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Abstract

®

CrossMark

The effect of 2D quenching on single chain photophysics was investigated by spin coating 13 nm
thick films of polystyrene lightly doped with MEH-PPV onto CVD grown graphene and
observing the changes in several photoluminescent (PL) observables. With 99% of the PL

quenched, we found a 60% drop in the PL lifetime, along with a significant blue-shift of the PL
emission due to the preferential quenching of emission at longer wavelengths. During photo-

bleaching, the blue spectral shift observed for isolated polymers was eliminated in the presence
of the quencher up until 70% of the polymer was photo-bleached. Results were interpreted using
a static disorder induced conjugation length distribution model. The quencher, by opening up a
new non-radiative decay channel, ensures that excitons do not have sufficient time to migrate to

nearby lower energy chromophores. The reduction of energy transfer into the lowest-energy
chromophores thus reduces their rate of photo-bleaching. Finally, the difference between the
quenched and non-quenched spectra allows the rate of energy transfer along the polymer

backbone to be estimated at ~2 ns .

Keywords: conjugated polymers, photophysics, graphene, fluorescence quenching, photo-

bleaching, fluorescence lifetime, single molecules

(Some figures may appear in colour only in the online journal)

1. Introduction

MEH-PPV (poly[2-methoxy-5-((20-ethylhexyl)oxy)-1,4-
phenylene-vinylene]) is arguably the most studied conjugated
polymer with over 1000 papers published in the year 2017
alone. Studies range from papers incorporating MEH-PPV
into thin films for photovoltaic [1] and light emitting devices
[2], to single molecule studies into the absorption and
quantum yield of isolated MEH-PPV polymers embedded in
inert optical matrices [3] and exciton—exciton annihilation
(EEA) in single molecule aggregates [4]. It is quite amazing
that despite 20 years of single molecule research, there is still
much to learn about MEH-PPV photophysics.

That said, a general picture of the polymer has emerged
and a consensus regarding the interplay between conforma-
tion and energy transfer emerged (see [4] or [S]). The long
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chain polymer can be regarded as a collection of chromo-
phores (oligomers) of various conjugation lengths that can
both absorb and emit light [6]. Shorter chromophores absorb
and emit at shorter wavelengths and more highly conjugated
or longer chromophores emit at longer wavelengths. When
this polymer is embedded in an inert (optically) matrix or in
solution, it coils back on itself to form a defect-cylinder shape
[7]—the persistence length playing a key role in determining
the length of the cylinder. Upon low power excitation with
light, an exciton is formed (~5 nm delocalization length) at
an individual chromophore within the polymer. This exciton
can either recombine at the same chromophore emitting light,
or diffuse to a lower energy chromophore. Where chains are
extended, excitons can only hop along the chain (intrachain
exciton migration) while in areas which chains are coiled and
adjacent chains are in close proximity (separation <5 nm),
excitons are free to jump between adjacent segments (inter-
chain exciton migration). In the latter case, interchain exciton

© 2018 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0002-8639-2417
https://orcid.org/0000-0002-8639-2417
https://orcid.org/0000-0001-6561-9224
https://orcid.org/0000-0001-6561-9224
https://orcid.org/0000-0001-7299-9122
https://orcid.org/0000-0001-7299-9122
https://orcid.org/0000-0002-2250-1629
https://orcid.org/0000-0002-2250-1629
mailto:wywoon@phy.ncu.edu.tw
mailto:whitejd@xiaotu.ca
https://doi.org/10.1088/1361-6528/aaf148
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aaf148&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aaf148&domain=pdf&date_stamp=2018-12-11

Nanotechnology 30 (2019) 065702

XL Ho etal

migration is generally orders of magnitude faster than intra-
chain energy transfer (generally quite slow) in the MEH-PPV
system [8]. (A detailed study of the dependence of the rate of
interchain energy transfer on chain separation has recently
been published by Vanden Bout’s group [9]). Thus, many
papers talk of an energy funnel in tightly packed regions in
which all energy is transferred to a single site and then
emitted. To summarize, the conformation of the polymer
determines energy landscape, energy transfer within and
hence fluorescence emitted by MEH-PPV. This conformation
is strongly affected by molecular weight [10], solvents [11],
matrices, and sample preparation [12]. For example, when the
solvent is chloroform, extended chains dominate the photo-
physics while for solvents such as toluene, it is the emission
from tightly packed regions that dominate.

The effects of conformation are most obvious in the
fluorescence time trace observed in single molecule experi-
ments as individual polymers photobleach. In the case of the
extended chains, the time trace smoothly decays as the
polymer photo-bleaches since there are numerous absorbing
and emitting chromophores while in the case of tightly packed
chains, frequent drops and jumps are visible as there are
vastly fewer emitters. Another piece has recently been added
to our understanding of photo-bleaching by Orritz’s group
[3]- Photoinduced traps and defects formed under prolonged
illumination not only lead to a decrease in fluorescence but
also to decreased absorption. In other words, once a chro-
mophore is disabled, it can neither absorb or emit light.

In the work presented here we investigate changes to
MEH-PPV photophysics brought on by this quenching of
fluorescence by a nearby external quencher (graphene) and
seek to use this information to understand the rate of intra-
chain energy transfer. In general, for a three-dimensional
system, with point source emitters and accepters, energy
transfer (and thus quenching) is subject to the standard FRET
law: T(d) ~ (d, /a')6 where d, is the Forster Radius which is
in the order of 6-10 nm for small molecules. As these dis-
tances are much smaller than the hydroscopic radius of MEH-
PPV, quenching will have different effects on different parts
of the molecule making any data analysis difficult. However
in proximity to a 2D material such as graphene, a reduction in
the exponent of the standard FRET law from 6 to 4 leads to a
greatly extended quenching distance to up to 30 nm. This was
predicted theoretically by Swathi in 2009 [13], and convin-
cingly demonstrated experimentally by Federspiel in 2015
[14]. While interesting from a theoretical point of view, Kim
et al, [15] demonstrated a practical application of this
increased quenching distance: distinguishing between single
and multilayer graphene by spin coating dye molecules over
graphene separated by a 20 nm spacer of optically inert
PMMA. Contrast was obtained from differences in the
fluorescence intensity of the dye molecules. (Without the 20
nm spacer layer quenching was close to 100% for both single
and multilayer graphene) While this quenching of fluores-
cence can be used to probe non-fluorescent 2D materials, this
change in length scale allows a surface to be used to inves-
tigate the photophysics of the fluorescent molecules them-
selves. This is especially true for larger polymers such as

MEH-PPV as the effective distance for quenching now
exceeds the hydroscopic radius of these large complicated
molecules.

(An alternative to the usage of graphene would be a solid
metal substrate. We have chosen to use graphene for three
reasons. Firstly, graphene has been shown to be a more
efficient quencher for fluorescent molecules, as compared
with metals. [16] Secondly, in metal films, the excitation rate
is altered via changes in the local strength of the electrical
field and may be enhanced by several orders of magnitude
[17]. Finally, in the distance domain relevant to this experi-
ment (a few nanometers up to ~20 nm), in the case of a metal
film, a significant fraction of the excited fluorescence couples
back to surface plasmon polaritons by fulfilling momentum
matching conditions. This represents a significant loss of
fluorescence yield. [17]. Using graphene avoids or at least
greatly reduces these complications. [16])

Previous work, such as that undertaken by the groups of
Bardeen [18] and Mingiang Wang [19], involving graphene
to probe MEH-PPV has focused reduced graphene-oxide
(rGO)/MEH-PPV composite films. While both these groups
observed strong quenching of fluorescence, the first group
found that the fluorescence lifetime decreased an order of
magnitude as the rGO component increased while the second
group did not observe any change in lifetime for their sample
suggesting that the quenching mechanism is strongly depen-
dent on preparation of the MEH-PPV films. These investi-
gations of thin films, in which 3D energy transfer dominates,
is quite a different domain than in an extended single mole-
cule where 1D intrachain is the dominate energy transfer
mechanism. In general for single fluorophores, on CVD
grown graphene, the quenching mechanism is the non-
radiative decay of the fluorophore—not charge transfer,
except for those chromophores in close (sub-nm) proximity to
the graphene interface [16].

This paper is organized as follows: the experimental
procedures used are elucidated, the data is then presented with
minimal comment. After the presentation of all the data, the
results are interpreted in terms of the molecular exciton model
[6] involving polymers composed of loosely and tightly
coiled segments. Throughout paper, we distinguish between
photo-bleaching (permanent changes to the chemistry of
MEH-PPV primarily due to interaction with oxygen) resulting
in reduced absorption and photoluminescence, and quenching
due to the presence of nearby molecules to which energy is
transferred (either by exciton migration, hole/electron charge
separation, whether resonant or non-resonant energy transfer
[20]). In this context, a quencher does not affect the chemistry
of MEH-PPV and quenching disappears if/when the
quencher is removed.

2. Experiment

Monolayer graphene was grown on 25 um thick copper foil in
a quartz tube furnace system using CVD [21]. Under vacuum
conditions of 10 mTorr and at a temperature of 1000 °C,
hydrogen was first introduced (flow rate = 2 sccm) for 40 min,
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Figure 1. Ensemble averaged fluorescence decay time for MEH-PPV
polymers with (black line) and without (red line) graphene present.
The green line is the instrument response function of our system. All
curves are normalized to 1000. [inset] Schematic of the device
structure used indicating direction of excitation.

followed by methane (35 sccm) for 15 min quick cooling was
then applied (300 °C min ') under continuous methane and
hydrogen gas flows. A layer of polymethylmethacrylate
(PMMA) was then spin-coated onto the as-grown films. The
PMMA /graphene film was separated from the Cu substrate by
a bubble-free electrochemical delamination transfer protocol
[22]. Finally, films were transferred to 100 pm thick, UV cover
glass (Esco Optics), and the PMMA was dissolved with
acetone. The graphene film’s monolayer characteristics and
film quality were verified using micro-Raman spectroscopy.
Films exhibited the characteristic monolayer signature
(Lp/Ig ~ 2 and symmetric 2D band).

MEH-PPV (Aldrich, M, = 150-250 kD) was first mixed
with polystyrene (PS, Fluka, M,, = 184 kD M,, = 178 kD) at
a ratios of 1.0 wt%, 0.1 wt%, and 0.01 wt% and dissolved in
1-Chloropentane (Acros, 2 mg ml~'). Low concentrations
were chosen to ensure the fluorophores were well separated
and that the probability of multi-polymer aggregate or dimer
formation was negligible. 1-Chloropentane’s low vapor
pressure allows very uniform and smooth thin films to be
spin-coated [23]. After mixing for 7 days at 300 K and fil-
tering (0.45 pm), the solution was spin-coated onto the gra-
phene coated UV cover glass to forma ¢ = 13.5 4+ 1.5 nm (as
measured by AFM) thick PS film containing the well sepa-
rated MEH-PPV molecules. Films were dried under vacuum
conditions for 2 d at room temperature to remove remaining
solvent. Figure 1(inset) illustrates the devices structure.

Samples were observed using our home built vacuum
confocal microscope [24]. Excitation light was focused
through the cover glass and graphene layer onto the MEH-
PPV polymers using a 60x, NA = 0.85 objective lens
(Nikon). PL was collected through the same objective lens
(epifluorescence mode), and after appropriate filters (passing
A > 500 nm), focused by an f = 200 mm doublet lens into a
¢ = 100 pm optical fiber. During spectral measurements, a
peizo-electric stage (Physic Instruments) scanned the sample
over an area of 30 x 30 um? (pixel frequency of 100 Hz,

step size of 1 um/pixel) to average over an ensemble of
fluorophores and to avoid photo-bleaching.

For lifetime measurements, 5 ps (FWHM), Aexciee = 466
nm (FWHM = 6 nm) pulses at 10 Mhz (PicoQuant, PDL
800-B laser driver with (PicoQuant LDH-P-C-470 laser head)
were used for excitation. A maximum excitation fluence of
~80 nJ/cm?/pulse) was chosen to ensure that nonlinear
effects such as EEA were minimal [4]. The optical fiber
collecting the light was directed to an SPCM avalanche
photodiode (Perkin—Elmer) connected to a time-correlated
single-photon counting card (SPC 630, Becker and Hickl).
The instrument response function (IRF) was deconvoluted out
of the measurements and the lifetime data was fit using
SPCimage (Becker and Hickl). Data was analyzed using
double-exponential FRET as prescribed by Becker [25] where
possible.

Survival time of the isolated polymers was taken using
the same laser employed in the lifetime measurements but at a
lower average power (I W, 100 W cm™2). For these mea-
surements the peizo-electric stage was used only to focus on
the isolated MEH-PPV polymers (i.e. no scanning was
involved during the taking of data). In order to observe
changes in spectral composition during the decay, PL was
split by a dichroic beamsplitter (A = 560 nm) and the decay
in intensity of the long and short wavelength components
observed by separate APDs. The signal on both channels were
well fit by three-exponential decay:

i=3

1(t) = 3" Asel). (1)
i=1

Based on the multi-exponential curve fit, the mean sur-
vival time was determined:

i=3 i=3
Tnean = ZAZTI/ZAI 2
i=1 i=1

The ratio between the two channels intensity during
photo-bleaching was analyzed using the spectral shift coeffi-
cient (S) [26], defined as:

I(t, A > 560nm) — I(z, A < 560 nm)

S@) = .
I1(t, A > 560 nm) + I(z, A < 560 nm)

3

An increasingly value of S indicates a gradually red-
dening of the spectra while a decreasing value suggests the
spectrum is increasingly dominated by shorter wavelength
components.

3. Results

Figure 2 presents the ensemble MEH-PPV PL spectrum
before photo-bleaching inside and outside the graphene
coated areas of the cover glass. Comparing the scales on (a)
and d(b), it can be seen that ~99% of the PL is quenched.
This is consistent with the results of Kim [15] in which they
found almost 100% quenching of fluorescence for dye layers
thinner than 5 nm. As seen in figure 2 top in the absence of
graphene, the PL spectrum is well fit by two peaks, one at
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Figure 2. Photoluminescence spectrum of an ensemble of MEH-PPV
polymers (top) without graphene and (bottom) in close proximity to
graphene. Experiment data is presented as squares. The blue lines are
the result of curve fitting with 2 (top) or 3 (bottom) Gaussian
functions, respectively. Without graphene the spectra is well fit by
two Gaussian peaks—one at 553 nm (FWHM = 25 nm) and one at
587 nm (FWHM = 70 nm). (bottom inset) Wavelength dependence
of quenching of MEH-PPV fluorescence by graphene.

553 nm (FWHM = 25 nm) and the other at 587 nm
(FWHM = 70 nm) representing the fundamental vibrational
and the overlap of the Ist vibrational band of the extended
chains with the fundamental vibrational band of the collapsed
chains. The Huang-Rhys Factor of 0.26 indicates the dom-
inate role that extended chains or ‘blue’ chromophores
(rather than tightly packed or ‘red’ chromophores) play in the
emission. We note that this spectrum is unchanged for dop-
ing concentrations <1%. In the presence of graphene
(figure 2 bottom) the spectrum, in addition to being of low
intensity, is severely distorted—no longer can the spectrum
be fit by two or even three peaks. The main fundamental
vibration band along with the overlap of the 1st vibrational
band of the extended chains with the fundamental vibrational
band of the collapsed chains still dominates the spectrum, but
there are also considerable short wavelength components
emitting from 540 to 500 nm (and slightly below as our filter
only passed A > 500 nm). Figure 2 (inser) presents the

quenching efficiency with respect to wavelength. Quenching
efficiency is approximately wavelength independent from
540 to 650 nm at over 95%. (Above 650 nm, our signal to
noise ratio does not allow us to make any conclusions.)
Below 540 nm; however, the quenching is much less efficient
ranging from ~30% to 90%. The key point here is that in the
quenched spectrum, there are no new sources of emission.
Rather it is the short wavelength components (present in the
original spectrum) become significant in the quenched
spectrum.

Figure 1 presents the as-measured ensemble averaged
fluorescence decay time for MEH-PPV polymers with and
without graphene present. In the absence of the quencher
purely single exponential decay can be seen for over 3 orders
of magnitude. After taking into consideration the impulse
response function (IRF) of our system, the fluorescence life-
time is ~900 ns. This is typical of values obtained in single
molecule experiments for PPV derivative polymers [27, 28].
As can be seen in the figure, the PL lifetime shortens in the
presence of the quencher indicating that graphene has opened
up an additional non-radiative decay path for the excitons.
The reduced lifetime indicates a dynamic quenching process.
Lifetime reduction was independent of concentration for
MEH-PPV doping ratios from 0.01% to 1% suggesting that
intermolecule interactions are negligible at the concentrations
employed in this experiment.

The lifetime decays were fit by 2 exponential decay
curves with the mean lifetime of MEH-PPV on graphene
being a factor of 3 shorter than for the pristine film (~300
versus ~900 ps). On occasion, the pristine MEH-PPV decay
was clearly single exponential. In this case, in order to obtain
more quantitative information about the nature and efficiency
of energy transfer, we employed the double-exponential
decay analysis technique [25] to gain additional insights into
the quenching process. The results indicated in table 1.

In the absence of the quencher, there is only one comp-
onent to the lifetime having a value of 910 ps which we
identify as 7,.—The average lifetime of the noninteracting
(unquenched) chromophores. For the film on graphene, the
mean lifetime drops from 910 to 230 ps. Two components are
evident in the lifetime decay, a fast lifetime component at 220

460 ps (7g1) from the interacting (quenched) chromophores,
and the slow lifetime component at 910 ps (7,)—due to the
noninteracting (unquenched) chromophores. The shorter
component dominates the process with the ratio of the two
lifetimes (AET:Ao) being 99:1. According to the double-
exponential decay analysis technique, this ratio represents the
relative numbers of interacting and noninteracting chromo-
phores. In other words, the vast majority (99%) of the chro-
mophores in the MEH-PPV polymer are being quenched by
the graphene (in good agreement with the intensity data).

The transient time traces of photoluminescence of an
ensemble of MEH-PPV molecules under continuous excita-
tion (top) in the absence of graphene and (middle) in close
proximity to graphene as MEH-PPV photo-bleaches are
presented in figure 3. The initial intensity without graphene is
2 orders of magnitude greater than in the presence of gra-
phene. In the absence of graphene, the emission drops by 90%
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Table 1. Lifetime fitting parameters.

Location 71 (ps)  Ap (%)
No Graphene 910 100
On Graphene 220 99

72 (ps) Az (%)  t(mean) (ps)
— 0 910
910 1 230

within 30 s. With graphene quenching the emission, photo-
bleaching occurs on a much slower time scale—only dropping
by about 44% in the first 30 s. It is only after 18 min that the
intensity drops by 90%. This ‘protective effect’ of graphene
has been previously reported by Minggiang Wang’s
group [19].

Fitting the transient time traces requires three exponential
decay components. Table 2 presents the values of these
parameters. Averaging over the whole spectrum, at the exci-
tation power used here, the mean photo-bleaching time
lengthens ten times in the presence of graphene (11 — 107 s).
The shortest time constants are all ~2 s. It seems the presence of
graphene has little affect on this time constant. The middle time
constant more than doubles in the presence of graphene
(12 — 29 s), and the longest time constants lengthens by a
factor of 6 (68 — 382 s) in the presence of graphene. The key
difference between the two samples is the weighting of the
various components—in the presence of graphene the weighting
of the longest time component increases by a factor of four. In
the pristine MEH-PPV film, the longest time component is only
a minor contributor to the overall decay curve fit, while in the
presence of graphene it takes on equal weight with the faster
decay components.

As the sample slowly photo-bleaches the emission spectra
gradually shifts. This is seen in the different time constants for
the shorter (<560 nm) and long wave (>560 nm) components
(table 2) In the absence of graphene, the long wavelength
emission decays with a mean time that is less than half of that
of the shorter wavelength components resulting in a con-
tinuous spectral blue shift with time. This is seen clearly in
figure 3(top)—right axis—where we have plotted the spectral
shift as a function of the log of time. This continuous blue shift
is consistent with that observed by Liang for MEH-PPV [26].

Vastly different behavior is seen in presence of the gra-
phene. As seen in figure 3 (middle) (right axis), the spectral
shift changes little over time. Initially more blue than the
pristine MEH-PPV due to the preferential quenching of the
longer wavelength components (see figure 2 (inset)), during
the first 100 s despite a drop in intensity of 70%, the spectra
only slightly red-shifts by 0.05. After 100 s the spectral shift
reverses and as the spectrum gradually shifts towards the blue.
For the first ~30 s, as the intensity drops 50%, the rate of
change is linear on a log scale. After 30 s the spectrum starts
to shift blue again following a quadratic equation. Overall the
Spectral Coefficient only changes by 0.1 as PL emission
drops 90%—in stark contrast to the change of 0.35 observed
for unquenched MEH-PPV. This spectral robustness is
reflected in the fact that all three time constants are similar for
the short and long wavelength components. We note that
similar behavior was observed by Liang but only for short

chain rod-like polymers (DOO-PPV) in which there is very
limited energy transfer between chromophores along the
polymer backbone [26].

The bottom pane of figure 3 presents the change in
spectral coefficient (S) with the percent of the polymer that
has been photo-bleached. In the absence of graphene, the
spectra continuously blueshifts as the polymer photo-blea-
ches. The rate of blue-shifting is linear with percent bleached
until about 90% bleaching. In contrast, in the presence of
graphene, the spectra only starts to blue-shift after ~60% of
the polymer has been photo-bleached and becomes pro-
nounced only after 80% of the polymer has been photo-
bleached.

A series of films were prepared with different con-
centrations of MEH-PPV to check for any concentration
dependent artifacts. Results were independent of concentra-
tion below 1% while above 5% interchain effects such as
aggregation involving more than one polymer become sig-
nificant—as evidenced by a significant change in PL spectra.
As the purpose of this work was to study energy transfer and
quenching in well separated extended chains where the slower
intrachain energy transfer dominates, we worked well below
this critical concentration. Results were consistent and within
experimental error over three orders of magnitude of MEH-
PPV concentration as seen in table 3 where we have presented
the percent quench and mean lifetime. (Note that the con-
centrations listed are nominal MEH-PPV concentrations prior
to filtration, so the final concentrations are presumably lower).

It is also interesting to verify the efficiency of quenching
with film thickness. In order to do this, a series of tri-layer
films were prepared including a PMMA spacer layer between
the graphene sheet and the MEH-PPV doped film following
the method of [23, 29]. The thickness of the PS matrix layer
containing MEH-PPV was kept constant at 13.5 nm. Figure 4
presents the results obtained for quenching and mean survival
time as a function of the thickness of the spacer layer. As can
be seen in figure 4, graphene successfully quenches emission
resulting in an enhanced survival time for spacer layer
thicknesses up to 20 nm or total thicknesses of about 35 nm.
At distances greater than 60 nm, graphene has no effect on the
emission characteristics of the polymer.

4. Discussion

This data can be understood in terms of the molecular exciton
model in which the polymer is considered to be composed of
different conjugated segments. This model has been used to
explain the chain-length dependence of the absorption and
third-order nonlinear susceptibilities of the well-defined linear
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Figure 3. Transient time traces of photoluminescence of an ensemble
of MEH-PPV molecules under continuous excitation with 466 nm laser
light. (top) without graphene (middle) in close proximity to graphene.
Red lines represent the emission at wavelengths >560 nm while the
blue lines present the emission at <560 nm. The average power on the
sample was 1 ©W. Black lines represent the change in spectral
coefficient as the sample photo-bleaches. (right axis) (bottom) Change
in spectral coefficient (S) as a function of the percent of polymer
bleached in the presence or absence of the graphene underlayer.

polyene oligomers [30], as well as the steady-state absorption
and PL spectrum of PPV derivatives in solution [6] and in
solid solution [27, 31]. This phenomenological treatment is
suitable for understanding long time (>100 ps) photophysics

processes—the time regime in which this experiment was
performed. In this model (see [6] for details) the appearance
of different conjugated segments is governed by a distribution
function.

D[N] = Lexp[—N_No], &)

e 0'2

where N is the length of the conjugated segment. D[N], cal-
culated based on a conformational disorder model [32],
denotes the probability of finding an oligomer having N-units
in the chain. (Parameters N, ~ 5 and ¢ ~ 1.8 are determined
experimentally).

The absorption coefficient of a polymer is expressed as
the sum of the absorptions of its component oligomers «;(w):

a) =) aiw) = Y DINJay(Ww), (6)
i N

where ay (w) represents the absorption spectrum of an N-unit
conjugated segment (oligomer or alternatively chromophore).
The longer the conjugation length, the smaller the energy gap
—and thus absorption and emission become progressively
red-shifted as the conjugation length increases until the effect
saturates for conjugation lengths greater than N = 9. The
intensity of the PL spectrum is expressed as:

I(W) =Y L(w) =Y p[NID[N]PLy(w), @)
i N

where I;(w) is the PL emission spectra for the ith oligomer and
then summed over all oligomers in the chain, PLy(w) is the
area normalized PL spectrum for an oligomer of length N,
and p[N] represents the relative weighting of each occurring
oligomer’s contribution to the PL spectrum. In the original
model, which was applied in solution, it was assumed that
thermal equilibrium was reached between all electronic states
prior to emission, i.e. rapid energy transfer (ki and kipga <50
ps). Later work has shown that this is not a valid assumption
for single molecules embedded in solid solutions since energy
transfer along the polymer backbone is not extremely rapid
relative to fluorescence lifetime. [8, 26, 31, 33] (The question
of how slow this energy transfer rate has not been adequately
addressed and is one focus of this paper).

As such, in figure 5(a) we present a revised generalized
schematic illustrating energy transfer in MEH-PPV based on
a molecular exciton model in which the energy transfer rates
are explicitly considered. Considering first, the polymer in the
absence of a quencher. An oligomer of length N can be
excited directly by absorbing light or indirectly by energy
transfer from a nearby shorter oligomer. Once excited, besides
returning to the ground state via non-radiative decay (with
between 90% [3] and 50% [27] probability, not shown
explicitly in the diagram), the oligomer may either emit light
(with rate k, of the order of 1 (ns™') [27, 28]) or the exciton
may diffuse to a nearby longer oligomer. The energy transfer
from one oligomer to another may occur either by interchain
energy transfer (ki )—the through-space Forster transfer
(FRET) between two polymer segments that are in close
proximity— or intrachain energy transfer (King,)—energy
transfer between two neighboring segments along the back-
bone of a single polymer chain. Due to the fact the transition
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Table 2. Survival time fitting parameters.

Sample Wavelength ~ Tipean (8) 71 (8) 72(s) 73(s) Aj/Ay  As/A;

Pristine (no graphene) A < 560 nm 16 3.0 16 81 0.6 0.3
A > 560 nm 6.2 1.5 8 55 0.3 0.2
All 11 2.3 12 68

On graphene A < 560 nm 97 1.8 26 379 0.7 0.8
A > 560 nm 116 1.9 31 385 0.6 1.0
All A 107 1.9 29 382

Table 3. Concentration dependence of quenching and lifetime.

Mean lifetime (s)

MEH-PPV (%) % Quench (%)

No graphene  Graphene
0.01 96% =+ 3% 093 +£0.1 024 +£0.1
0.1 99% =+ 3% 082+0.1 0.25=£0.1
1.0 99% + 3% 098 £ 0.1 0.39+£0.1
250 ————————— —r—— 1.2
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Figure 4. Effect of spacer layer thickness on quenching and mean
survival time. The structure is composed of glass/graphene/PMMA
(various thicknesses)/0.01% MEH-PPV embedded in a 13.5 nm
thick polystyrene matrix. The left axis presents the ratio of survival
time with and without graphene as a function of the thickness of the
spacer layer (circles, solid line) while the right axis presents the
corresponding the intensity ratio (diamonds, dashed line).

dipoles of MEH-PPV are along the polymer’s backbone,
intrachain energy transfer via Forster transfer is inherently
weak and thus kjpn << kiner- Work by Schwartz’s groups
suggests that ki, is in the order of 1 (ps_l) [33]. This results
in ‘energy funnels’ and red chromophores discussed in many
papers [3, 26], in which energy transfers transfer to a single
emitter in an area of the polymer where the chains are tightly
coiled. The existence of this pathway is seen in the transients
of single molecules where a single photo-bleaching event
leads to a sudden drop in emission intensity [34]. As our
sample is comprised of mainly extended loosely packed
chains, we do not include interchain energy transfer in our
equations. As a result we can express change in population of

k

>k

inter

: >
intra r

Dok i
H : H v : graphene

Figure 5. Generalized schematic illustrating energy transfer in MEH-
PPV based on a molecular exciton model. (a) without graphene (b)
in close proximity to graphene. Alpha represents the absorption of an
oligomer of length N at the excitation frequency. Dotted arrows
represent radiative decay channels with rate k,, curved lines represent
intrachain energy transfer channels with rate k;,,,, thick solid lines
represent interchain energy transfer with rate k;,,,, and the thick
dashed line represents energy transfer to graphene with rate k.

the singlet excitation state of the ith oligomer (Si]) as:

ds| ; ;

d_l‘l - kabsp,niSO - (kr + knr)Sl
=it .

+ Z (kintraslj 5;1;>n/- -

j=i—1

kintm Sll (8)

6n,~<nj),

where n; is the conjugation length of the jth oligomer, 6,, <, is
1 if the conjugation length of the ith oligomer is less than the
Jjth oligomer and zero elsewise. kgpgp n, = 1 (Wer) ty, (Wex) 18 the
rate of excitation of the ith oligomer. Siand S} represent
the population of the ground and excitation state, respectively.
The first term reflects the direct excitation of the ith oligomer
by the excitation light and is proportional to both intensity
and absorption. The second term represents the return to the
ground state via radiative (k.)and non-radiative transitions
(k). The final terms represent energy transfer or exciton
migration from (to) adjacent oligomers of shorter (longer)
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conjugation length. Note that we have ignored energy transfer
to the triplet state. Under cw illumination, the excited state
population of the ith oligomer is given as:

1

Si = ka Sp,1 Si
1 k + Ky, bsp,ni00
J=itl . .
+ Z (kintraslj(sn,->nj - kintrasllfsn,-<nj) - (9)
j=i—1
The solution involves solving the 1000 coupled

equations individually. The contribution to emission from the
ith oligomer to the total emission is:
L(w) =k, S PLy(w). (10)

The total PL emission is thus found using equation (7).
We have assumed that the intrachain energy transfer rate is
independent of oligomer length as a first approximation.

A photo-bleaching event occurs when an excited oligo-
mer in the triplet state comes into contact with triplet oxygen.
The dynamics of the conversion from the directly excited
singlet to triplet exciton (S; — 7;) in MEH-PPV has been
studied extensively[35, 36] and the intersystem crossing rate
(k;s.) shown to be of the order of k;,. = 10 ms~ ! [36]. Upon
reaction of the triplet state of MEH-PPV with oxygen, the
resulting chemical changes result in the cessation of not only
emission but also, as recently shown by Orrit’s group [3],
absorption at the bleached site. The effect of a photo-
bleaching event on nearby oligomers depends on whether
interchain or intrachain energy transfer dominates. In the
case of the energy funnel (interchain energy transfer), there is
no disruption of energy transfer to the bleached chromo-
phore. This is reflected in a sudden drop in emission intensity
[34]. Completely different behavior is seen in the loosely
coiled regions where intrachain energy transfer dominates. In
this case, the system acts like a traditional donor—accepter
system in which the donor starts to emit light once the
accepter is quenched. [10, 28]. In the presence off photo-
bleaching events, equation (9) for the extended chain is then
modified as:

_ 1
kr + knr
j=itl

+ Z 6bl,j(kintraS1j6n,>nj_

j=i—1

i i
Sl 6bl,ikabsp,n,-S()

kintrasli(sn,-<nj) > (11)

where 0,,; = 1 if the jth oligomer has not been photo-
bleached. This equation reflects the inability of a bleached
oligomer to directly absorb light or receive energy from
neighboring oligomers via intrachain energy transfer. The
probability of a photo-bleaching event depends on the
availability of oxygen, as well as the amount of time a oli-
gomer spends in the excited state [37]. Thus one expects that
oligomers which are excited indirectly via energy transfer in
addition to direct excitation will bleach first.

As an example, consider the simplest case: that of a
polymer containing only two oligomers. Solving analytically
(assuming oligomer 1 is longer than oligomer 2):

Kabsp.n, S5
\ bpi2 B (12a)
kr + knr + (Sbl,lkinlm
and
S) = ﬂ(kabsp S0 + Ob12 Kinra ST
kr + knr ’ ’
) ka Sp, 1. 52
= ﬁ kabsp,ms(} + 6bl,2 kimmk_’_}];[’—:_z .
r nr r nr intra (12b)

Experimentally, changes in emitters and energy transfer
due to gradual photo-bleaching of the MEH-PPV are reflected
in the spectral components of the transient time trace
(figure 3). Two distinct cases can be considered: k;,,, <
(k, + k,,) and k;,;ry > (k- + k). In the first case, emission is
dominated by the direct fluorescence of the absorbing oligo-
mer—energy transfer from adjacent oligomers does not play a
role as excitons recombine before they have a chance to
migrate to an adjacent oligomer. Thus the relative length of
time an oligomer spends in the excited state, and hence
probability of being photo-bleached is solely dependent on
the oligomer’s absorption coefficient relative to the other
oligomers in the long chain polymer. In terms of the transient
time trace, while the intensity drops greatly, spectral change is
thus expected to be minimal during photo-bleaching. The
direction of the shift (towards longer or shorter wavelengths)
will be controlled by the relative absorption coefficient at the
excitation wavelength of the various oligomers. Turning now
to the second case, in which intrachain energy transfer occurs
on a time scale that is shorter than the fluorescence lifetime.
The probability of an oligomer being in an excited state is
correlated with the length of the oligomer. For the shortest
oligomers, excitons only diffuse away to its neighbors
decreasing the probability of finding it in the excited state,
while for the longer oligomers, excitons diffuse from its
neighbors increasing this probability (see equation (9)). Thus
the probability of photo-bleaching is higher the longer the
oligomer. In addition, once the longer accepters are bleached,
adjacent shorter oligomers which were previously transferring
energy to these longer segments start to emit more strongly
[10, 28]. Both of these effects will result in a spectra that
continuously blue shifting as photo-bleaching occurs. The
continuous blue-shift of spectrum in figure 3(bottom) for
MEH-PPV indicates clearly that longer oligomers are
bleaching first and thus are spending more time in the excited
state—in other words, k;.;. > (k. + k).

The effect of quenching is to open an additional non-
radiative decay channel (see figure 5(b)) to graphene. This
can be represented either by incorporating the graphene
quenching rate (k) directly into the non-radiative decay rate
or by modifying equation (8) by adding an additional
relaxation rate kg, to explicitly include energy transfer from
the polymer to graphene. Based on our measurement of the
fluorescence lifetime (7y = 1/(k, + k,,)) and the values for
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decay rates in closely related DO-PPV [27], k. = 0.58 ns !,
k,, = 0.5 ns ', and our estimate for kg = 4.3 ns ', based on
TeT, We have chosen explicitly to write the effect of graphene
as this rate dominates both the radiative decay rate and
the other non-radiative decay channels. That is we replace
e + k) = (Ky + ko + k)

Turning our attention now to figure 3(middle) and
figure 5(b), it can be seen that in the presence of graphene, the
continuous blue-shift with photo-bleaching of MEH-PPV has
been arrested. Up until 60% of the polymer is bleached, the
spectra shifts slightly towards the red and not towards the
blue. This clearly indicates that longer oligomers are not
spending more time than shorter oligomers in the excited
state, but rather the relative absorption coefficients of the
oligomers playing the key role. In other words, limited energy
transfer (kg < (k, + Ky, + kg,)). Combining the results with
and without the quencher, allows us to put limits on the rate of
intrachain energy transfer in MEH-PPV: (k, + k,,,) < kippa <
(k, + knr + kg,). Substituting in the mean fluorescent lifetimes
measured earlier suggests that the rate of intrachain exciton
migration is within the range 0.9 ns ' < Ko < 3.3 187

Finally we turn to the wavelength dependence of
quenching (before photo-bleaching, as seen in figure 2(inset)).
In the absence of the quencher, the shortest conjugated
segments make only a small contribution to total PL since
(1) their absorption is relatively small compared to longer
segments and (2) upon absorption of light their energy is
rapidly transferred to longer conjugated segments. In the
presence of graphene the suppression of energy transfer
results in preferential quenching of the longer wavelength
components as they no longer are excited by energy transfer
from neighboring shorter chains. The emission from shorter
segments, which never had a component due to exciton
migration, while quenched, are less severely affected.

5. Conclusions

In summary, we have demonstrated (1) that the presence of a
nearby 2D quencher is shown to not just reduce the intensity
of photoluminescence but also to reduce the PL lifetime,
suppress emission at longer wavelengths preferentially and
modify the effects of photo-bleaching and (2) that controlled
quenching of photoluminescence by a 2D material such as
graphene can be used to help understand energy transfer
within individual conjugated polymers. In the case of the
specific conjugated polymer investigated here, MEH-PPV,
this dramatic change in PL is due to the suppression of energy
transfer along the polymer background suggesting that the
rate of intrachain energy transfer or exciton migration along

the polymer background is k;,;, ~2 £+ 1 ns .
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