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Abstract

The understanding of exciton dynamics is a central issue in the operation of conjugated
polymer-based optoelectronic devices, like solar cells, light-emitting diodes or
electrochemiluminescent cells. In this work, we explore the applicability of combined in situ
electrochemical fluorescence and UV-vis spectroscopies for the study of electrochemically
induced quenching of photoluminescence as novel tools for the determination of exciton
diffusion in a model conjugated polymer, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylvynilene] (MEH-PPV). It is demonstrated that the quenching process observed upon
electrochemical doping follows a linear Stern-VVolmer mechanism at low doping levels, with
a time-independent rate constant typical of diffusion-controlled annihilation processes. From
the Stern-Volmer rate constant and the exciton-polaron critical distance, an exciton diffusion
coefficient is derived whose value is in close agreement with those reported in the literature.
These results support the suitability of these spectroelectrochemical techniques as fast and
powerful alternative tools for the reliable determination of exciton diffusion coefficients in

conjugated polymers.
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1. Introduction

Exciton dynamics play a central role in the operation of most organic optoelectronic
devices. These processes are critical in working OLEDs, organic photovoltaic cells or
luminescent electrochemical cells [1,2]. For example, in organic photovoltaic cells, the
photogenerated excitons must move to interfacial zones to be dissociated into charge carriers
and, consequently, large exciton diffusion lengths are required to enhance efficiency. A major
part of these devices is based on conjugated polymers since they are attractive for the high
amount of processing techniques that allow their use as thin films in flexible and lightweight
substrates.

The process of exciton diffusion in polymer films can be characterized either by
spectroscopic techniques, which measure the efficiency of radiated photons in the presence
of quenchers or by charge carrier techniques, which measure photogenerated charges
resulting from quenched excitons [3]. Among the spectroscopic techniques, those based on
the quenching of photoluminescence are widely extended. The photoluminescence (PL) of
thin films is measured in the absence and in the presence of a quenching site and the exciton
diffusion length is derived from the PL quotient. In these studies, a statistically significant
number of experiments are required to obtain consistent results and therefore many samples
must be prepared. Typical quenchers include electron acceptors as fullerene-Ceo,
subphtalocyanines or molecular dyes, prepared as interfacial films or blended with the
polymer in bulk heterojunction architectures [4-6].

The electronic structure of conjugated polymers can be modified through a reversible
electrochemical charge injection, which leads to the formation of charged states, such as
polarons, polaronic bands or bipolarons, among others [7]. By coupling an electrochemical

excitation system to a suitable spectroscopic technique, the spectral features of those excited
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states can be characterized. In particular, electrochemical in situ UV-vis spectroscopy has
been used to obtain the energy of the intragap transition in doped conjugated polymers and
to quantify polaron absorption cross-sections, which are key parameters used for the
development of electrically pumped lasers and for the optimization of organic light-emitting
diodes, among other applications [8,9]

A related spectroelectrochemical technique, the electrochemical in situ fluorescence
spectroscopy (also known as electrofluorochromism [10]) is a relatively novel tool that has
been applied to the characterization of luminescent molecular systems and to the
development of novel optoelectronic devices [11-15]. The use of electrochemical
instrumentation allows fine and precise control of the quencher concentration permitting
simultaneous analysis of exciton dynamics within a single sample of the conjugated polymer
[16-18].

In the present work, a combination of electrochemical in situ steady-state fluorescence
spectroscopy and UV-vis spectroscopy has been employed for the first time to determine the
diffusion coefficient of excitons. The material selected for this study is the orange-red emitter
MEH-PPV. Among the family of conjugated PPV polymers, it constitutes an archetypical

material showing a huge variety of optoelectronic applications [19,20].

2. Experimental section
2.1. Materials
MEH-PPV was purchased from Sigma-Aldrich (average Mn 150000-250000). Fluorine-
doped tin oxide (FTO)-coated glass substrates (FTO-AGC 80, 70—90 Q) employed as
electrode support in all the in situ spectroelectrochemical experiments was provided by

SOLEMS. Anhydrous tetrahydrofuran (THF, >99.9%), anhydrous acetonitrile (ACN,

4



O©CO~NOOOTA~AWNPE

>99.8%), tetrabutylammonium tetrafluoroborate (TBATFB >99%) and ferrocinium

hexafluorophosphate (Fc, >97%) were supplied by Sigma-Aldrich.

2.2. In situ spectroelectrochemical characterization

In situ spectroelectrochemical measurements (absorption, steady-state PL), were
performed in a modified, 1 cm length, fused silica cell capped with a Teflon plate, which also
served as the electrode support [21]. Working electrode was prepared with FTO modified
with a polymer film of MEH-PPV. Prior to the polymer deposition, FTO electrodes were
cleaned by sonication in an acetone bath. Afterwards, 20 uL of MEH-PPV previously
dissolved in THF (2.0 mg mL™) were drop-casted over 1cm? of the FTO substrate. This
working electrode was immersed in a solution of 0.1 M TBATFB in ACN. The counter
electrode was a platinum wire and a silver wire was used as the pseudoreference electrode,
both immersed in the same solution and protected by a glass capillary tube. The reference
electrode was calibrated using the ferricenium/ferrocene redox couple (Fc/Fc*). Air was
purged from the electrochemical cell by bubbling with an argon flow for 10 min and the inert

atmosphere was maintained during all the experiments.

Electrochemical experiments were carried out by using a function generator (EG&G Parc
model 175) connected to a potentiostat-galvanostat (Pine Instrument model AFCBP1).
Photoluminescence (PL) and UV-vis spectra were acquired using a PTI QuantaMaster
spectrofluorometer (model QM-62003SE) and an Ocean Optics spectrophotometer (Flame
model Avantes DH-2000-S and optical fibers Ocean Optics QP100-2-UV/VIS GF052107-

101), respectively. The density of the polymer was determined by helium
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microultrapicnometry (QUANTACHROME INSTRUMENTS) obtaining a value of 1.176 g
cm for the solid polymer. Resulting electrochemically-induced absorption (ECIA) UV-vis
spectra for MEH-PPV films were obtained as follows. A first single reference spectrum was
acquired at the Eonset, representing the electronic state of the neutral (undoped) film. Then,
sample spectra were collected at increasing applied potentials, Eapp, representing the
electronic state of the polymer at different oxidation states during the p-doping process.
Finally, the unique reference spectrum was subtracted from each sample spectra and the
resulting absorbance change, AA, is plotted against wavelength. In situ fluorescence
measurements were performed in a modified fluorescence cell (1 cm length quartz cell).

Details on the cell design have been shown in a previous article [21].

3. Results and discussion
3.1. Optical and electrochemical characterization
Fig. 1.a shows the absorption (black curve) and the PL emission (red curve) spectra of
a MEH-PPV polymer deposited as a thin film onto an FTO electrode. The absorption
maximum at 505 nm corresponds to the nn* transition of conjugated chains, whereas the
fluorescent emission displays a maximum at 594 nm and a well-defined vibronic feature at

around 637 nm.
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Figure 1: Absorption and emission spectra (Aexc= 500 nm) of MEH-PPV films on
FTO electrodes. b) Injected charge as a function of the bias potential applied over the onset

of the p-doping process.

Since MEH-PPV is an electroactive material, it undergoes reversible doping by
electrochemical methods. Fig. S1 in the supporting information shows the cyclic
voltammogram of MEH-PPV including the reversible p- and n-doping processes in the

polymer. Formation of positive polaronic species (p-doping) along the polymer chains starts
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at around Eonse= -0.6 V, derived from the onset potential of the oxidation current recorded
during the forward sweep. In the reverse scan, a reduction feature peaking at around -0.7 V
appears in the CV, which corresponds to the dedoping of oxidized MEH-PPV. The
electrochemical processes associated to n-doping of the polymer are observed in the left
branch of the voltammetric curve. In the scan to negative potentials, n-doping starts at a
reduction onset potential of —2.6 V, while reversible dedoping occurs with an oxidation
peaking at around -2.6 V, after scan reversal. Since the oxidation onset for p-doping and the
reduction onset of the n-doping corresponds to the energy of HOMO and LUMO levels of
conjugated chains, respectively, the so-called electrochemical bandgap can be obtained easily
from CV curves [22,23]. In the present case, the HOMO-LUMO difference calculated from
the experiment in Fig. S1 amounts to 1.97 eV, in close agreement with those 2.00 eV
measured for the optical bandgap obtained from the onset of the red-edge nn* absorption
band.

Fig 1.b shows the concentration of charges electrochemically injected within the film
(i.e. the charge density) and the resulting number of charges per monomer unit against the
bias potential. The presented bias potential, n, refers to the difference between the applied

potential at each point and the onset potential for p-doping, n=(Eapp — Eonset)-

3.2. Spectroelectrochemical characterization of exciton diffusion

Electrochemically-induced absorption (ECIA) UV-vis spectroscopy is an experimental
tool that provides valuable information on optoelectronic alterations triggered by the applied

potential. The resulting ECIA-UV-vis spectra for MEH-PPV films are shown in Fig. 2.a.
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Figure 2. a) Electrochemically induced UV-vis spectra obtained during the p-doping
process of MEH-PPV (bias potential is indicated close to each curve). b) Absorbance
change of the electrochemically-induced UV-vis polaron transition band at increasing

levels of p-doping.
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As the bias potential increases, a negative absorption band appears at 517 nm
corresponding to the bleaching of zz* transition. Concurrently, a wide positive absorption
band develops at around 760 nm at increasing doping levels. The energy of the feature is
compatible with an electron hop between the HOMO level and higher subgap states of
polarons in MEH-PPV [24,25]. Fig. 2.b shows the change in the polaron peak intensity
against the injected charge. At low doping levels the intensity of the transition increases
almost linearly up to 1x10%° cm? (n=0.30 V), thus providing a method to determine the

polaron absorption cross-section, o, by means of Eq. 1 [8].

_ 230 AA

" cp @)

where AA is the electrochemically induced absorbance change, CD is the concentration of
charge injected within the film and | is the film thickness. An absorption cross-section of
1.18x107%° cm? is obtained, in agreement with literature data [26,27]. The saturation of the
polaron band occurs from a charge density close to 2x10*° cm3, which corresponds to 0.01

charges per monomer unit.

Fig. 3.a shows in situ PL spectra recorded from MEH-PPV at increasing potentials
during the p-doping process. The black curve (bias potential n= 0.0 V) represents the PL
emission of the polymer in the undoped state. The application of potentials beyond the doping
onset results in a progressive quenching of the emission. The complete quenching is
accomplished from a bias potential of 0.32 V (1.4x10" charges cm™), a similar value

observed for the polaron band saturation in UV spectra. The initial fluorescence can be
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recovered after applying a potential below the oxidation onset, where the polymer recovers

its semiconducting state.
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Figure 3. a) Evolution of the PL emission spectrum during the p-doping. Inset:
Evolution of the normalized PL emission spectrum during the p-doping. The value of bias
potential, n, is indicated close to the corresponding curve. (Aexc= 500 nm). b)

Electrochemical Stern-Volmer plot for the p-doping process of MEH-PPV.
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The evolution of the shape of the PL spectrum can be appreciated in the inset to Fig.
3.a, where normalized emission spectra are presented at different doping potentials. The
shape of fluorescent emission remains unaffected upon doping up to n= 0.15 V and the
maximum stays at 594 nm, but it shifts to the blue when fluorescence is quenched at around
a half of its initial value. This hypsochromic displacement reaches 8 nm at n=0.32 V, a point
where the emission from the polymer can be hardly detected. This behavior can be explained
in terms of the fall down of exciton lifetime at high level of electrochemical doping. In the
semiconducting state, the photogenerated excitons appear at different conjugated segments
of the polymer and they are able to migrate toward low energy chromophores, i.e. red sites
[28]. The generation of an increasing number of quenching centers promotes nonradiative
paths for de-excitation and at high level of doping, the probability of a given exciton to reach
a low energy site will be rather low. Under those conditions, the emission takes place
exclusively from non-aggregated polymer chains which are blue sites.

The overall electrochemical quenching of PL can be modeled using approaches like
those employed for solid-state fluorophores. When a photogenerated singlet exciton (S1)

finds a quencher (p) an annihilation process like that described in Eq. 2 can occur [29]:

k
S; + p—q> So + p + phonons (@)

being kq the annihilation polaron-exciton rate constant. This bimolecular process competes
with the monomolecular intrinsic de-excitation of excitons, described by a characteristic time

constant equal to the lifetime of the photogenerated excited state, zo. Changes in the intensity
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of emission in the presence of quenching sites generated by electrochemical doping can be
modeled to obtain Eqg. 3, an expression equivalent to the Stern-VVolmer equation (the detailed

derivation can be found in the supporting information in Section S2) [30]:

2 = 1+ kq7o[CD] (3)

being | and lo the fluorescent intensity in the presence and in the absence of the quencher,
respectively, kq the annihilation rate constant, 7o the characteristic lifetime for the
photogenerated excited state and [CD] the quencher concentration (the injected charge
density).

Fig. 3.b shows the electrochemical Stern-VVolmer plot determined experimentally for
MEH-PPV. At a low doping level, particularly below CD= 3x10'® cm, the plot can be well
fitted to a straight line, as expected for a time-independent quenching rate in a purely
diffusion-controlled process (dynamic quenching). Such a linear trend reveals that a uniform
distribution of emitters and quenchers is preserved over the PL lifetime, as a result of fast
exciton diffusion [31]. Taking a fluorescence lifetime of to= 140 ps for MEH-PPV [32], the
quenching rate constant amounts to kq= 4.3x10°° cm®s%. This polaron-exciton quenching rate
is nearly one order of magnitude lower than the exciton-exciton annihilation rate in this
polymer [32]. It is worth mentioning that the difference between annihilation constants
obtained from exciton-exciton and from electrochemical quenching of polyfluorene films
lays in the same order of magnitude [31].

At a charge density higher than 3x108 cm™ the positive deviation observed in Fig. 3 is
indicative of a combined quenching mechanism showing contributions of both diffusional

collision and direct exciton-polaron quenching by resonant energy transfer [31]. If the
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treatment is limited to the linear zone of the Stern-Volmer plot, kq follows the Smoluchowski
equation [33]:

kq = 4mDR (4)

in which D is the mutual diffusion coefficient of donor and acceptor species (Dexciton +
Dpolaron) @and R is the exciton-polaron annihilation critical distance. Eq. 4 allows determining
the exciton diffusion coefficient if the R parameter can be estimated. Gosele et al. [34]
proposed Eqg. 5 to calculate donor-acceptor critical distances under experimental conditions

where the effect of exciton diffusion is significant:

R =0676 (R—g)l/4 (5)

ToD

where Ro is the transfer critical radius (or Forster critical radius) and the other symbols have
been defined above. The Forster critical radius can be derived from experimental data using

Eq. 6 [33,35]:

Ro(nm) = 0.0211[Qpxr?n"*/]s (6)
here, Qp is the emission quantum yield in the absence of energy transfer (Q,= 0.08 [36]), &
is the dipole orientation factor (0.476 for randomly oriented chromophores in solid state

[30]), nis the average refractive index of the medium in the wavelength range where spectral

overlap between donors and acceptors is significant, (n=1.97 at 600 nm [37]). The spectral
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overlap (J) can be evaluated from the emission and the absorbance spectra of doped MEH-
PPV to obtain a Forster radius from Eq. 6 of Ro= 5.4 nm and the exciton-polaron critical
distance is R= 4.7 nm, as derived from Eq. 5 (see section S3 in supporting information for
details). The mutual diffusion coefficient can be obtained from the experimental value of kq
after the combination of Egs. 4 and 5, resulting in D= 7.2x10* cm? s, To determine the
single diffusion coefficient of the exciton, Dexciton, it IS essential to separate the contribution
to D coming from its associated quasiparticle (polaron). Since the polaron mobility in PPV
and related materials is typically within the range 10! to 10®° cm? V! st [38-40], at room
temperature Dpolaron Would be in the order of 10723 to 107 cm? s, as determined by the
Einstein relation, considering that in doped conjugated polymers the electric field inside the
material remains low thanks to charge compensation carried out by counterions [29]. Such a
small figure makes the contribution to D of this quasiparticle negligible. A comparison
between the obtained value and diffusion coefficients reported previously in the literature is
shown in Table 1. It is worth mentioning that the average bibliographic value matches exactly
the number derived from the analysis of the potential-dependent fluorescent emission carried

out in the present work.

Table 1. Bibliographic data reported for exciton diffusion coefficient in MEH-PPV
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Determination Method Dexciton /cm? 51 Ref.
Steady-state PL quenching by dyes 7.2x10* [5]
Transient PL quenching by exciton-exciton annihilation 3x1073 [32]
Polymer/fullerene bilayer photocell 5.8x10* [41]
Transient PL quenching by photooxidized sites 2.0x10* [42]
Transient PL quenching polymer/fullerene bilayer 11x10* [43]
Electrochemical PL quenching 7.2x10* this work

4. Conclusions

In this work, we checked the applicability of combined in situ electrochemical UV-vis
and fluorescence spectroscopies as tools for the characterization of absorption and
photoluminescent emission properties of neutral and electrochemically-doped conjugated
polymer emitters. This is performed by employing MEH-PPV as a model luminescent
polymer system.

The p-doping process of the polymer can be accurately and reversibly controlled by
electrochemical methods and results in an accumulation of positively charged holes of
polaronic nature, which behave as quenching sites for photoluminescence. At low p-doping
level, the quenching process fits a Stern-VVolmer quenching model, controlled by the diffusive
motion of photogenerated excitons along the conjugated backbone. From the slope of the
Stern-Volmer plot and the exciton-polaron critical distance derived from exciton emission
and polaron absorption spectral overlap, an exciton diffusion coefficient of 7.2x10** cm?.s!

was estimated, in good agreement with the average value reported for MEH-PPV in the
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literature. Electrochemical charge injection also brings about a progressive bleaching of the
polymer rtrt™ transition and growth of the polaron absorption band, which is linear up to 0.01
charges per monomeric unit.

The successful analysis of the potential-dependent emission intensity of the
fluorescence quenching allows this methodology to be proposed as an alternative, fast and
powerful tool for the reliable measurement of exciton diffusion coefficients in conjugated
polymer films, and therefore it encourages its future application to the study of a wider range

of light-emitting systems.
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