three times the size of the observed dis-
placement and are only observed for Rg values
that are >25 nm and in some cases >75 nm.
These Rgt values are much greater than the
largest Rgr values calculated for Forster energy
transfer between two well-aligned CP chromo-
phores with excellent spectral overlap (Rt < 6 nm).
Unsurprisingly, preceding the exciton quenching
with a single-step, downhill energy transfer by a
Forster mechanism is inconsistent with the ob-
served centroid displacement results. Instead, it is

www.sciencemag.org SCIENCE VOL 331
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probable that multistep interchromophore energy
transfer precedes the actual quenching step. The
bulk diffusion length of 5 nm (6) for energy mi-
gration in PPVs is, however, too small to explain
the up-to-60-nm observed exciton-quenching
lengths. It may be that energy diffusion is more
rapid and occurs over a larger distance for single-
polymer chains than for bulk CP materials. BIC
measurements of aggregated nanoparticles of
MEH-PPV confimm this, showing an order of mag-
nitude smaller centroid displacement upon charge
injection (fig. S1). Single-polymer chains are more
ordered than chains in the bulk materials, and are
more favorable for rapid energy diffusion. Further-
more, single-polymer chains contain few if any
“red” sites (low energy-emitting sites), which are
known to effectively trap excitons in bulk ma-
terials (/6).

Previous studies have modeled exciton re-
laxation in single conjugated polymer chains,
suggesting that disorder in the chain prevents
long-distance energy transfer (/7). Directional
energy transfer (energy funneling) in an ordered
system toward the trapped polaron would be
especially effective at producing large centroid
displacements in the BIC experiment because it
achieves a large displacement with a small num-
ber of hops. Energy funneling could be enhanced
by a spatially dependent Stark effect on the S;-Sy
energy gaps of the chromophores in the vicinity
of p". This process would enhance both the rate
and degree of directionality of the energy transfer
process. Another hypothetical mechanism for en-
hanced energy funneling is an ultralong-range elec-
tron transfer involving rare delocalized electronic
states (18).

The single-molecule D measurements re-
ported in Fig. 1 correspond to quenching depths
of ~60%, which for 150,000 M, molecules cor-
responds to roughly one p'. In order to explore
the interaction of more than one p*, we recorded
D values for larger quenching depths. We used a
bias waveform with a repetitive linear ramp func-
tion rather than the square wave used for the ex-
periments in Fig. 1. The X and Y components of
the displacement are plotted in Fig. 3B for var-
ious times on the synchronously averaged data.
The biases that correspond to each time are writ-
ten in red next to each X, Y pair, and a line is drawn
through the data to guide the eye. From —3.3 to
—2.1V, the apparent X,Y displacements increase
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in magnitude because of an increase in the frac-
tion of the time the molecule is occupied by a p*.
Throughout this bias range, the best-fit D value
increases, whereas the in-plane direction of dis-
placement is unchanged. As the bias is varied to
be even less negative, the Y displacement abruptly
reverses. This reversal is assigned to quenching
from a second and perhaps third charge in the
molecule, which becomes a larger factor in the
displacement data for the least negative biases.
This experiment was reproduced for 50 molecules,
and an analogous effect was observed (fig. S4).
These data suggest that the position of the second
injected p" is not colocated with the injected hole
but rather at a remote location. These results
represent spatially resolved evidence against the
bipolaron hypothesis—that the p* are not coupled.
Instead, the location (perhaps random) of the
trapped p" species is probably dictated by the lo-
cation of low-energy sites in the polymer chain
conformation.
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