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ABSTRACT: By measuring the fluorescence photon statistics of single chains of a conjugated
polymer, we determine the lifetime of the metastable dark state, the triplet exciton. The single
molecule emits single photons one at a time, giving rise to photon antibunching. These photons
appear bunched in time over longer time scales because of excursions to the triplet dark state.
Remarkably, this triplet intermittency in the fluorescence is spontaneously suppressed over time
scales of seconds, implying that either triplet formation is inhibited or that triplets are selectively
quenched without the singlet fluorescence being affected. Such discrete switching in the strength
of photon bunching is only seen in highly ordered and rigid chains of a ladder-type conjugated
polymer. It does not occur in single dye molecules. We propose that trapped photogenerated
charges on the chain selectively quench triplets but not singlets, presumably because the
effective diffusion length of triplets is longer along the highly rigid ladder-type backbone.

The nature of the interaction between charges and singlet
and triplet excitations of molecules is critical in many

organic-electronic devices, particularly in organic light-emitting
diodes (OLEDs). Both types of excitation may pass their
energy to the charge in a Coulombic process not dissimilar to
Auger recombination in semiconductors,1−5 lowering the
binding energy of the charge to the molecule and potentially
triggering chemical reactions. Whereas such nonradiative
quenching of singlets is simple to study by considering the
photoluminescence (PL) yield or PL lifetime, investigating the
quenching of triplets requires either phosphorescence6 or
photoinduced absorption measurements,7 or an inspection of
delayed fluorescence arising from triplet−triplet annihilation.8
Magnetic resonance techniques can also be used, since the
triplets are characterized by a distinct spin-1 resonance
feature.9 However, detection of changes to the triplet
population then typically occurs by a secondary observable,
the change in PL from the singlet population, which in turn is
modified due to the singlet−triplet quenching mechanism in
ensemble measurements. Similarly, on the single-molecule
level, magnetic resonance controls the lifetime of the triplet
dark state and therefore the overall brightness of fluores-
cence.10−13 A comparable indirect measurement of the
dynamics of triplets is also offered by studying the photon
statistics in the PL intensity on the level of single molecules as
sketched in Figure 1a. Under photoexcitation, excursions to
the triplet state will occur within the excited-state manifold,
suppressing fluorescence and leading to pronounced inter-
mittency.14−16 This suppression also arises for larger molecules
with multiple chromophores if bichromophoric annihilation in
the form of singlet−singlet annihilation17 (SSA) occurs

efficiently between the emitting sites. In the rare event that
two or more excitons are formed on the molecule during the
singlet excited-state lifetime of ∼400 ps, the excitation energy
on different chromophores is funneled to one single
chromophore by nonradiative energy transfer. Ultimately,
only this one chromophore can decay radiatively, so that
single-photon emission arises in the form of photon
antibunching. The degree of antibunching is therefore a
measure of the effectiveness of intramolecular energy trans-
fer.17 If a triplet exciton is formed due to intersystem crossing
(ISC), the emitting chromophoreand therefore the emission
of the entire moleculewill be effectively turned off for the
duration of the triplet lifetime. If multiple chromophores are
present and these chromophores couple by dipole−dipole
interactions, then the triplet state on one chromophore can
absorb the excitation energy of adjacent chromophores,
quenching the fluorescence by singlet−triplet annihilation
(STA).17 Suppression of fluorescence can also occur by
quenching of singlets by polarons, that is, singlet-polaron
quenching (SPQ).2 Such quenching also arises in the triplet
state (TPQ):2 the neutral excitation passes its excitation
energy to the charge, raising it to a higher molecular orbital.12

Intermittent quenching of the fluorescence, blinking, can be
resolved either directly in the time domain (Figure 1b),

Received: April 29, 2020
Accepted: June 8, 2020
Published: June 8, 2020

Letterpubs.acs.org/JPCL

© 2020 American Chemical Society
5192

https://dx.doi.org/10.1021/acs.jpclett.0c01308
J. Phys. Chem. Lett. 2020, 11, 5192−5198

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 R

E
G

E
N

SB
U

R
G

 o
n 

O
ct

ob
er

 7
, 2

02
0 

at
 1

0:
06

:3
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakob+Schedlbauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ullrich+Scherf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Vogelsang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+M.+Lupton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c01308&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01308?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01308?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01308?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01308?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01308?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/13?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01308?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


provided that enough photons can be detected, or in an
intensity autocorrelation analysis (Figure 1c, left).18 Since a
single chromophore emits precisely one single photon at a
time, passing the fluorescence through a beam splitter and
recording the coincidence rate on two photodetectors on
either side of the beam splitter will yield a correlation
amplitude of zero at zero delay time Δτ:19 photon
antibunching occurs. Excursions from the singlet manifold of
the molecule to the triplet excited state result in the opposite
effect on longer time scales (∼1 ms): single photons arrive in
bursts, or bunches, because the molecule switches between an
“on” state, where it cycles within the singlet manifold between
the ground and the first excited state, emitting a continuous
photon stream; and an “off” state, where the emission is
quenched by triplets or polarons. The lifetimes of these two
quenching species differ by over 3 orders of magnitude, making

STA and SPQ easy to distinguish in the photon correlation; on
the short time scales discussed here, only STA is of relevance.
Fluorescence blinking gives rise to photon bunching signatures
in the photon correlation function (Figure 1c, right), which
decays exponentially in amplitude with correlation delay time
Δτ. Investigating this photon bunching signal offers direct
access to triplet-state dynamics, allowing the triplet generation
and recombination rate to be investigated and hence the
characteristic on and off times of the fluorescence of the
molecule, τon and τoff, to be determined.20 This approach has
previously been used to study the interactions of triplet states
with molecular oxygen.21−23

A particularly interesting case of the interplay between
photon bunching and antibunching with direct relevance to
organic electronics is posed by conjugated polymers. In a
conjugated-polymer chain, triplet excitons will migrate by
Dexter transfer, whereas singlets can either delocalize
coherently or move incoherently between chromophores by
a Förster-type process. Triplets are known to act as
nonradiative trap sites for singlets by the STA mechanism.24,25

Together with the large difference in the exciton lifetime of
singlet and triplet species, the effective diffusion lengths of the
two species can differ,26 which in turn may affect interactions
with localized charge carriers on the polymer chain. Here, we
report on the unusual relationship between photon bunching
and antibunching in a highly ordered rigid para-phenylene
ladder polymer, phenyl-substituted ladder poly(para-phenyl-
ene) (PhLPPP, structure shown in Figure 2a). Although the
macromolecule behaves as one single quantum emitter,
showing perfect photon antibunching,27 the degree of photon
bunching varies strongly over time, implying that the STA
channel intermittently becomes mute. Since there is no
obvious reason why triplet formation should be suppressed,
we conclude that triplets can be quenched effectively without
the singlet population being affected.
We prepared single-molecule samples by dispersing PhLPPP

in poly(methyl methacrylate) (PMMA). The density of
diffraction-limited spots seen under the microscope scales
directly with analyte concentration, implying that aggregation
is negligible. Figure 2b shows the photon correlation histogram
measured from one single molecule. Discrete bars, spaced in
time by the period of the excitation laser (12.5 ns), are seen.
The central peak at zero delay time between the two
photodetectors offers a simple metric for the quality of photon
antibunching, which, in this example, is quantified by a ratio of

central to lateral peak height =( ) 0.04N
N

c

l
. This value is only

just above the ratio expected for a single emitter based on the
s i gna l - t o -b a ckg round r a t i o o f t he e xpe r imen t

=( ) 0.02N
N expected

c

l
.27,28 On much longer correlation time

scales, the opposite effect sets in as shown in Figure 2c: photon
bunching occurs because of excursions to the long-lived triplet
state. The signal decays exponentially with the decay time of
the autocorrelation, τac, which together with the correlation
amplitude B offers a metric for the triplet lifetime expressed as
τT = τac·B.

29 A single-exponential fit of the data in panel c (red
lines) returns a triplet lifetime of τT = 0.5 ms. The on time of
t h e fl u o r e s c e n c e c a n b e c a l c u l a t e d a s

τ τ= · + =−( )1 1.5 ms
Bon ac

1
1

.29

Photon bunching shows up as an intermittency in the single-
molecule fluorescence intensity trace as a function of time20

Figure 1. (a) Sketch of the interactions between different excitonic
species in multichromophoric conjugated-polymer chains, i.e. SSA,
STA, and quenching of singlet or triplet excitons by polarons (SPQ
and TPQ). Blue boxes indicate on periods of the molecule, where it
cycles between singlet ground and excited state, emitting photons.
Red indicates off periods, where fluorescence is suppressed. The
crosses indicate quenching of either the triplet or the singlet state. (b)
Influence of dark states on the single-molecule PL intensity, measured
in a Hanbury Brown-Twiss detection arrangement. Excursions into a
nonemissive state give rise to strong fluorescence blinking quantified
by characteristic on and off times of the fluorescence. (c) Sketch of
photon correlation functions as photon coincidence histograms, on
different time scales, visualizing the photon bunching and
antibunching signatures of single-molecule fluorescence caused by
STA and SSA, respectively. The photon bunching amplitude B at Δτ
= 0 is proportional to the ratio between off and on times.
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(cf. Figure 1b), provided that the temporal binning of the
detector photon count rate is sufficiently short, that is, on the
time scale of the dark-state lifetime. Such a trace is shown in
Figure 2d. The maximal fluorescence intensity remains
constant over the measurement time of 4.2 s, but, remarkably,
two distinct regions of emission dynamics appear to exist: one
region (II), where intermittency is minimal and the molecule
persistently remains in the on state; and a second region (I,
III) where the molecule switches on and off. Raising the

integration window of photon counts from 1 ms (black line) to
100 ms (red dots) averages over multiple on-off cycles of the
molecule, demonstrating that the time-integrated fluorescence
intensity is indeed greater when the molecule does not
undergo excursions to the dark state (II).
Computing the photon correlations for these distinct regions

in Figure 2c shows that photon bunching only arises in periods
I and III, indicating that the effect of the triplet excited state on
the single-molecule fluorescence is suppressed for the time
interval II. We can define the amplitude of photon bunching as
B = 2·C(Δτ = 0)/[C(Δτmax = 1.2 ms) + C(Δτmin = −1.2 ms)],
that is, the ratio between the central bar C(Δτ = 0) and the
average of the outermost values of the correlation histogram,
C(Δτmax) and C(Δτmin). To investigate changes in the photon
correlation we calculate the time-resolved amplitude B(t) for
intervals of 100 ms in Figure 2e. In region (II), the correlation
amplitude suddenly drops to unity, implying that the triplet
state is no longer quenching the fluorescence of the molecule.
To investigate this phenomenon in more detail, we studied

the distribution of the effective amplitude of photon bunching
for a total of 1533 single chains. Figure 3a plots this

distribution for values calculated from the entire fluorescence
intensity trace, that is, the values of Baverage (orange). The
histogram is broad, and only 1% of all molecules show an
absence of bunching, that is, B = 1, for the entirety of the trace,
implying that the photon bunching phenomenon is universal
to virtually all single chains. However, since short temporal
excursions to region (II) arise in which bunching is suppressed

Figure 2. (a) Structure of the ladder-type poly(para-phenylene)
(PhLPPP; R1: decyl, R2: hexyl). (b) Photon correlation histogram
binned in intervals of the repetition period of the pulsed laser (12.5
ns). Because of the high brightness of single PhLPPP molecules, the
correlation is measured for one single molecule, showing strong

photon antibunching as quantified by the ratio =( ) 0.04N
N

c

l
of central

to lateral coincidence peaks. Photon correlation histograms (c)
calculated at three different times of the single-molecule photon
stream shown in (d), together with offset single-exponential fits (red
lines) used to extract the correlation amplitudes B. Correlation events
were calculated up to a maximum correlation time of Δτmax = 1.2 ms.
(d) Trace of the single-molecule PL intensity with a time binning of
either 1 ms (gray line) or 100 ms (red dots), split into three regions
(I, II, III). (e) Time evolution of the correlation amplitude B(t)
calculated for 100 ms time windows of the photon stream in (d).
Error bars arise from the exponential fits to the correlation histograms.
The orange line indicates the average correlation amplitude Baverage.

Figure 3. (a) Distributions of single-molecule correlation amplitudes
Baverage as defined in Figure 2, measured for 1533 single PhLPPP
molecules, computed for the entire fluorescence intensity trace
(orange bars). The maximum correlation time used, i.e., the range
covered in the correlation indicated in Figure 1c, was Δτmax = 1.2 ms.
Reducing the integration time of the single-molecule PL intensity
trace used to calculate each B value to 100 ms (green bars), i.e.,
sampling only 100 ms of the fluorescence intensity trace at once when
computing the correlation function, reveals a bimodal distribution
with a distinct peak arising at B ≈ 1. (b) Distribution of B(t) values
for single molecules within a range of different Baverage values,
computed with 100 ms sampling times. The number of single
molecules used in each data set is stated. A bimodal distribution is
apparent for molecules with larger Baverage.
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(i.e., B ≈ 1), it is instructive to compute B(t) in time slices of
100 ms for the entire data set, plotted in green. Time slicing
has a dramatic effect on the distribution of B values with a
strong peak emerging close to unity and a flattening of the
residual distribution. To enhance the contrast between
temporal regions in each fluorescence trace of distinct photon
bunching (I) and the absence thereof (II), we select single-
molecule PL intensity traces, which show different average
bunching values. This analysis in Figure 3b allows a clear
differentiation between regions without dark-state-induced
photon bunching (II) and regions with small but finite
correlation amplitudes (I). For molecules with high Baverage
values the distribution of B(t) becomes bimodal.
Performing an analogous sequential analysis of the

fluorescence of 684 single dye molecules of 4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODI-
PY) dispersed in PMMA in Figure 4a shows no such bimodal

distribution, implying that the triplet state is continuously
present as seen by its effect of quenching radiative singlet
transitions. Even for a selection of single dyes with high Baverage
values no bifurcation of the histogram is apparent in Figure 4b.
In principle, it is conceivable that the bimodal distribution of

the time-dependent photon-bunching amplitude B(t) in
PhLPPP in Figure 3 arises from a suppression of triplet
formation, but such an inhibition would necessitate a
spontaneous and dramatic change in the effectiveness of ISC,
which is implausible. Alternatively, the triplets may simply
become quenched by a charge localized on or in the immediate
vicinity of the molecule.1,2,6,12,30−33 In the case of PhLPPP,
both SPQ and TPQ can occur. Clear signals of SPQ are
apparent when the entire fluorescence switches off for several
seconds, a universal feature of single-molecule spectroscopy at

room temperature.30 Remarkably, region (II) in the
fluorescence traces (cf. Figure 2d) appear to exist where only
TPQ occurs but not SPQ.34 We propose that this difference
arises from the fact that, in PhLPPP, the on-chain singlet
diffusion length is shorter than the triplet diffusion length.35

In the single BODIPY dye molecule, if a charge forms, both
singlet and triplet excitations are quenched, because there is
only one single chromophore within the molecule. In
BODIPY, the photon statistics of the fluorescence from the
singlet state therefore always carries the photon-bunching
signature of the triplet (i.e., B(t) > 1, cf. Figure 4). This simple
picture is not appropriate for most conjugated polymers, which
can contain multiple chromophores:36,37 a charge need not
quench the fluorescence of all chromophores. Crucially,
poly(phenylene-vinylenes),38 polyfluorenes,39 poly-
(phenylene-butadiynylenes),40,41 and polythiophenes,25,42,43

which do exhibit both photon antibunching and photon
bunching, signifying sufficient dipole−dipole coupling between
chromophores for SSA to occur, do not show signatures of
fluctuations of the amplitude of photon bunching, that is, of
triplet lifetime.40 The present observation that TPQ can occur
without SPQ appears to be unique to the highly ordered
polymer backbone of PhLPPP. We propose that the excep-
tional degree of rigidity and the strong conjugation of the
ladder-type backbone promote on-chain triplet diffusion by the
Dexter mechanism, whereas the Förster transfer of singlets
between different chromophores with inline dipoles in head-to-
tail configuration is inherently less effective.
If TPQ occurs preferentially over SPQ in PhLPPP because

of a greater effective diffusion length of triplets, it should be
possible to determine an influence of chain length on the
intermittency of the triplet state, that is, the apparent
bifurcation of the photon bunching amplitudes B(t). In short
chains, in analogy to the BODIPY dye, charge formation
should quench both singlets and triplets, so that the bifurcation
of the B(t) histogram is reduced. Figure 5a illustrates the
proposed quenching mechanism, where a photogenerated
charge interacts with a mobile triplet but leaves the singlet
population mostly intact. We use the overall “molecular
brightness”,20 that is, the fluorescence count rate, as a simple
metric for the polymer chain length: the longer the chain, the
larger the effective absorption cross section, the greater the
overall maximum fluorescence rate. Following the above
analysis, the probability for the photon-bunching signal to
vanish for a given interval of the fluorescence intensity trace
[region (II)] should increase with overall chain length and
therefore brightness. We divide 1533 single PhLPPP molecules
into three groups of low (b), intermediate (c), and high (d)
intensity and plot the corresponding histograms of B(t),
computed in correlation time windows of 100 ms. The number
of molecules showing time intervals during which photon
bunching is suppressed, that is, B(t) ≈ 1, rises with increasing
brightness. To quantify the average lifetime of the polarons
responsible for SPQ, we calculate the photon correlation
amplitude of one single molecule over multiple orders of
magnitude of the correlation time Δτ in Figure 5e (gray
points). A biexponential functionality is apparent to the
correlation curve, corresponding to intermittencies of the PL
intensity due to STA and SPQ. A biexponential fit to the data
(red line) yields the two characteristic off-times attributed to
the triplet and polaron lifetimes. From an analogous
correlation analysis for 100 single PhLPPP molecules we
generate histograms of triplet and polaron lifetimes in Figure

Figure 4. (a) Distributions of single-molecule correlation amplitudes
Baverage for 684 BODIPY dyes (orange bars) with the structure of the
dye inset. Correlation events were calculated up to a maximum
correlation time of Δτmax = 2.5 ms. Reducing the integration time for
calculating B from the entire duration of the trace to 500 ms time
windows (green bars) does not change the shape of the distribution,
and, in contrast to Figure 3, no distinct peak is visible at B ≈ 1. (b)
Distribution of B(t) values for single molecules within a range of
different Baverage values, computed with 500 ms sampling times. The
number of single molecules used in each data set is stated.
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5f,g. The median lifetimes of both species are determined as τT
= 0.31 ms and τP = 1.3s for triplets and polarons, respectively.
Calculating the correlation signal for an extended time period
where no PL intermittency occurs [i.e., region (II)] removes
the characteristic photon bunching signal so that the
correlation curve is flat (green dots in Figure 5e). Since this
time period is necessarily shorter than the entire time period
over which fluorescence was recorded, the green dots do not
extend as far out in Δτ as the gray dots do. Nevertheless, there
is clearly no photon correlation apparent in the time region of
SPQ in the green curve, implying that TPQ can occur without
SPQ happening.
These findings are hard to rationalize with the suppression

of photon bunching due to an inhibition of ISC in the excited
singlet state, that is, a suppression of triplet formation. We
conclude that triplet excited states must still be formed but
become intermittently quenched, most likely by a photo-
generated trapped charge or charge pair.2 Our proposed
mechanism for selective quenching of triplet excitons illustrates
the interplay between localization and on-chain mobilities of
excitons on a single polymer chain. Extending this study of
fluorescence photon statistics to mesoscopic molecular
aggregateswhere kinetics can additionally be rationalized in
terms of interchain exciton diffusionshould open a route to
probe three-dimensional charge and energy migration in
conjugated-polymer systems.2 The results are relevant for
strategies for managing triplets in devices. In OLEDs, triplet
diffusion should be minimized to prevent TPQ and the
associated loss due to omnipresent charge carriers, whereas in
solar cells, it could be beneficial to exploit the TPQ mechanism
so as to limit STA, which can constitute a major loss channel.20
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Figure 5. (a) Sketch of the proposed interplay between different effective on-chain diffusion lengths for singlet and triplet excitons and their
possible interactions with photogenerated localized charges. (b−d) Distributions of the correlation amplitude values B(t) calculated in 100 ms time
windows of the PL intensity traces of 1533 single molecules split into groups of low, medium, and high emission intensities. The intensities Imax are
stated in the plots. The dotted line is a guide to the eye. (e) Autocorrelation curve of an entire single-molecule time trace (gray dots). Green dots
show the correlation function computed over a finite period where no intermittency occurs [i.e., region (II)]. We propose that this region arises due
to TPQ. For comparison, both curves are normalized to saturate at a correlation value of C(Δτ → ∞) = 1 for long correlation times. The two
distinct photon-bunching amplitudes in the entire correlation correspond to PL quenching by triplets (STA) and, on longer time scales, polarons
(SPQ). A biexponential fit to the data (red lines) allows the bunching amplitudes and decay times to be determined in order to calculate the
characteristic off times in the fluorescence as determined by the triplet and polaron lifetimes. (f, g) Distributions of triplet and polaron lifetimes for
100 single molecules. The dashed line in panel (g) marks the maximum polaron lifetime of ∼2 s, which can be extracted from the data with
confidence (see Supporting Information).
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