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ABSTRACT 

The optoelectronic properties of conjugated polymers and conjugated polyelectrolytes (CPEs) 

depend on their chain conformation and packing. Correlations between emission color, charge 

mobility and extent of aggregation in these materials have been previously established from bulk 

studies. Here we describe the preparation of stable nanoparticle suspensions of the CPE poly[5-

methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene (MPS-PPV) where changes in the solvent 

composition enable tuning their emission spectra and quantum yield. Employing a newly 

developed color-sensitive single-molecule spectroelectrochemistry (SMS-EC) technique, the 

effect of chain conformation on the optoelectronic properties of MPS-PPV nanoparticles is 

monitored at the single particle level. Within a single particle the photoluminescence and redox 

response is chromatically-correlated reflecting on the differing contributions that coiled and 

deaggregated vs. extended and packed segments have on their optoelectronic properties. We also 

observe a heterogeneous response among nanoparticles to externally applied electrochemical 

potentials which further correlates with their emission color (chain packing). We rationalize our 

observations on differential charge injection, energy and charge transport and ion migration as a 

consequence of chain conformation, packing effects, and the presence of electrochemically 

reducible quenching sites. Our work provides a way to unravel the intrinsic heterogeneity of CPE 

materials to better understand the relationship between chain conformation and optoelectronic 

properties. 
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INTRODUCTION 

Conjugated polymers and conjugated polyelectrolytes (CPEs)
1
 have become customary 

building blocks for optoelectronic devices such as LEDs, thin-film transistors, chemical sensors, 

and photovoltaics.
2-8

 Their increasing importance in the manufacturing industry arises both from 

their ease of processability and tunable electronic and optical properties. These properties are 

intimately related to the conformation of individual chains along the polymer backbone and to 

the distance between chains.
9-14

 In this context, increased charge carrier mobilities, reduced 

emission quantum yield, red-shifted emission spectrum, and increased exciton transport 

properties have been observed experimentally as a result of the increase of conjugation length 

caused by extension of the polymer backbone as well as by the formation of interchain species.
15-

21
  

Given the amphiphilic nature of CPEs (hydrophobic backbone with π-delocalized electronic 

structure and repeat units that bear pendant substituents with ionic functionalities)
1
 their chain 

conformation and extent of aggregation in solution may be tuned upon careful solvent choice.
22-

25
 CPEs provide in this regard unique systems to explore how the interplay of chain 

conformation and aggregation affect electronic and optical properties at the nanoscale.  

Here we show that adjusting the water content in water/tetrahydrofuran (H2O/THF) and 

water/acetonitrile (H2O/MeCN) mixtures enables controlling the chain conformation and 

aggregation of the conjugated polyelectrolyte poly[5-methoxy-2-(3-sulfopropoxy)-1,4-

phenylenevinylene] (MPS-PPV, see Figure 1). Conjugated polyelectrolyte nanoparticles (NPs) 

with emission spectra peaking in the range from ca. 620 nm to 545 nm and with up to 46-fold 
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increase in relative emission intensity are readily obtained upon careful selection of the solution 

conditions.  

We also show that the effect of chain conformation on the optical and electronic properties of 

MPS-PPV can be monitored at the single nanoparticle level with the aid of a novel color-

sensitive single-molecule spectroelectrochemistry (SMS-EC) technique, This technique enabled 

recording the distribution of the potentials required to inject charges (both from the ground state 

and photoexcited states) for individual CPE NPs, offering new information on the heterogeneity 

of the redox process of CPEs at the molecular level. The simultaneous monitoring of the red 

(extended/aggregated polymer backbone) and green (coiled and deaggregated backbone) 

emission components as a function of applied bias in an electrochemical cell configuration 

allowed us to unearth the interplay between charge injection (thermal and photoinduced), energy 

transfer and photoluminescence in individual MPS-PPV NPs and correlate them to CPE 

conformation.
26

 We demonstrate that NPs of MPS-PPV display differing emissive behavior 

when subjected to an externally applied electrochemical bias. This is manifested both in the 

response speed and modulation amplitude exhibited between different nanoparticles. Within a 

single particle the photoluminescence response is also chromatically-correlated reflecting on the 

differing contributions that coiled and deaggregated vs. extended and packed segments have on 

the optoelectronic properties.  

Our studies provide a method that distinguishes between individual MPS-PPV NPs with lower 

or higher charge mobility, caused by chain packing effects for example, and thus make it 

possible to evaluate the effectiveness of various approaches aimed at modifying chain 

conformation for specific applications. Our work provides a way to unravel the intrinsic 
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heterogeneity of CPE materials to better understand the relationship between chain conformation 

and optoelectronic properties. 

 

EXPERIMENTAL SECTION 

Preparation of MPS-PPV solution in H2O/organic solvent for ensemble measurements. 

An initial MPS-PPV stock solution (0.25% w/w in H2O, 9.5 mM in polymer repeat units) was 

centrifuged for 5 min at 5000 rpm on a benchtop centrifuge (accuSPIN
TM

 micro, Fisher 

Scientific) to precipitate large aggregates. In order to prepare the various H2O/organic solvent 

dispersions, 10 µL aliquots of the supernatant were brought to a final desired H2O volume before 

adding to the organic solvent in order to complete 2 mL of H2O:organic solution with the desired 

% v/v H2O content. To ensure reproducibility, the aqueous MPS-PPV solution thus obtained was 

diluted at most 10x in the water-miscible solvents THF or MeCN by rapid injection, and next the 

resulting solution was added to the remaining organic solvent to complete 2 mL. For H2O 

volumes > 200 µL, a single injection was performed into the organic solvent to yield a final 

volume of 2 mL. The MPS-PPV stock was thus diluted 200-fold in all ensemble experiments 

yielding a final polymer repeat unit concentration of 48 µM.  

Ensemble spectroscopy. Fluorescence measurements were performed on a PTI Quantamaster 

40 fluorimeter at 25°C with excitation at 450 nm. UV-VIS spectra were obtained at room 

temperature (23 ± 1 °C) on a Hitachi U-2800 spectrophotometer. DLS measurements were 

performed on a Brookhaven Instruments NanoBrook 90Plus at 90° detection angle, 25°C with 

nominally 640 nm laser light. 

SEM imaging. Coverslips were cleaned immersing them for 1h in a piranha solution (30% 

H2O2 and H2SO4 1:3 v:v). They were next thoroughly rinsed with H2O and EtOH. MPS-PPV NPs 
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(0.5% v/v H2O content) were spin-coated by dropping 40 µL of solution on the clean coverslips  

rotating at 3000 rpm. The spinning was then slowed to 2000 rpm and kept for 50 s afterwards. A 

thin gold coating (~ 10 nm) was then argon-sputtered in a vacuum environment to give sufficient 

sample conductivity. The SEM images were acquired on a FEI Inspect F-50 FEG-SEM operating 

at 10-20 kV in backscatter detection mode. 

Single molecule spectroelectrochemistry. MPS-PPV NPs (0.5% v/v H2O content in THF) 

were spin-coated by dropping 40 µL of solution on a clean ITO-coated coverslip (Evaporated 

Coatings Inc., 50 Ω/□; cleaned by 20 minutes sequential sonication in acetone, trichloroethylene 

and methanol) rotating at 3000 rpm. The spinning was then slowed to 2000 rpm and kept for 50 

s. A glass tube was affixed on top of the coverslip with the help of epoxy glue (Hardman®, 

McMaster-Carr). The epoxy was cured in an oven (110°C) for ca. 1 hour, which also dried the 

sample. The solvent utilized was MeCN and the supporting electrolyte was Bu4NClO4 (0.1 M). 

The electrochemical cell was completed by sealing with an inverted septum, which was pierced 

by a non-aqueous Ag/Ag
+
 reference electrode and Pt wire counter electrode. The ITO surface 

served as the working electrode and four ITO sectors on the coverslip could be addressed 

independently. The cell was degassed for at least 1 hour with Ar before measurements. An 

argon-filled balloon was affixed to the sample at all times to ensur an Ar positive pressure within 

the electrochemical cell. Individual MPS-PPV NPs were imaged using a wide-field objective-

based total internal reflection fluorescence (TIRF) microscopy setup consisting of an inverted 

microscope (IX71, Olympus) equipped with a laser-based TIRF illumination module (IX2-

RFAEVA-2, Olympus). Samples were excited with the evanescence wave of a 488 nm Ar
+
 laser 

output (Melles Griot), obtained by focusing the collimated laser beam at back focal plane of a 

high numerical aperture (N.A. = 1.45) oil-immersion objective (Olympus PLAN APO 60X) and 
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launching the excitation past the critical angle. The laser power measured at the exit of the 

objective was 970 µW. Emission was collected through the same objective and images were 

magnified 2-fold via a lens system and then captured on a back illuminated electron multiplying 

charge coupled device (EM-CCD) camera (Cascade II:512B, Roper Scientific). Images were 

spectrally separated by a 640dcxr dichroic mirror to give two distinct emission channels, a green 

channel with λem < 640 nm, and a red channel with λem > 640 nm. A total area of about 66 x 33 

µm
2
 was imaged at any given time. The images were analyzed with custom Matlab and IDL 

scripts that identified diffraction-limited fluorescence spots, registered them in both spectral 

channels and calculated the background-corrected integrated fluorescence intensity for each 

individual NP in either the green or red channel. Electrochemical potential was controlled by a 

CHI600D electrochemical analyzer. The applied bias (Eapp) and acquired movies were 

temporally synchronized. A cyclic voltammetry potential waveform was applied to the sample, 

the Eapp were initiated at + 0.53 V and were first swept to the minimum peak potential (either + 

0.03 V (Figure 2) or – 0.97 V (Figure 5)) and then to the maximum peak potential of + 1.03 V. 

Potentials were scanned at a rate of either 50 or 100 mV/s while frames were acquired at a rate of 

10 Hz.  

 

RESULTS AND DISCUSSION 

Effect of water content in H2O/THF and H2O/MeCN mixtures. 

We prepared CPE NPs by rapidly injecting a CPE aqueous solution into the water-miscible 

organic solvent, either THF or MeCN. During injection individual MPS-PPV chains aggregate or 

collapse to form CPE NPs. This nano-precipitation process is analogous (albeit with opposite 

polymer and solvent polarities) to the method reported to produce neutral conjugated polymer 
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NPs following injection of their THF solutions into H2O.
27

 This reprecipitation method has been 

extensively used to form conjugated polymer NPs, but is far less common for the case of 

conjugated polyelectrolytes.
28-30

 Nanoparticle formation was monitored via dynamic light 

scattering (DLS) analysis of dispersions of MPS-PPV in various H2O/THF and H2O/MeCN 

mixtures, ranging from 0.5% to 100% v/v in water (see Table 1 and Table S1). Nanoparticles of 

MPS-PPV 212 nm in diameter (by DLS) were recorded at 0.5% H2O/THF v/v. These NPs were 

also observed in scanning electron microscopy (SEM) micrographs, although we recorded a 

smaller average size of 124 nm in diameter (Figures 1 and S1). The difference in size 

presumably arises due to swelling of the NPs in solution for the DLS experiments. Increasing the 

water content above 0.5% v/v led to a reduction of the recorded size of the NPs in our DLS 

studies as better solubilization of the CPEs takes place. At water contents above 15% v/v, the 

scattering counts were below the detection limit of our setup.  

The chain conformation of CPEs was extremely sensitive to nanoparticle preparation 

conditions. We observed a broad, red-shifted fluorescence at very low water content in 

water/THF solutions, in the range of 0.5-2.5% H2O v/v, see Table 1 and Figure 1. At higher 

water contents (5-50% H2O v/v) the fluorescence intensity was significantly enhanced (up to 10-

fold increase) and the emission spectrum, while still broad, was markedly blue-shifted (up to 80 

nm). Similar trends were observed for MPS-PPV dispersed in H2O/MeCN solutions, however the 

fluorescence enhancements were not nearly as pronounced as those in THF presumably because 

MeCN is a poor solvent for the PPV backbone (see Figure S2). Changes in absorption spectra 

with increasing H2O content were also consistent with conformational changes. A decreasing 

proportion of red-absorbing sites were recorded in going from 0.5 to 50% H2O by volume in 

THF (see Figure S3). At the lowest water content, broadening of the absorption peak, indicative 
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9 

 

of a large distribution of conjugation lengths and/or chain conformations, was observed. Also 

recorded was a red-absorbing tail which extended up to ~ 600 nm.  

 

Figure 1. a) SEM image of MPS-PPV NPs (formed in 0.5% H2O v/v in THF solution) dispersed 

on a glass coverslip. See sample preparation details in the text. Scale bar is 100 nm. Fluorescence 

emission properties of MPS-PPV dispersed in various H2O/THF solutions (b) before (solid lines) 
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and (c) after (dashed lines) addition of 100 mM Bu4NClO4 as a powder, λex = 450 nm in both 

cases. Panel (c) also shows spectra of two samples before addition of Bu4NClO4 (solid lines) to 

allow for direct comparison. The water content (in % v/v) is indicated near the fluorescence 

maximum in each trace. The low water regime (≤ 2.5% H2O by volume) is shown in red while 

the high water regime (≥ 5% H2O by volume) is shown in blue. Fluorescence in water-only 

solution is shown in black. Shown in the inset is the chemical structure of MPS-PPV. 

 

Table 1. Spectroscopic and DLS characterization of MPS-PPV dispersions in H2O/THF 

solutions. 

  MPS-PPV + H2O + THF MPS-PPV + H2O + THF + Bu4NClO4 

H2O
a
 

(%v/v

) 

nH2O/nTHF λem
b

  (nm) 
Diam. 

(nm)
c
 

Relative 

emission
b
 

λem
b
 (nm) 

Diam. 

(nm)
c
 

Relative 

emission
b
 

0.5 0.02 622 212 9 588 1900 7 

1.0 0.05 613 146 6 605 3300 8 

2.5 0.12 583 110 3 544 1360 18 

5.0 0.24 543 82 9 566 1494 36 

15 0.79 557 N/D 24 570 N/D 46 

25 1.50 568 N/D 28 571 N/D 42 

50 4.50 559 N/D 21 N/A N/A N/A 

100 - 518 N/D 1 554 N/D 4
d
 

a
In THF. 

b
Wavelength corresponding to the maximum of the emission spectrum. The 

excitation wavelength utilized was 450 nm, and absorption at this wavelength did not vary more 

than ~ 10%. Emissions intensities are relative to the emission of MPS-PPV in pure water. 

Absorption and emission intensities of solutions containing particles larger than ~ 300 nm are 

likely to be affected by the penetration depth of light into the CPE.
31

 
c
As measured by DLS. 

d
Saturated solution of Bu4NClO4 in H2O (concentration << 100 mM). N/D = not detectable. 
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Although it is difficult to assign the red fluorescence to a specific emitting species,
32

 the fact 

that red-absorbing sites are formed in our system (see Figure S3) indicates an increase in the 

average conjugation length and/or the formation of aggregates. While more specific assignment 

of the red-emitting species is beyond the scope of the present study, it is important to recall that 

the origin of red-shifted fluorescence in conjugated polymers has been previously attributed 

either to an increase in the conjugation length and/or to the formation of interchain species.
33-38

 

Here ‘interchain species’ denotes a group of non-neighboring chromophore segments in the 

polymer backbone that are in contact.
18, 39

 Following the nomenclature defined by Schwartz,
18

 

the term aggregates refer to interchain species that interact in the ground state. Excimers in turn 

refers to interchain species that interact exclusively in the excited state, resulting in changes in 

the fluorescence, but not the absorption spectra.
40

  

Insight on the CPE chain conformation can be gained by comparing the observed spectral and 

NP size trends (Table 1). Increasing the water content from 0.5% to 15% v/v leads to smaller 

NPs with blue-shifted fluorescence. With increasing water content the CPE becomes relatively 

well solvated and interchain interactions between MPS-PPV chains are less prominent, leading 

to a blue-shift in the absorption and fluorescence spectra and a marked increase in emission 

intensity. Similar observations have been made with MPS-PPV dispersed in mixtures of H2O and 

DMSO (a good solvent for MPS-PPV chains), where a large fluorescence enhancement in pure 

DMSO were recorded and assigned to the absence of exciton-exciton annihilation within the 

PPV backbone.
41

 We postulate that, at very low water content, MPS-PPV chain segments are 

straightened out and bury the charged side groups within water rich pools, effectively increasing 

the average conjugation length of the chromophores.
18

 In turn, the extended conformation allows 
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for better π-π stacking between chromophores promoting the formation of interchain species 

(aggregates and excimers) and NPs. Increased interchain interactions lead to red-shifted (and 

weak) fluorescence as low-energy emissive sites (and non-emissive sites) are eventually 

populated upon extensive energy transfer.
42-44

 

We next explored the role that the large hydrophobic counterion tetrabutylammonium 

perchlorate (Bu4NClO4) has on the spectroscopic properties of MPS-PPV (Figure 1c). The 

information is relevant to our single molecule/particle spectroelectrochemistry studies where 

Bu4NClO4 was used as the supporting electrolyte (vide infra). In the presence of Bu4NClO4, we 

observed a significant increase in fluorescence when MPS-PPV was dispersed in 15% H2O v/v in 

THF. A maximal 46-fold fluorescence enhancement was observed compared to MPS-PPV 

dispersed in neat H2O with no Bu4NClO4. These observed changes in luminescence, also 

recorded in H2O/MeCN solutions, point to better solvation of MPS-PPV polymer chains when an 

organic cation is added to a H2O/organic solvent mixture rich in the organic fraction. The alkyl 

groups in the large counterion act as spacers that effectively separate polymer chains and inhibit 

their contact.
45

 The greasy counterions may additionally minimize the tendency of CPEs towards 

packing with each other to reduce contact with water, exerting a surfactant effect. At water 

contents of 1% or lower, the emission enhancement of MPS-PPV was significantly smaller, 

indicating that Bu4NClO4 did not significantly alter the NPs structure under these conditions. A 

similar effect is expected under the anhydrous conditions we employed in our single molecule 

measurements described below. 

Single Molecule Spectroelectrochemistry of MPS-PPV particles.  

In order to unravel the role that chain conformation plays in the differential optoelectronic 

behavior of individual MPS-PPV NPs we developed a two-color single-molecule 
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spectroelectrochemistry (SMS-EC) technique to correlate changes in either green 

(coiled/deaggregated) or red (extended/aggregated) emission with applied electrochemical bias 

(Eapp).
46

 Specifically, NPs were spin cast onto an ITO coated glass coverslip (working electrode) 

and an air tight electrochemical cell was assembled with reference and counter electrodes (Figure 

2a). Samples were next mounted on a total internal reflection fluorescence microscope (TIRFM). 

Images were recorded at 10Hz rate in an electron multiplied CCD camera (EMCCD) while 

sweeping the external potential Eapp in the electrochemical cell. Tens of surface immobilized NPs 

could thus be followed over time. Intensity vs. time trajectories for each individual particle in 

both color channels were constructed from the stack of images (Figure 2b). We studied NPs 

formed in 0.5% v/v H2O in THF as the solution properties of these NPs, characterized by a high 

level of interchain interactions, are expected to be representative of those corresponding to NPs 

deposited on a surface and monitored in dry MeCN solutions.  

In the following we first describe our results for a ‘narrow’ Eapp  range (+ 0.03 to + 1.03 V vs. 

NHE, Figure 2) and discuss the phenomena occurring in this Eapp range (thermal electrochemical 

oxidation and photoinduced electron transfer). Results obtained for a wider Eapp range, keeping 

the maximum at + 1.03 V but extending on the reductive side to – 0.97 V (Figure 5), are next 

presented and the new processes occurring (asymmetric fluorescence enhancement and 

differences in hole filling) are discussed in the context of polymer morphology. 

Results for + 1.03 V ≥≥≥≥ Eapp ≥≥≥≥ +0.03 V. Shown in Figure 2 are representative normalized 

fluorescence intensity trajectories for a single particle and subensembles (average of selected 

single particle trajectories), recorded in both the green and red channel upon scanning the Eapp 

linearly over time between + 0.03 V and + 1.03 V vs. NHE (see Figure S4, for non-normalized 

intensities). Starting with an open circuit, applying a potential of + 0.53 V (at time = 4 s) resulted 
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in a slight reduction of fluorescence intensity (If) in the green channel, yet a marked one in the 

red channel. As Eapp was swept towards 0 V (up to time = 11 s), all particles showed a reversible 

If enhancement in the red channel. For the green channel a subset of particles (ca. 50%) showed 

If enhancements, albeit smaller in relative magnitude to those observed in the red channel (Figure 

2d). The changes in If are reversed as the bias is swept linearly over time from + 0.03 V back to 

+ 0.53 V (from 11 s to 16 s). In contrast, the remaining particles showed negligible changes in If 

(Figure 2e).  

At the onset Eapp of ~ + 0.54 V and increasing until + 1.03 V a sharp quenching of the 

fluorescence intensity was observed followed by a steady recovery upon scanning Eapp back from 

+ 1.03 V to + 0.54 V (gray regions in Figure 2, corresponding to potentials ≥ + 0.54 V). The 

quenching and recovery in this bias range were equally prominent in both the green and red 

channels. However, for both channels, the intensity did not fully recover at the end of the first 

cycle. This is probably the result of either permanent photodamage to the polymer or irreversible 

reactions taking place after extensive electrochemical oxidation of MPS-PPV.
47

 Similar 

conclusions applied to If trajectories recoded during a second potential applied immediately 

following the first cycle (see Figures S5 and S6).  
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Figure 2. Effect of applied bias on MPS-PPV NP fluorescence as measured by TIRFM based 

color-sensitive SMS-EC. a) Photograph of the SMS-EC cell. b) Cartoon illustrating the coverslip 

with four independent ITO working electrodes and the evanescent optical excitation. The 
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resulting emission from individual nanoparticles is collected by the objective and relayed to the 

chip of an EM CCD camera for image capture. One acquired frame is shown below depicting 

real data in the green and red channels. The scale bar is 10 µm. c) Chromatically-resolved (green 

and red) SMS-EC single particle fluorescence intensity trajectories normalized to the initial 

fluorescence intensities. Panels d) (47% of the total) and e) (53% of the total) show normalized 

ensemble fluorescence intensity trajectories for two subsets of NPs showing differing 

enhancement behavior in the green channel under Eapp in the region between + 0.03 V and + 0.54 

V. Dashed lines corresponding to the initial intensities are visual guides to emphasize the 

changes in intensity. f) Non-normalized red-to-green fluorescence intensity ratios for NP subsets 

presented in d) and e). Peaks seen at Eapp near + 1 V are artifacts resulting from the fluorescence 

intensity in the red channel dropping near background levels. A total of 68 NPs were analyzed. 

Time intervals where Eapp was > + 0.54 V are highlighted in grey.  

 

The marked If quenching observed as Eapp is swept above the + 0.54 V onset potential and the 

recovery recorded in the return sweep are consistent with the reversible electrochemical 

oxidation of the ground state of MPS-PPV. Exciton quenching has been observed in similar 

studies conducted on MEH-PPV, the non-ionic counterpart of MPS-PPV, upon hole injection 

and formation of a radical cation.
48

 The onset p-doping potentials of other 2,5-dialkoxy-

substituted PPVs have been reported to be in the range of + 0.85 to + 0.91 V vs. NHE,
49-50

 

consistent with our assignment of oxidation of MPS-PPV NPs at potentials more positive than + 

0.54 V (see discussion below for E1/2 values) and indicative of the high sensitivity of 

photoluminescence intensity to the presence of holes (radical cation species) in this CPE. 

Alternatively, electric field-induced fluorescence quenching has been observed for conjugated 
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polymer chains.
51-53

 We do not expect our data to be significantly affected by electric-field 

effects since the electric field generated at the electrode/solution interface is suppressed at 

distances beyond 1 nm (the extent of the electrochemical double layer) by the high concentration 

of supporting electrolyte. The charges present in MPS-PPV would also result in screening of the 

electric field within the NPs. It is possible that the emitting sites located at the interface of the 

electrode exhibit electric field-induced quenching, although these are presumed to be a small 

fraction of the total emitting sites of the NPs. Most importantly, the polarity of the applied bias 

influences the fluorescence changes and is inconsistent with a purely electric field-driven 

process. 

Importantly, the distribution of potentials at which If is quenched by half relative to the initial 

If (E1/2) and the If modulation depth we recorded were very similar for all particles in both color 

channels. The E1/2 for each particle and for both color channels was very narrow, ca. ± 0.03 V. 

The mean E1/2 recorded in the red channel, ~ + 0.8 V, was slightly smaller than that recorded for 

the green one, ~ + 0.9 V, see Figure 3. The smaller value of E1/2 recorded in the red vs. green 

channel, while initially surprising, is readily rationalized considering that segments with an 

average longer conjugation (red-emitting sites) are easier to oxidize than those with shorter 

conjugation segments (green-emitting sites).
54

 As the values of E1/2 relate to the ground state 

oxidation process,
48

 we conclude that a significant portion of the red-emitting sites are present in 

the ground state (i.e. they are not excimers). This is in line with observation of red-absorbing 

sites in the MPS-PPV NPs (Figure S3).  

The If modulation depth we recorded was ca. 80% (75% in the green channel, 85% in the red 

channel) relative to the initial If. The narrow distribution of E1/2 along with the observation that 

all particles showed high If modulation depth indicate that all the studied particles were in good 
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ohmic contact with the ITO working electrode.
26, 48

 The observation that the quenching 

modulation depth was ~ 80% within a relatively narrow 0.5 V bias range above the quenching 

onset indicates that holes injected in these NPs were significantly electrostatically screened from 

each other, presumably by the sulfonate side groups along the polymer backbone. This screening 

permitted the efficient injection of multiple holes necessary to account for the large modulation 

depth in a ca. 100 nm diameter nanoparticle, within the short bias range experimentally recorded. 

The large fluorescence intensity modulation in the short bias range compares to the results 

recorded with small (25nm diameter) NPs of MEH-PPV, where 98% fluorescence quenching 

was achieved within a 0.3 V range.
48

 Solvent penetration and external ion screening were called 

upon to justify the narrow range and large modulation with MEH-PPV small particles. These 

factors would also be operational in the ionic MPS-PPV. 
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Figure 3. Distributions of E1/2 values determined from single particle intensity-time trajectories. 

a) Representative chromatically-resolved (green and red) single particle fluorescence intensity 

trajectories recorded in our two-color SMS-EC setup. The If recorded at + 0.54 V, before the first 

oxidative quenching event, was taken to be 1. The E1/2 is the applied bias where the intensity 

dropped by half. The center and width of the Gaussian distributions were taken to represent the 
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mean and the standard deviation of E1/2 values. Panels b) and c) display data extracted from the 

green and red channels for both NP subsets shown in Figures 2d and 2e. 

Having unraveled the origin of the fluorescence intensity quenching at Eapp ≥ +0.54V as 

thermal hole injection we next discuss the observed modulation in If for Eapp between + 0.54 V 

and + 0.03 V (white regions of Figures 2c-f). Specifically, we address first the origin of the If 

enhancement with reduction in Eapp, and next the particle-to-particle heterogeneous behavior 

observed for the green channel and the differential relative amplitude of If for the two channels 

(green vs red).  

Excited state electrochemical oxidation and reduction processes (photoinduced electron 

transfer (PeT) from (to) photoexcited MPS-PPV to (from) ITO) are both plausible in the 

potential range between + 0.54 V and + 0.03 V, resulting in the quenching of polymer emission. 

In turn, no ground state redox process is known to occur for MPS-PPV in this bias range. We 

thus assigned the observed voltage-induced intensity modulation in the above potential range to 

changes in the rate of photoinduced redox processes from photoexcited MPS-PPV (see Figure 4). 

Lowering Eapp (raising the Fermi level (EF) of ITO) should decrease the rate constant for 

photoinduced oxidation (k
*
ox) concomitant with a reduction in the driving force for the oxidation 

of MPS-PPV,. In turn, the rate constant for photoinduced reduction (k
*
red) should increase as Eapp 

is lowered. Considering the initial segment of the intensity-time trajectories, engaging the bias at 

+ 0.53 V (Figures 2c-e, time = 4 s) leads to a drop in the If of the nanoparticles compared to the 

open circuit case. This is consistent with an overall increase in the PeT rate (sum of k
*
ox and k

*
red, 

Figure 4). Subsequent lowering of the bias enhanced the If, in line with a relatively smaller 

increase of k
*
red compared to the decrease of k

*
ox under these conditions. The observation that a 

nanoparticle If recorded under applied bias may surpass the If recorded at open circuit further 
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signals that PeT was already operational at open circuit, resulting in static quenching of the 

polymer emission.
48

  

 

 

Figure 4. Cartoons illustrating: (a) state energy diagram for the MPS-PPV/ITO system. In SMS-

EC experiments the energy of the ITO Fermi level (EF) is modulated by an external bias. (b,c) 

cartoon rendering the hypothetical ordering of MPS-PPV NPs on an ITO electrode, where the 

polymer backbone is either (b) extended and aggregated or (c) coiled and deaggregated. 

 

It is interesting to note that different results were obtained for the modulation of If with Eapp for 

charged vs. uncharged conjugated polyphenylene vynilene (PPV) polymers in the bias range 

between 0 V and + 0.54 V. These discrepancies underscore the role of side groups in tuning the 

photophysical properties of the PPV parent backbone. Specifically, previous SMS-EC studies 

conducted on MEH-PPV NPs showed a linear modulation of If with Eapp under mild 

electrochemical potentials.
48

 The results however showed a drop in intensity with decreasing 

Eapp, contrary to our results with MPS-PPV. With MEH-PPV it was concluded that excited state 

reduction of the polymer chains was the dominant pathway, i.e., with decreasing bias (raising the 

EF of ITO) the increase in k
*
red and ensuing quenching is more important than the drop in k

*
ox 
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that would lead to enhanced If. Our studies with MPS-PPV are in line with excited state 

oxidation being the dominant process at play in this bias range. The change of regime from 

overall photoinduced reduction (MEH-PPV) to overall photoinduced oxidation (MPS-PPV) is 

possibly related to the lowering of the barrier to electron injection into ITO due to the dipole 

created at the ITO surface from negatively charged side groups on MPS-PPV.
55-57

  

 

Following our discussion on thermal and photoinduced redox processes accounting for the 

modulation of If in the bias range between 0 V and + 1 V, we next address the particle-to-particle 

heterogeneous behavior observed for the green channel and the differential relative amplitude of 

If for the two channels (green vs red) (see Figure 2).  These experimental observations may be 

rationalized by considering the effects of ion motion through the MPS-PPV NPs and the extent 

of aggregation and energy transfer characterizing green and red emissive sites as it is described 

in detail below. Briefly, the rearrangement of ions that occurs when a potential is applied results 

in the formation of a double layer and to changes of the electric field in the vicinity of the 

electrode.
58

 The resulting reorganization affects the kinetics of photoinduced redox processes 

between ITO and MPS-PPV.  

We postulate that the ease of external ion migration through the NPs will dictate the sensitivity 

of If to Eapp in a potential window where the only mechanism that modulates If is PeT. Higher 

external ion mobility and easier chain reorganization should lead to better screening of the 

electric field generated at the working electrode and a lower sensitivity of If to changes in 

potential. We note that the indistinguishable ground state oxidative quenching behavior recorded 

for the subset of NPs in Figures 2d and 2e (see also Figure S9b) is consistent with similar 

polymer chain interactions in both systems, including charge transport characteristics. In this 
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regard, the differential behavior between subsets in the green color channel should thus be 

dominated by external factors such as ion percolation/mobility. We therefore postulate that NPs 

with a marked green channel If modulation in the + 0.03 V to + 0.54 V range (subset 2d; also see 

Figure S7) are characterized by a lower external ion mobility (larger sensitivity to Eapp) than 

those that show low modulation within this potential range (subset 2e).  

The differential relative amplitude of If for the two channels (green vs. red) may be 

rationalized considering the extent of aggregation and energy transfer characterizing green and 

red emissive sites. Compared to green-emitting sites, red-emitting sites are thought to be better 

packed and have stronger interchain interactions,
59-60

 resulting in better charge transport
22

 and 

faster energy transfer.
19, 61

 Note that in this context charge transport refers to the movement of 

charge (radical anions or cations) within the conjugated polymer material by means of a hopping 

mechanism which takes place among nearby chain segments (charge carriers) belonging to the 

same chain or different chains.
62

 Under applied electrochemical potentials we postulate that 

external ion migration through open spaces in a structure dominated by red-emitting sites is 

difficult because the corresponding chains are closely packed and have less freedom of motion 

(Figure 4c).
63

 The electric field generated at the working electrode is thus poorly screened for 

red-emissive sites resulting in a high sensitivity of the associated If to changes in Eapp for a 

potential window where the only active mechanism is PeT (i.e. marked If modulation with Eapp in 

the + 0.03 V to + 0.54 V range, Figures 2 and 5). We further note that the better light harvesting 

ability of red-emitting over green-emitting sites, due to their intrinsically higher energy transfer 

efficiency, would lead to a strong amplification of the If quenching via excited state redox 

processes. In other words, the intrinsic longer exciton diffusion length of red-emitting sites 

results in a higher fraction of excitons reaching the electrode for PeT relative to green-emitting 
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sites. The combined action of poorer external ion mobility (lesser screening) and better energy 

transfer results in a stronger relative If modulation for red emissive vs. green emissive sites 

(Figures 2f, 5d), and is in line with the higher modulation depth recorded for red-emitting sites as 

previously described (Figure 3). In line with better energy transport, red-emitting sites are more 

prone to irreversible photodamage following prolonged imaging, as can be observed from the 

larger relative drop in If for red-emitting sites vs. green-emitting sites before engaging the 

applied bias and after disengaging the applied bias (see Figures S5 and S6).  

The SMS-EC experiments further reveal a faster (non hysteretic) response to Eapp in red- vs. 

green-emitting sites observed as Eapp are swept to more negative values (up to - 0.97 V) (vide 

infra, see also Figure 5e). This phenomenon could also be the explained in terms of better contact 

between red sites and ITO, and/or higher charge mobility within their characteristically highly 

aggregated backbone.  

Altogether, the above observations reveal that ion mobility, in addition to PPV backbone 

aggregation, play a crucial role in determining the interfacial (ITO/MPS-PPV) charge transfer 

dynamics of the system. 

Results for + 1.03 V ≥≥≥≥ Eapp ≥≥≥≥ – 0.97 V. Larger If enhancements were recorded, in both red and 

green channels when Eapp was scanned to negative peak values of – 0.97 V (Figure 5). Two 

differing behaviors were observed at these negative biases. One subset of NPs (~50% of the total 

of 76 NPs monitored) displayed a linear response in If with Eapp in the range of + 0.54 V to - 0.97 

V (Figure 5a) while a second subset showed asymmetric If response for Eapp lower than - 0.68 V 

(regions in purple in Figure 5), particularly evident in the green channel (Figure 5b). We draw 

comparisons between NP subsets 2d and 5a (2e and 5b) that show a higher (lower) sensitivity of 

If to Eapp. When slowing the potential scan rate by half, to 50 mV/s, all particles showed a single 
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behavior (Figure 5c): specifically, a small change of If for potentials between – 0.68 V and + 

0.54 V and a sharp If enhancement for Eapp < - 0.68 V. This is the same behavior observed for the 

subset of particles presented in Figure 5b. 

 

Figure 5. MPS-PPV NP fluorescence as measured by two-color SMS-EC showing the effect of 

negative applied biases (- 0.97 ≤ Eapp ≤ + 1.03 V). (a and b) Average time trajectories normalized 

to the initial intensities of two subsets of NPs imaged in the same experiment and showing 

differing behavior at a potential scan rate of 100 mV/s. a) NPs where If is highly sensitive to 

changes in Eapp. b) NPs that show an asymmetric If enhancement at an onset of ~ - 0.68 V. c) 
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Results for MPS-PPV NPs when the potential scan rate is reduced to 50 mV/s, normalized to the 

initial intensities. Only one type of NP behavior is seen (n = 37 particles). d) Non-normalized 

red-to-green fluorescence intensity ratios for NP subsets presented in a) and b). Peaks seen at 

Eapp near + 1 V are artifacts resulting from the fluorescence intensity in the red channel dropping 

near background levels. e) Changes in normalized fluorescence intensity relative to the 

maximum If for the NP subsets shown in a) and b). The traces of subset 5b are offset by 0.2 units 

to increase clarity. e) Changes in normalized fluorescence relative to the minimum If recorded in 

the green channels at the first positive peak potential for NP subsets shown in a), b) and c). Data 

shown corresponds to time = 25 – 45 s for subsets 5a and 5b, and time = 50 – 70 s for subset 5c. 

Time intervals where Eapp is > + 0.54 V are highlighted in grey, while those where Eapp is < - 

0.68 V are highlighted in purple. 

The observed asymmetric behavior at negative bias (purple region in Figure 5) is consistent 

with the thermal reduction of otherwise non-emissive quenched sites. The reduction potential 

onset of MPS-PPV is expected to be in the range of - 1.3 V to - 1.55 V vs. NHE by comparison 

to other 2,5-dialkoxy-substituted PPVs.
49-50

 Considering this redox potential and also that the 

redox process we observed at Eapp < - 0.68 V led to an increase in If, as opposed to intensity 

quenching expected from the formation of MPS-PPV radical anions, we conclude that a species 

different to pristine MPS-PPV is undergoing reduction at Eapp more negative than - 0.68 V.  

We postulate that non-emitting, photooxidized sites along the MPS-PPV backbone were 

transiently modified under the reductive potentials (< - 0.68 V) to non-quenching sites, giving 

rise to the sharp If increase. It is well known that PPV polymers photooxidize easily resulting in 

reduced photoluminescence. It is likely that electrochemical reduction of such quenching sites 

would restore the If of the MPS-PPV polymer.
64

 Importantly, fluorescence studies on individual 
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MEH-PPV chains suggested that reversible fluorescence restoration is possible at reductive 

potentials, but only for photooxidized polymer.
65-66

 It has been suggested that the photoproducts 

include species such as dioxetanes or carbonyl defects.
67-71

 Carboxylic acids are also thought to 

be formed during PPV photooxidation.
72

 Reversibility of the fluorescence enhancement seen 

previously,
65

 and in this study (in particular Figure 5c, time window 40 – 60 s) are inconsistent 

with the irreversible nature of the dissociative reduction of aromatic dioxetanes.
68

 Based on the 

onset potential for the fluorescence enhancement (- 0.68 V), aldehyde reduction is unlikely to be 

the process at play since the reduction potential of an aldehyde-terminated oligo PV was reported 

to be – 2.07 V.
73

 On the other hand, the reduction potential of benzoic acid at ~ – 0.7 V vs. 

NHE
74

 is in excellent agreement with our observations. It is thus tempting to conclude that 

carboxylic acid sites are present in the polymer backbone quenching MPS-PPV fluorescence and 

that they are reversibly reduced at electrode potentials more negative than -0.68 V, restoring the 

intrinsic polymer fluorescence. A mechanistic overview of the proposed process is detailed in the 

Supporting Information. Further studies exploring the effect of negative applied biases on the 

photophysics of (photooxidized) MPS-PPV are warranted to elucidate the nature of quenching 

sites. 

Differential ion motion through MPS-PPV NPs, previously invoked to explain the distinct 

response of the green and red channels towards PeT (vide supra), may also account for the 

occurrence of electrochemical reduction of a quenching site in only a single subset of NPs at a 

scan rate of 100 mV/s. Rapid ion motion in response to lowering of the potential (Figures 5b, 5c) 

leads to an accumulation of cations at the electrode surface. These cations will stabilize radical 

anions formed by photoinduced reduction of MPS-PPV and retard the thermodynamically 

favorable back electron transfer to the ITO (Figure 6). The injected electron will consequently 
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remain longer in MPS-PPV, increasing the probability of the electron to be transported away 

from the electrode through self-exchange reactions (i.e. hopping mechanism), and reduce a 

quenching site. On the other hand, if cations cannot accumulate to stabilize the initial radical 

anion formed near the electrode, only a few sites in the NP will be sampled before fast back 

electron transfer occurs thus lowering the probability of reductively repairing a quenching site. 

Our view that the differential characteristics between NPs are due to the relative ease of external 

ion diffusion is further supported by the observation of a higher proportion of aggregated and 

ordered red-emitting sites, which impede ion diffusion, in the NP subsets associated with slower 

ion motion (Subsets 2d, 5a; see Figures 2f, 5d). 

 

Figure 6. Proposed effect of MPS-PPV/ITO interfacial ions on the electron transport in MPS-

PPV NPs. kbeT is the rate of back electron transfer from a MPS-PPV radical anion segment 

(formed upon PeT from ITO to MPS-PPV) to the ITO electrode. khop is the self-exchange 

electron transfer rate between MPS-PPV segments, leading to electron mobility in the CPE. The 

onset energy for reduction of quenching sites is indicated at – 0.68 V (Eonset quench site ox/red) in 

accordance to experimental observations. Redox potentials for the MPS-PPV
·-
 segment can be 

roughly approximated to the energy levels of the highest occupied and lowest unoccupied 

molecular orbitals (HOMO, LUMO) of ground state MPS-PPV. 

Focusing next our attention on the recovery of If recorded as Eapp is swept from its peak 

positive value of + 1.03 V towards lower values (e.g. Figure 5a, times 35 s and later), we note 
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that If is both dependent on the scan rate and the subset of NPs analyzed (see Figure 5f). Previous 

studies on MEH-PPV NPs have revealed the presence of deep holes (hole traps) upon 

observation of a slow recovery of If following extensive hole injection, similar to our own 

observations.
26, 48, 75

 As Eapp decreases from the positive potential peak (+ 1.03 V), the MPS-PPV 

fluorescence is restored by filling (electrochemically reducing) holes that were injected in the 

PPV backbone. We observe a faster recovery of If, in other words a faster filling of injected 

holes, for the subset of NPs depicted in Figure 5b and previously associated with fast external 

ion migration. Slowing the potential scan rate (subset 5c) results in a larger yield of filled holes 

at a given bias (i.e. a larger relative intensity restoration at a given bias) consistent with better 

responsiveness of external ions to changes in Eapp. There is a positive correlation between the 

external ion mobility and the charge mobility in the CPE, as has been previously reported.
45

 

Surprisingly, neither the differential rate of recovery of If nor the If peak response time at Eapp 

= + 0.03 V were observed when the data was collected in the range between + 1.03 V and + 0.03 

V as shown in Figure 2 (see Figure S9). We attribute the discrepancy when compared to the data 

with Eapp reaching – 0.97 V to the limiting conditions experienced by the polymer environment; 

in the latter case, substantial external ion reorganization is expected in response to the relatively 

large negative bias. The larger changes in Eapp used for the experiment illustrated in Figure 5 and 

concomitant ion reorganization directly translate to the optoelectronic properties of MPS-PPV.  

In closing, we also considered the effect of particle size on the photophysical properties of the 

CPE NPs. The optical properties of conjugated polymer NPs mostly depend on the conformation 

of the polymer and the nature of the aggregates.
28

 Size-independent spectroscopic properties 

have been observed for individual MEH-PPV NPs larger than 10 nm in size.
76

 Our SMS-EC 

experiments performed on NPs originating from the same preparation, showed no marked trends 
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in measured properties e.g., E1/2, fluorescence enhancements, and If red/If green, (see Figures S10-

12) with respect to NP size. Here the total initial fluorescence intensity of a NP was used as an 

approximate marker of NP size.
76

 Importantly, the changes in spectroscopic properties that 

parallel changes in size when preparing MPS-PPV NPs in differing water contents (Tables 1 and 

S1) are attributed to changes in the polymer chain conformation and interchain interactions. We 

also considered the possibility of surface species playing a role in the heterogeneous 

fluorescence response to Eapp. Core-shell structures have been observed for oligomeric phenylene 

vinylene aggregates where monomer-like chains emitting blue-shifted fluorescence were found 

on the particle surface.
77-78

 In principle, it is possible that the green-emitting sites we observed 

are preferentially located near the surface of the NPs yet the small (sub-diffraction) size of our 

particles does not allow us to directly confirm this possibility. Under these conditions, ion 

migration would be expected to be easier at the NP/solution interface, consistent with our 

observations of low Eapp sensitivity for green-emitting sites. However, as mentioned above, we 

do not observe size-dependant If red/If green ratios to support the localization of green-emitting sites 

near the surface. 

CONCLUSIONS 

In summary, we report a simple method for the formation of NPs of the conjugated 

polyelectrolyte MPS-PPV that exhibit dim and red-shifted fluorescence. The chain conformation 

of MPS-PPV is greatly influenced by the water content in H2O/organic solvent mixtures and by 

the choice of counterion. Tuning the solvent composition enables controlling the emission 

intensity and color. 

The newly prepared CPE NPs revealed heterogeneous fluorescence response to an externally 

applied potential. The two-color SMS-EC setup used allowed us to spectrally discriminate 
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between deaggregated and aggregated emission sites. The deaggregated coiled MPS-PPV sites, 

where ion rearrangement is less hindered, were less sensitive to changes in applied bias. We 

postulate that the reduced sensitivity is a result of better compensation of the effects induced by 

an applied potential due to higher electrolyte mobility. Quenching sites are present in the CPE, 

most probably products of photooxidation of polymer segments, and are electrochemically 

reducible in a reversible fashion which restores the fluorescence of the polymer. When migration 

of ions through the NP is hindered, charge mobility between CPE segments is slowed down 

leading to reduced electronic communication between chromophores in the NP and the working 

electrode and affecting the repair of quenching sites. 

Methods that influence CPE chain conformation are highly sought after to tune and improve 

device applications, where a choice between either high charge mobility or high emission yield is 

often necessary.
22

 Our two-color SMS-EC method herein described provides a tool to explore at 

the single NP level the interplay between CPE conformation and its optoelectronic properties, 

distinguishing between poorly and well-packed segments within single MPS-PPV NPs. Our 

method thus enables evaluating the effectiveness of protocols that modify polymer chain 

conformation either in solution or after deposition on a surface. 

 

Supporting Information Available: Particle size distribution from SEM micrograph; 

spectroscopic data for MPS-PPV NPs dispersed in H2O/MeCN solutions; additional SMS-EC 

data and representations; detailed mechanism of fluorescence enhancement under negative 

applied biases. This material is available free of charge via the Internet at http://pubs.acs.org. 
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