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Abstract: Quantitative information on the mechanisms and rates of hole (radical cation)-induced quenching
of triplet and singlet excitons in the conjugated polymer poly[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylene
vinylene] has been acquired by a new technique, fluorescence-voltage time-resolved single molecule
spectroscopy (FV-TR-SMS). FV-TR-SMS measures the fluorescence intensity of a single conjugated polymer
molecule that is embedded in a capacitor-like device while simultaneously modulating the bias on the device
and the irradiation intensity. The results demonstrate that triplet excitons are efficiently quenched by holes
in conjugated polymers for hole densities >1016 charges/cm3, while singlet excitons are quenched with a
much lower efficiency. Detailed kinetic analysis shows that the greater efficiency for quenching of triplets
by holes (compared to that for singlets) is due to a >106 times longer exciton lifetime for triplets. In fact,
the results suggest that while singlet quenching is less efficient due to a much shorter singlet lifetime, the
rate constant for the quenching of singlets by holes actually exceeds that for triplets by several orders of
magnitude.

I. Introduction

There is a growing appreciation that dynamical processes
involving the interaction of electronic excitations (excitons) with
polarons (holes and electrons) can play an important role in
the performance of polymer organic light-emitting diode
(OLED) and related organic electronic devices. It has been
shown, for example, thatsinglet excitons can be quenched by
holes, leading to a reduction of the electroluminescence ef-
ficiency of a device.1-3 An analogous process,the quenching
of triplet excitonsby holes, has received very little attention.
Nevertheless, triplet excitons can be critical in optimal OLED
device operation. In particular, it has recently been shown that
triplet excitons can be “harvested” in OLEDs using triplet
emitters (phosphors) to generate significantly higher electrolu-
minescence efficiencies.4-6 Triplets can also have a negative
impact on device performance, since triplets can quench singlet
excitons, reducing the luminescence yields, and triplets cause
device degradation by sensitizing singlet oxygen formation from
oxygen impurities that are present in the device.7-10

Measurements on the interaction of excitons and polarons in
a conjugated polymer device environment are challenging due
to the enormous morphological heterogeneity of conjugated
polymer materials and the presence of a large number of
different species in an operating OLED.5,11-14 We have,
however, recently shown that these complexities can be largely
avoided by investigating the single molecule spectroscopy
(SMS) of individual conjugated polymer chains as a function
of device bias.15,16 This approach, which is designated by the
term fluorescence-voltage single molecule spectroscopy (F-
V/SMS), is based on the quenching of the fluorescence intensity
(singlet emission) of a conjugated polymer nanoparticle due to
holes in the device.17-19 In F-V/SMS the modulation of the
fluorescence intensityF(t) of isolated single molecules and
nanoparticles is synchronously recorded while the device is
subjected to a repetitive electrical bias,V(t). The technique
primarily probes singlet exciton-hole interactions. This is
achieved by recording the single molecule fluorescence intensity
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as a function of device bias, which controls the population of
holes. It is analogous in several ways to current vs voltage (I-
V) measurements for devices and electrochemical cells.F-V/
SMS data can be analyzed for different sweep rates to obtain
information on both energetics and kinetics of charge-transfer
(oxidation/reduction) processes of the isolated single molecules
and nanoparticles. TheF-V/SMS technique also offers a unique
means for characterizing the chemical nature of poorly under-
stood photochemically induced intermediate states of single
molecules that are responsible for fluorescence “blinking”. By
studying the bias dependence of the SMS during the lifetime
of the fluorescence “flickering” intermediate, information on
the oxidation/reduction properties(e.g., HOMO energies) of
the intermediate can be determined.

Herein we extend theF-V/SMS technique to allow for the
investigation of triplet excitons by combiningelectrical bias
modulation V(t) with simultaneous opticalexcitation intensity
modulation IE(t) on the microsecond time scale, whereIE(t)
signifies the time-dependent excitation intensity. Optical excita-
tion modulation SMS has been shown to inducetriplet exciton
population dynamics, which in turn can be monitored indirectly
by recording the fluorescence intensity dynamics.20 The sensi-
tivity of the fluorescence intensity on the triplet population in
the polymer chain results from the quenching of singlet excitons
by triplet excitons, which is surprisingly efficient.20,21Excitation
intensity modulation SMS has been used to study triplet-triplet
annihilation, reverse intersystem crossing, and other aspects of
triplet excitons in conjugated polymer single chains with
extraordinarily high signal-to-noise ratio and fast time resolution.

II. Experimental Section

A. Device Fabrication. The hole-only capacitor-like device is
fabricated on top of an indium tin oxide (ITO)-coated cover glass by
consecutive steps of electron beam evaporation of SiO2, spin coating
of poly(methyl methacrylate) (PMMA) and PMMA/MEH-PPV (poly-
[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylene vinylene]) layers, and
thermal deposition of a TPD (N,N-bis(3-methylphenyl)-N,N-diphenyl-
benzidene)) hole-transporting layer and Au electrode. Further details
have been described in ref 15.

B. Single Molecule Spectroscopy.The experimental apparatus is a
home-built sample scanning confocal microscope. Emission was
detected by an avalanche photodiode (APD) (Perkin-Elmer Optoelec-
tronics SPCM-AQR-15). The transient signalF(t) from the detector
was recorded with a multichannel scalar (MCS) (FAST ComTec Gmbh,
model MCA-3) that was synchronized to the sequence of excitation
pulses. The sequence of excitation pulsesIE(t) was derived from the
output of an argon ion laser (514.5 nm) that was intensity modulated
by an acoustic optical modulator (IntraAction Corp., model AOM-40).
The input electronic waveform to the modulator was produced by a
programmable function generator (Wavetek, model 29) that was
synchronized to both the MCS and a second programmable function
generator that provided the bias applied to the device.

III. Results and Discussion

Figure 1 shows FV-TR-SMS data obtained for a single
MEH-PPV nanoparticle in contact with the hole-transporting
layer (TPD) of a hole-injection, capacitor-like device struc-
ture.15,16 The SMS data (Figure 1D) were recorded while
simultaneouslymodulating the excitation intensityandstepping

the applied bias (Figure 1B and C, respectively). The process
was repeated for many cycles of the bias and excitation intensity
pulse sequences, and the time-dependent fluorescence intensity
F(t) was synchronously time-averaged, to yield a higher signal-
to-noise steady-state response of the nanoparticle, i.e.,F(t ′).
The observed FV-TR-SMS data varied for different MEH-PPV
molecules, as shown in Figure 2 for representative examples,
but was constant over time for any individual molecule except
after rare photo-oxidation events, which dramatically altered the
FV-TR-SMS response (see below).

The new results allow for an unprecedented unraveling of
the complex interaction among singlet excitons, triplet excitons,
and holes in conjugated polymers. At negative bias the observed
F(t ′) data for all molecules areclosely analogousto those
previously observed for MEH-PPV in an inert polymer host
(polaron-free environment).20 In particular, for each excitation
pulseF(t′) exhibits an exponential decay to a “plateau” intensity
resulting from a build-up of a steady-sate concentration of triplet
excitons during the excitation pulse. The similarity of the results
obtained with the negative-bias device environment to the
previous inert polymer host measurements is consistent with
the expectation that at negative bias the capacitor device is
depleted of holes, and furthermore strongly suggests that MEH-
PPV singlet and triplet excitons are not significantly perturbed
by the device environment, in which MEH-PPV is in contact
with the TPD hole-transport layer.

A very different situation exists for biases above 0 V, for
which the FV-TR-SMS data show evidence of exciton-hole
interactions. For example, above the threshold for hole injection
(∼1 V) the FV-TR-SMS data reveal evidence oftriplet
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Figure 1. (A) Schematic representation of the hole injection capacitor-
like device. (B) In each cycle the excitation intensity is modulated in eight
steps of equal intensity (4.3 kW/cm2). (C) For each of these excitation
windows adifferentbias voltage is applied. This process is repeated over
many of these cycles while the data are synchronously time-averaged. The
resultingF(t ′) is shown in panel D. The FV-TR-SMS data at positive bias
show a shorter decay time and higher fluorescence “plateau” intensity
compared to the data at negative bias. The red lines are fits to the kinetic
model (see text).
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quenching by TPD holes, p+,

which presumably occurs by a charge-transfer mechanism,
perhaps also involving the intermediacy of a MEH-PPV hole.
Associated with the hole-induced quenching of triplets, two
effects are observed: (i) a more rapid decay ofF(t ′) is observed
in each pulse time period due to a decrease in the triplet lifetime,
and (ii) an increase in the fluorescence “plateau” intensity is
observed due to a diminution of the steady-state triplet popula-
tion due to triplet quenching. Both effects are in fact predicted
by kinetics simulation (see below).

In addition to triplet quenching by holes (eq 1), evidence for
singlet exciton quenching by TPD holes is also observed (eq
2).

Here the mechanism may involve spin-allowed energy transfer
or charge transfer. For example, the molecules represented in

Figure 2A and even more so in Figure 2B exhibit a large
decrease in the fluorescence intensity (yield) with increasing
bias, which we assign to singlet quenching by holes. For MEH-
PPV the HOMO energy is lower than TPD, making hole
injection from TPD to MEH-PPV unfavorable. The quenching
process therefore involves MEH-PPV excitons but TPD holes.

While in principle it should be possible at sufficiently high
positive bias (V . 10 V) to completely fill the TPD layer with
holes and thereby completely quench singlets and triplets, in
practice for biases above 10 V the device fails due to electrical
breakdown.

An exception to this behavior occurs for photo-oxidized
molecules, as shown in Figure 2B (discussed below). Photo-
oxidation involves a charge-transfer process which “dopes” the
nearby vicinity of a photo-oxidized MEH-PPV molecule with
a negative ion. The negative ion raises the HOMO energy of
the MEH-PPV molecule, allowing it to be directly oxidized
by TPD holes. It should also be noted that a significant fraction
(∼50%) of molecules show no effect of bias (Figure 2C). These
molecules apparently have poor electrical contact with the hole-
transport layer, which is a typical complication with devices
fabricated by the procedure employed in these studies.

IV. Multichromophoric Photodynamic Model and
Comparison to Experiment

It is informative to compare the observed FV-TR-SMS data
to simulations using a recently described “population state”
kinetic model for the photophysics of multichromophoric single
molecules, which we modify herein to include hole-exciton
interactions.20,21 In this model the instantaneous state of a
multichromophoric molecule is described by a “population state”
(NS,NT), where NS and NT are the number of singlet and triplet
excitons. It has been shown that conjugated polymer single
molecules cycle between the (0,0) or (0,1) state at most times
with short “visits” to short-lived states, such as (1,0) and (0,2).
Correspondingly, the population kinetic scheme reduces to an
approximate two-state model,

where

Herekexc is the excitation rate,σ is the absorption cross section,
hν is the photon energy,k ′isc is the reverse intersystem crossing
(ISC) rate,kisc is the ISC rate,τfl is the fluorescence lifetime of
the (1,0) state, andτ ′fl is the fluorescence lifetime of the (1,1)
state. The lifetime of (1,1), i.e.,τ ′fl , can be significantly shorter
thanτfl due to an additional relaxation process for (1,1), namely
singlet quenching induced by a triplet exciton. P0,0 and P0,1 are
the populations of the (0,0) and (0,1) states, respectively, which
can be calculated from eqs 4-7 with the appropriate boundary
conditions andIE(t ′).

Figure 2. FV-TR-SMS data for the typical behaviors of MEH-PPV single
molecules found in the hole injection capacitor-like devices. MEH-PPV
molecules in oxygen-depleted (A,C) and oxygen-rich (B) devices are shown.
These behaviors have been described in detail in refs 15 and 16. The red
lines are fits to the kinetic model (see text). The data in panel A represent
a molecule in an oxygen-depleted device, however, now withboth triplet
and singlet state quenching by holes. Excitation intensity, 2.9 kW/cm2. (B)
FV-TR-SMS data for a photo-oxidized molecule in an oxygen-rich device.
At zero and positive bias a hole is effectively injected in the MEH-PPV
molecule, and rapid triplet and singlet quenching occurs. Excitation intensity,
2.9 kW/cm2. (C) This molecule is electrically disconnected from the TPD
hole transporting layer. No triplet or singlet quenching by holes is observed.
Excitation intensity, 4.3 kW/cm2.
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In this model, the effect of singlet quenching by triplets is
quantified by the rate constant for singlet quenching by a triplet
in a single molecule (kQST):

The two-state model can be modified to include hole-induced
quenching of triplet excitons by adding a third term on the right-
hand side of eq 5,

wherekQT is the second-order rate constant for hole-induced
quenching of triplet excitons and [p+] is the concentration of
holes in the TPD hole transport layer. We have recently shown
that in a hole-only capacitor device, the hole density should be
approximately given by the relationship15

whereV is the applied bias,V0 is the threshold bias, ands is a
constant that depends on the dimensions of the various layers
of the device.

Quenching of singlet excitons by holes is also accounted for,
as follows,

whereτ ′fl,QS andτ ′fl,QS are the lifetimes of the singlet exciton
states (1,0) and (1,1), in the presence of TPD holes and in the
presence of both triplet excitons and TPD holes, respectively.

Figures 1 and 2 show a comparison between best-fit simula-
tions (red lines) of the experimental FV-TR-SMS data (black
lines) and the data itself. The parameters for the fitting process
are summarized in Table 1, with error estimates indicated by
the significant numbers of the reported values. The data are
well-fit by the kinetic model with the exception of the slowly
varying intensity changes during each pulse region at positive
bias (V > V0). We assign the slowly varying intensity changes
to a non-instantaneous response of the local quasi-Fermi
potential in the device due to the filling of deep hole traps in
the hole transporting layer of the device.23,24 The non-hole-
related photophysical parameters were determined by fitting the

model to the negative bias FV-TR-SMS results using a
previously determined mean value fork ′isc.20 The parameters
for hole-induced quenching were determined by fixing the non-
hole-related parameters and adjustingV0, kQS, andkQT in order
to best-fit the simulated data to experiment. Obviously, the hole-
related parameters vary significantly from molecule to molecule
in the device as shown in Table 1. The value in brackets
represents the upper limit, which applies to situations where
no detectable quenching effect was observed. For the molecule
in Figure 1D, the hole quenching effect can be well accounted
for by the quenching of triplet excitons exclusively. In contrast,
for the molecules portrayed in Figure 2A,B, both singlet
quenching and triplet quenching play an important role. For the
molecule in Figure 2C, no hole-induced quenching process is
required to account for the experimental results.

Molecules in the device of the type shown in Figure 2B show
extremely efficient hole-induced quenching and correspondingly
much greater quenching rate constants. It has previously been
shown that MEH-PPV molecules that are highly susceptible
to quenching by holes should be assigned to an MEH-PPV/
anion complex, which is formed via photoinduced electron
transfer (i.e., photo-oxidation) from MEH-PPV to trace oxygen
impurities. This photo-oxidation process shifts the HOMO
energy of MEH-PPV toward the vacuum level, making hole
injection from the TPD layer into the MEH-PPV nanoparticle
energetically favorable and allowing for hole exchange between
the nanoparticle/anion complex and TPD. This should increase
the rates of singlet and triplet quenching by holes.15,16Molecules
of this type are more plentiful in older devices which have been
stored in ambient conditions, allowing oxygen to penetrate the
device.

It should be noted that the described effects vary greatly in
magnitude from molecule to molecule (charge/energy transfer
rate constants, hole densities), revealing the high degree of
heterogeneity and complexity at the nanoparticle/hole transport
layer interface.

Perhaps the most significant result from this study is the
observation that triplet excitons are much more efficiently
quenched than singlet excitons. This is summarized in Table 1,
where the efficiency of triplet and singlet quenching by holes,
EQT andEQS, is shown forV(t) ) 5 V for the various molecules.
The more efficient quenching of triplets is due to a factor of
106 greater lifetime for the triplet exciton compared to that of
the singlet exciton. The more efficient quenching of triplets
occurs despite the fact that the triplet quenching rate constant
kQT is in fact several orders of magnitude slower than that for
singlets (kQS). This result suggests that singlet and triplet
quenching by holes may occur by different mechanisms. The
singlet quenching process can in principle occur by a spin-
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Monkman, A. P.; Hamblett, I.; Navaratnam, S.Chem. Phys.2002, 285, 3.
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Table 1. Best-Fit Kinetic Parameters for the MEH-PPV Molecules Shown in Figures 1 and 2a

Figure
σ

(cm2)
k ′isc

(s-1)
kQST

(s-1)
kQT

(M-1 s-1)
kQS

(M-1 s-1)
EQT

(%)d

EQS

(%)e

1 1.7× 10-17 6.0× 103 7.0× 109 1.1× 107 [3.0 × 106]c 100 0
2A 3.8× 10-17 6.0× 103 5.3× 109 1.1× 109 1.6× 1011 100 24
2B 1.9× 10-17 4.0× 103 4.3× 109 1.1× 109 1.1× 1012 100 70
2C 3.3× 10-17 6.0× 103 3.8× 109 b b 0 0

a In the fitting procedures a quantum yield of intersystem crossing of 1.25% was used for MEH-PPV.22 b No holes are interacting with the molecule,
so no rate constant is reported.c This value is an upper limit forkQS. d Defined as (F(plateau)V)5V - F(plateau)V<V0)/(F(initial) - F(plateau))V<V0 in the case
of triplet quenching only (Figure 1). When singlet quenching is observed, the triplet quenching efficiency is 100%.e Defined as (F(initial)V<V0 - F(initial)V)5V)/
F(initial)V<V0.

kQST ) 1
τ ′fl

- 1
τfl

(8)

kB ) k ′isc + kexckiscτ ′fl + kQT[p
+] (9)

[p+] = s(V - V0) (10)

1/τfl,QS ) 1/τfl + kQS[p
+] (11)

1/τ ′fl,QS ) 1/τ ′fl + kQS[p
+] (12)
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allowed energy-transfer process, analogous to that reported for
the quenching of singlet excitons by triplet excitons, which has
a rate constantkST of ∼1010 s-1.21 This process is spin-forbidden
for triplet excitons, and instead a much slower charge-transfer
mechanism may be operating for triplets. The proposed charge-
transfer processes involves two steps. In the first step, the excited
triplet state is quenched by single electron transfer to a hole in
the TPD layer, neutralizing the hole site and positively charging
the MEH-PPV single molecule. In the second step, the MEH-
PPV hole is transferred from MEH-PPV to the TPD layer.

V. Conclusions and Summary

The presented data show that FV-TR-SMS can measure
charge/energy transfer rates for both triplet and singlet excitons
on a particle-by-particle basis in a functioning device. Due to
the nanoscale complexity of the layers and interfaces in the

device, these charge/energy transfer rates can vary by several
orders of magnitude, emphasizing the need for single molecule
methods in device study and optimization. A key result in this
paper is the finding of highly efficient quenching of triplets
excitons by holes compared to hole-induced quenching of singlet
excitons, despite the fact that the triplet quenching rate constant
kQT is in fact several orders of magnitude slower thankQS for
singlets. This result suggests that singlet and triplet quenching
by holes may occur by different mechanisms, i.e., energy transfer
vs charge transfer, respectively.
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