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Abstract

Probing ion movement in conjugated polymers

Markus Hall

Electronic conduction in conjugated polymers can be increased 
through electrochemical doping. This is utilised in light-emitting 
electrochemical cells and allows for a less demanding 
manufacturing process compared to the related organic light-
emitting diode. The doping process requires ion transport into the 
conjugated polymer and has yet to be quantified for an 
electrolyte-free conjugated polymer. 

In this project the ion movement of lithium trifluoromethane-
sulfonate in poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) has been studied with several 
electrochemical techniques: cyclic voltammetry, galvanostatic 
cycling, staircase potentiostatic electrochemical impedance 
spectroscopy and staircase potentiostatic chronoamperometry. The 
measurements have been performed on a dry system of spin-coated 
MEH-PPV films with lithium trifluoromethanesulfonate dissolved in 
a copolymer of poly(epsilon-caprolactone) and poly(trimethylene 
carbonate), PCL–PTMC, as a solid electrolyte.

Infrared spectroscopy (FTIR) showed evidence of ion association of 
lithium trifluoromethanesulfonate dissolved in MEH-PPV. The 
electrochemical analyses confirmed the possibility to insert 
trifluoromethanesulfonate anions into electrolyte-free MEH-PPV; 
extraction of the ions was also possible, albeit with limited 
reversibility. Insertion of lithium ions was not observed. Adding 
the ion transporter trimethylolpropane ethoxylate (TMPE-OH) was 
seen to increase the reversibility of the process. The results 
also indicated different ion mobilities in doped and undoped MEH-
PPV. Doping of an MEH-PPV film was shown to change the behaviour 
of the film from capacitive to faradaic behaviour. MEH-PPV did 
also show indications of two different levels of p-doping, one 
above 3.3 V vs. Li+/Li and the other above 3.7 V, with over-
oxidation occurring at potentials over 4.1 V.
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Populärvetenskaplig sammanfattning 
Konjugerade polymerer är halvledarmaterial som kan användas i elektronik baserad på 

organiska material. Komponenter innehållande konjugerade polymerer har fördelen att de kan 

tillverkas med lösningsbaserade metoder vid rumstemperatur och atmosfärstryck, medan andra 

sorters elektronik ofta kräver tillverkning vid höga temperaturer eller med vakuumtekniker.  

Konjugerade polymerer kan dopas elektrokemiskt genom att förflytta joner (laddade partiklar) 

som interagerar med polymeren, vilket då förändrar polymerens energitillstånd och därmed 

underlättar för elektroner att röra sig. Följden av detta blir att den elektriska ledningsförmågan 

hos polymeren ökar drastiskt. Denna typ av dopning används i tex. ljusemitterande 

elektrokemiska celler (LEC), vilket leder till att dessa kan tillverkas med endast ett lager mellan 

två elektroder och ändå ha effektiv ljusemission. Detta är det som skiljer dem från den nära 

besläktade organiska ljusemitterande dioden (OLED), som behöver en flerlagerstruktur, och 

därmed en mer krävande tillverkningsprocess, för att ha effektiv ljusemission. I dagsläget har 

dock LECar för lång responstid för många applikationer, p.g.a. långsam jontransport, och även 

fast snabbare och effektivare komponenter tillverkats genom åren kan en ökad förståelse för 

jontransporten i en konjugerad polymer också bidra till utvecklingen av bättre komponenter.  

Syftet med projektet har varit att studera och försöka bestämma jonledningsförmågan i en 

konjugerad polymer, den polymer som studerats kallas poly[2-metoxi-5-(2-etylhexyloxi)-1,4-

fenylenvinylen] (MEH-PPV). För att studera jonledningsförmågan har ett flertal analysmetoder 

använts. Däribland infraröd spektroskopi, cyklisk voltammetri, elektrokemisk 

impedansspektroskopi, upprepad injektion och extraktion av joner samt mätning av ström vid 

stegvis ökad potential.  

Resultaten erhållna från infraröd spektroskopi tyder på att joner, från saltet litium 

trifluorometansulfonat, upplösta i MEH-PPV till viss del uppvisar jonparning, exakt hur stor 

del har inte kunnat bestämmas. Jonparningen har en direkt hindrande effekt på jonledningen 

eftersom parade joner blir upplåsta och påverkar transportmekanismen för jonerna samt hur de 

reagerar på ett elektriskt fält. 

De elektrokemiska analyserna visar att det är möjligt att föra trifluorometansulfonatjoner in i 

ren MEH-PPV. Dock är möjligheten att upprepat dra ut och föra in jonerna begränsad, dvs. 

reversibiliteten är låg. Detta visar också på att jonledningsförmågan, eller jonernas mobilitet, 

kan skiljas mellan den dopade strukturen och den odopade. Tillsats av jontransportören 

trimetylolpropanetoxylat (TMPE-OH) till MEH-PPV gav ökad reversibilitet av dopningen. 

Resultaten visar också att en film av MEH-PPV med TMPE-OH förändrat sitt beteende vid 

dopning, från att bete sig som en kondensator till att vara värd för elektrokemiska reaktioner. 

MEH-PPV sågs också kunna dopas i två olika nivåer och påvisade även nedbrytning vid för 

höga potentialer.   
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1. Introduction 

1.1 Background 

Organic electronics consist of carbon-based materials, for example conjugated small molecules 

or conjugated polymers (CPs). The conjugated structure in these materials causes the electrons 

to be delocalised and the materials are thus semiconducting. Organic electronics can be found 

in a variety of different applications today, ranging from organic light-emitting diodes (OLEDs) 

to organic solar cells, electrochromic devices, organic transistors and artificial muscles. [1,2] 

The use of organic electronics in many of these applications is as alternatives to inorganic 

semiconductors, which is the case for OLEDs, organic solar cells and to an extent also organic 

transistors, with the most prominent competitor being silicon-based electronics.  

Within the field of organic electronics, CPs are interesting semiconductor materials; examples 

can be seen in Figure 1. CPs have been widely studied since the discovery of electrical 

conduction in polyacetylene. [3] They allow for a cheap production of electronic components, 

since solution-based fabrication at ambient temperature can be used, [4] while high temperature 

is required for inorganic semiconductors and vacuum processing is often used for small 

molecules. [5]  

 

Figure 1: Examples of three conjugated polymers and their respective structures. 

The intermolecular interactions within organic electronics are mainly van der Waals bonds, in 

contrast to inorganic semiconductors, which have covalent bonds. This difference gives organic 

materials a softer nature. Consequently, organic materials open up the area to different 

applications, as this also allows for ion movement with significant mobilities at room 

temperature. [2] This, however, is rarely achieved unless an electrolyte is added.  

Being semiconductors, CPs have low electronic conductivity at low voltages. However, 

“metallic” conductive properties can be achieved through doping (oxidation or reduction), 

either chemically [3] or electrochemically. [6] The electrochemical doping utilises counter ions 

to compensate for injection of electrons or holes into the backbone, which requires ions to  move 

into the CP. This occurs as oxidation (p-doping) or reduction (n-doping) of the CP via insertion 

of anions or cations, respectively, see Figure 2.  



4 
 

 

Figure 2: Illustration of the electrochemical doping of a conjugated polymer via insertion of ions, charge 

compensated by electrons (dots) and holes (circles) on the polymer backbone. 

For organic electronics the electron transport is of utmost importance, but for some applications 

the ion transport is fundamental as well, for example organic electrochemical transistors 

(OECTs) or light-emitting electrochemical cells (LECs). In OECTs, ions move between an 

electrolyte and a CP-film, thus changing the electric resistance of the film. [7] In the case of 

LECs, ion transport is needed to allow for doping and the formation of a p-n junction. In 

comparison to light-emitting diodes (LEDs), which have a permanent p-n junction (Figure 3a), 

LECs usually consist of an electroluminescent layer (EL) which is sandwiched between two 

electrodes, where the EL is a blend of a CP, an electrolyte and a salt (Figure 3b). [8] This is 

fundamentally different from OLEDs, which utilise an undoped EL in a stack of layers with 

different hole and electron mobilities to achieve efficient electroluminescence (Figure 3c). [9] 

The hole-injection layer and electron-injection layer yield a low energy barrier for injection of 

holes and electrons, respectively, while the hole-blocking layer and electron-blocking layer 

yield a high energy barrier for hole and electron transport, respectively. Recombination of holes 

and electrons then occurs within the EL. This difference makes the LEC an attractive alternative 

for lighting applications, since the mobile in situ formation of a p-n junction decreases the 

thickness dependence of the EL in comparison to layers in LEDs and OLEDs. Additionally, the 

multilayer structure of the OLED severely complicates the use of a completely solution-based 

manufacturing process, which is comparatively simple for the LEC. [4] 

 

Figure 3: Schematic illustration of (a) an LED, (b) an LEC in its undoped state and (c) an OLED, 

showing which layers might be present in a device.  

1.2 Electrolyte in LECs 

Ion transport in a polymer is largely dependent on the segmental motion of the polymer. [10] 

CPs have rather rigid backbones and have therefore limited capabilities as ion conductors. 

Because of this, electrolytes are used in LECs to provide fast ion diffusion, and the simplest 

way of incorporation is through mixing with the CP. Fast ion transport in LECs is important in 
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order to have a quick response to an applied bias. Consequently, the electrolyte has a large 

impact on the performance and stability of an LEC. [8] Despite this, little attention has initially 

been directed toward the electrolyte and its effect on the performance. Instead, well-

characterised electrolytes from the battery field have been incorporated, most notably 

poly(ethylene oxide) (PEO) with the salt lithium trifluoromethanesulfonate (LiOTf), which was 

used in an early study by Pei et al. [11] Lately, more attention has been directed towards finding 

new materials for handling the ion transport in order to improve the efficiency of devices. [8,12] 

In Figure 4, the structure for the anions OTf− and bis(trifluoromethanesulfonyl)imide (TFSI−) 

can be seen, LiTFSI being a salt often used in battery applications.  

 

Figure 4: Structure of the trifluoromethanesulfonate (OTf−) and bis(trifluoromethanesulfonyl)imide 

(TFSI−) anions. 

1.3 Turn-on process of LECs 

Initially the CP in an LEC is in an undoped state and ion movement is needed to turn on the 

device. When a voltage bias is applied to an LEC the EL is subjected to an electric field. This 

causes migration of ions, forming electric double layers (EDLs) close to the electrodes. 

Electrons are then injected, through the EDL into the EL, from the cathode and holes from the 

anode. The injection of holes at the anode will cause anions to move to compensate for the 

injected charges (p-type doping). Compensation for the injected electrons at the cathode is 

instead handled by moving cations (n-type doping). While the bias is held, the doped areas will 

expand further in the CP, eventually meeting and forming a p-n junction. [13,14] The turn-on 

process is schematically illustrated for an LEC in Figure 5.  

 

Figure 5: Schematic illustration of the turn-on of an LEC. (a) An applied bias causes an initial 

redistribution of ions within the device, forming EDLs at the electrode interfaces. (b) Electrons are 

injected from the cathode (negative electrode) causing reduction of the CP (n-doping). Holes are injected 

from the anode (positive electrode) oxidising the CP (p-doping). In the formed p-n junction electrons 

and holes recombine radiatively, emitting light. The redistribution of ions is exaggerated here. 
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Another type of LEC is the bilayer construction (Figure 6a), where the CP and the electrolyte 

are separated. Here, the movement of ions through the CP is vital for the operation of the device 

(Figure 6b). [15–17] These devices are direct evidence that ions can move within a CP 

indicating that the electrolyte might not be required in order to fabricate a functioning LEC. 

Further evidence of this have been presented by Gao et al. by fabricating functional devices 

completely free of electrolyte. [18] The electrolyte-free devices are more demanding to turn on, 

but show enhanced electroluminescence once activated. Despite all this, little is known about 

how the ions actually move within a CP. [2] Malliaras et al. successfully measured the ion 

mobility in PEDOT. [19] However, those measurements were made with a water-based ion 

source, meaning the measured values apply for PEDOT swollen in water. The results 

accordingly match well with those for a water solution, indicating that the ions are transported 

through the solvent rather than the CP. This is similar to, for example, how ion transport occurs 

in a gel polymer electrolyte (GPE) in comparison to a solid polymer electrolyte (SPE). [20] 

 

Figure 6: Illustration of (a) a bilayer LEC in its undoped state. (b) When a bias is applied, ions are 

injected into the conjugated polymer. Subsequent doping of the polymer occurs as electrons and holes 

are injected from the electrodes. The arrows show the general path of ion movement during turn-on.  

1.4 Scope of project 

The aim of this project has been to study the ion transport and diffusion in CPs, both in the 

presence and absence of specific ion-coordinating groups. The main goal was to quantify the 

ionic conductivity in a CP. To achieve this a series of electrochemical analyses were performed.  

2. Experimental 

2.1 Materials 

LiOTf (Aldrich) was dried in a vacuum oven at 120 °C for more than 20 h before use. 

Anhydrous acetonitrile (Sigma-Aldrich), MEH-PPV (Luminescence Technology Corp., 

Mw > 105 g/mol) and TMPE-OH (Aldrich, average Mn ~ 450 g/mol) were used as received. 

Cyclohexanone (Sigma-Aldrich) was dried with molecular sieves (0.4 nm) before use. The 

drying was done after first activating the sieves by heating in a microwave oven for 3 min, 

interrupting the heating every 20 s to gently shake the beaker. The cyclohexanone was allowed 

to dry for more than 24 h before filtering off the sieves through a glass filter. PCL–PTMC 

copolymer was supplied from in-house synthesis with a molar ratio of 80:20 according to an 

established method [21] and used as received. 
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2.2 Sample preparation 

2.2.1 Spin-coating MEH-PPV-films 

The spin-coating was performed on a Novocontrol Technologies SCI-10. Solutions were 

prepared by dissolving MEH-PPV, TMPE-OH and LiOTf separately in cyclohexanone 

(8 mg/mL). These solutions were mixed in appropriate amounts to obtain specified ratios and 

heated to 50 °C prior to spin-coating. The CP-films were fabricated by putting 50 µl solution 

on a 20 mm circular substrate and spinning at 2000 rpm for 60 s. The spun films were then 

dried for 4 h at 50 °C on a hot-plate.  

The substrates used for cell manufacturing were prepared by punching out 20 mm discs of 

copper foil (Goodfellow, 0.1 µm). These were then etched in 0.1 M nitric acid for roughly 30 s. 

The etched substrates were then rinsed in deionised water and dried before being transferred 

into an argon-filled glovebox. This etching process was performed to clean the copper and to 

remove surface oxides.  

2.2.2 Casting electrolyte films 

SPE films of PCL–PTMC copolymer with LiOTf were prepared by an already established 

casting procedure in Teflon moulds. [22] PCL–PTMC was allowed to dissolve in anhydrous 

acetonitrile together with LiOTf, during stirring overnight. The polymer solution was 

transferred to Teflon moulds and evaporation of the solvent was performed in an oven inside 

an argon glovebox by reducing the pressure from 200 mbar to 2 mbar over 20 h at ambient 

temperature and then heating to 60 °C while keeping the pressure at 2 mbar for 40 h.  

2.2.3 Cell assembly 

Cells for electrochemical analysis were assembled by punching out 10 mm discs of CP spin-

coated on copper foil. In general the cells were assembled by stacking the following from 

bottom to top: copper foil with CP-film, PCL–PTMC with LiOTf and lastly lithium foil, see 

Figure 7. The SPE-films were punched as 12 mm discs and the lithium foil as 11 mm discs. 

After stacking, the cells were sealed in one of two different ways. One was in a CR 2025, nickel-

plated stainless steel coin cell setup (Hohsen) and the other was in a pouch cell setup with 

copper current collectors. After assembly, all cells were subjected to a heat treatment at roughly 

60 °C for 30 min in order to ensure good electrical contact between the different films in the 

cells. 

 

Figure 7: Schematic illustration of the general cell setup used in this thesis. 

2.3 Electrochemical impedance spectroscopy 

The conductivity of PCL–PTMC with LiOTf was measured with EIS. The measurements were 

carried out using a Schlumberger SI 1260 Impedance/Gain-Phase Analyzer, with the frequency 

range set from 1 Hz to 10 MHz and an amplitude of 10 mV. Circular films with a diameter of 

12 mm were punched from the cast films and sandwiched between two nickel-plated stainless 

steel electrodes in a CR 2025 coin cell. These cells were subjected to heat treatment at 100 °C 

for 30 min before measuring. The impedance results of the electrolyte were fit to the Debye 
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equivalent circuit displayed in Figure 8. The resistance in the electrolyte is represented by R. 

The double layer capacitance at the electrode surfaces is represented by the first constant phase 

element (CPE1) and the capacitance between the electrodes is represented by CPE2. The fitting 

of the Debye equivalent circuit to the impedance results gives the value for the resistance, 

which, together with the thickness d and the area A of the electrolyte, can be used to calculate 

the ionic conductivity σ according to Eq. 1. Prior to cell assembly the thickness of the electrolyte 

was measured with a micrometer. The coin cells were assembled under argon atmosphere. 

𝜎 =
𝑑

𝐴×𝑅
   (Eq. 1) 

 

Figure 8: The Debye equivalent circuit corresponding to a polymer electrolyte sandwiched between two 

blocking electrodes. The resistor (R) represents the ionic resistance in the electrolyte and the two 

constant phase elements (CPE1 and CPE2) represent (1) the double layer capacitance at the electrodes 

and (2) the geometric capacitance between the two electrodes.  

2.4 FTIR spectroscopy 

The instrument used for FTIR measurements was a PerkinElmer Spectrum One. The 

measurements were done in the range of 450 cm−1 to 4000 cm−1, with a resolution of 4 cm−1. 

The sample preparation was done by spin coating on circular KBr substrates (Crystan). The 

sample preparation was carried out in an argon atmosphere and the samples were kept under 

argon up until the measurements to minimise the absorption of water.  

2.5 Raman spectroscopy 

Raman spectroscopy was performed with a Renishaw inVia Raman Microscope. Spectra were 

recorded in the range 400 cm−1 to 1550 cm−1, with an excitation wavelength of 785 nm and an 

accumulation time of 20 s, repeated 40 times.  

Samples were prepared by drop casting from cyclohexanone solutions on a glass slide. The 

solvent was allowed to evaporate at ambient temperature for 48 h. The sample preparation was 

carried out in an argon-filled glovebox and the samples were kept under argon up until the 

measurements to minimise the absorption of water. 

2.6 Scanning electron microscopy 

SEM was carried out using a Zeiss LEO 1550 with an in-lens detector and an aperture size of 

10 µm. This was done to determine the thickness and to study the surface morphology of spin-

coated CP films. Samples were prepared from spin-coated films, made with different 

concentrations of MEH-PPV in cyclohexanone (4 mg/mL, 6 mg/mL and 8 mg/mL). This was 

done because films with a thickness close to, but not exceeding, 100 nm were set as the target.  
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2.7 Electrochemical analysis of MEH-PPV  

2.7.1 Cyclic voltammetry 

Cyclic voltammetry (CV) was performed using a Bio-Logic VMP-2 and a Bio-Logic MPG-2. 

The CVs were performed by first applying a negative sweep down to 0.2 V, then a positive 

sweep up to 4.5 V and repeating. The samples were prepared with different spin-coated films; 

one with pure MEH-PPV, one with MEH-PPV and TMPE-OH mixed in a 10:1 weight ratio and 

one reference without any spin-coated films. Sealing of the cells was done in coin cells inside 

an argon-filled glovebox. The sweep rate used was 0.1 mV/s for the MEH-PPV and reference 

samples, while 0.5 mV/s was used for the sample with TMPE-OH. 

2.7.2 Galvanostatic cycling 

Galvanostatic cycling was performed with a Bio-Logic VMP-2 with a low-current amplifier. 

Prior to the cycling the samples were subjected to pre-doping at a potential of 4 V for 24 h 

followed by a 1 h rest. The current density was then set to 2.55 µA cm−2 with cut-off potentials 

at 4.2 V and 2 V. The samples were prepared under argon atmosphere and sealed in pouch cells.  

2.7.3 Staircase potentiostatic electrochemical impedance spectroscopy 

Staircase potentiostatic electrochemical impedance spectroscopy (SPEIS) was carried out with 

a Bio-Logic VMP-2. The experiment was set up to stepwise increase the potential with roughly 

50 mV steps up to 4.5 V. Each step was followed by a 30 min equilibration time, before the 

impedance measurement was carried out. The frequency range for the impedance was set from 

100 mHz to 100 kHz with an amplitude of 10 mV.  

2.7.4 Staircase potentiostatic chronoamperometry 

Staircase potentiostatic chronoamperometry (SPCA) was done with a Bio-Logic MPG-2 by 

stepwise increasing the potential 50 mV at a time. The potential at each step was held for 2 h 

followed by 4 h rest before the next step. Data analysis for this experiment was carried out by 

plotting the potential during relaxation vs. t−½ for each step and extrapolating to “infinite time” 

(t−½ = 0), thereby obtaining the relaxation potential for each step.  

3. Results & discussion 

3.1 Ionic conductivity of PCL–PTMC with LiOTf 

In order to study ion movement in MEH-PPV, an ion source with a virtually infinite amount of 

ions and that does not penetrate into the CP was needed. Based on this, a high-molecular-weight 

polymer free of solvent could be utilised, i.e. an SPE. The electrolyte in question should also 

have a high ionic conductivity at room temperature. The PCL–PTMC copolymer has shown a 

high conductivity at room temperature with the salt LiTFSI and can be synthesised with a high 

molecular weight. [22] However, the salt commonly used in LECs is LiOTf. The conductivity 

of PCL–PTMC with LiOTf had not been measured beforehand. Therefore, the first part of this 

project was to measure the conductivity of PCL–PTMC with LiOTf.  

Figure 9 shows the ionic conductivity of PCL–PTMC + LiOTf measured with EIS. At ambient 

temperatures the highest conductivity was achieved with a relatively low concentration of salt, 

measuring 5.1×10−7 S cm−1 for 12 wt% LiOTf at 28 °C. This was closely followed by 20 wt%, 

while the higher concentrations, 28 and 36 wt%, trailed more than an order of magnitude 

behind. This is in large contrast to the study by Mindemark et al., [22] in which the highest 

ionic conductivity for PCL–PTMC was found with 36 wt% LiTFSI. The difference is likely to 

be an effect of ion pairing and Li+-induced crosslinking. The charge on the OTf− anion is 



10 
 

concentrated on the oxygen atoms in the –SO3 group while the charge on the TFSI− anion is 

more delocalised over the whole ion. Therefore, LiOTf would be more susceptible to ion pairing 

effects, where uncharged ion pairs would be unaffected by an electric field and hinder the 

movement of free ions. Li+-induced crosslinking would instead decrease the mobility of 

polymer segments, increasing the glass transition temperature (Tg) and decreasing the ionic 

conductivity. At higher temperatures the ionic conductivity increases as the segmental mobility 

of the polymer increases. In this region it can be seen that the highest ionic conductivity is 

achieved with 20 wt% LiOTf. Although the ionic conductivity of this system is low in 

comparison to other systems, it was deemed sufficient for use as an ion source for this project 

as the mobility of ions within a CP was expected to be even lower. 

 

Figure 9: Ionic conductivity of the PCL–PTMC copolymer with molar monomer ratio of 80:20. The 

measurements were done at different temperatures and for different concentrations of LiOTf. The values 

for 36 wt% LiOTf are averages of 3 samples. 

3.2 FTIR of MEH-PPV 

To investigate the ion association of LiOTf in MEH-PPV, FTIR spectroscopy was performed, 

with the aim to look at the vibrational stretching of the –SO3 group. These vibrations arises as 

two different bands; symmetric stretching around 1040 cm−1 and asymmetric stretching around 

1270 cm−1, both of which are sensitive to ion pairing effects. The symmetric stretching band of 

dissolved OTf− splits into three peaks: free OTf− at 1030 cm−1, ion pairs at 1040 cm−1 and 

aggregates (e.g. Li2OTf+) at 1050 cm−1. [23,24] Similar to the symmetric stretch, the 

asymmetric stretch band splits into several peaks when LiOTf is dissolved, although the 

splitting in this case is a bit more complex; free OTf− at 1272 cm−1, ion pairs at 1259 and 

1302 cm−1 and aggregates at 1270, 1288 and 1308 cm−1. [23] In Figure 10 the absorption spectra 

around the region of these vibrations, with baselines subtracted, can be seen. The first thing that 

comes to mind is that the bands arising from these vibrations overlap with bands from MEH-

PPV. Because of this overlap, it was not possible to make an accurate and consistent 

determination of the ion pairing from these measurements. An observation that can be done is 

that the samples with LiOTf have a slight shift towards higher wavenumbers for the symmetric 

stretching, while clear absorption can be seen in the region 1280–1310 cm−1 for the asymmetric 
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stretch, as indicated by the arrows. These are indications of ion association being present, 

although nothing can be said with certainty on the amount of ion association. Since the ion 

association could not be determined with FTIR, Raman spectroscopy was performed, as the 

symmetric stretching of the –SO3 group has been observed in earlier studies with Raman 

spectroscopy. [25]  

 

Figure 10: Absorption spectra of MEH-PPV with different concentrations of LiOTf, expressed as the 

mass ratio MEH-PPV:LiOTf. Arrows indicate changes with the inclusion of LiOTf. 

3.3 Raman spectroscopy 

In Figure 11 the resulting spectra from the Raman spectroscopy can be seen. The first thing that 

can be clearly seen is that there is no clear difference between the pristine sample and the ones 

with LiOTf. Where the symmetric stretching for the –SO3 group should be visible (1040 cm−1) 

no scattering can be seen. Also no sign of scattering from the asymmetric stretch of the –SO3 

group can be seen. One important thing to mention here is that the host polymer, MEH-PPV, is 

a highly fluorescent material. This meant that a relatively low excitation energy had to be used, 

as attempts with a higher-energy laser instantly saturated the detector. This means that the 

activation energy for Raman scattering of the sought-after vibrational mode might not have 

been reached in this case.  

 

Figure 11: Left: Raman spectra for MEH-PPV:LiOTf expressed as mass ratio. Right: Raman spectra 

zoomed in around the regions for symmetric stretching (top) and asymmetric stretching (bottom) of the 

–SO3 group in OTf. The excitation wavelength used was 785 nm.  
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3.4 SEM 

Surface images of spin-coated MEH-PPV films can be seen in Figure 12. This was done for 

three different concentrations to study the general surface morphology of the films. The goal 

was to achieve films with well-defined thicknesses and even surfaces to be able to determine 

the volume of the films. This, however, was not the case, as clear effects of the underlying 

copper can be seen as bright lines on the surface of all samples. The effect also becomes more 

prominent for thinner films, i.e. films spun from solutions with lower concentration.  

 

Figure 12: SEM images of the surface of spin-coated MEH-PPV films on copper foil. Three different 

concentrations of MEH-PPV/cyclohexanone were used. Effects of the underlying copper can clearly be 

seen on the surface of the polymer.  

The idea of studying films spun from solutions of different concentrations was to find a 

concentration which would yield films with a thickness close to, but not exceeding, 100 nm. As 

mentioned above, a well-defined thickness and even surfaces are important in order to 

determine the volume, which is necessary for determining the molar volume of the available 

doping sites in the polymer. Having thin films is important since a potential drop occurs across 

the film. A thicker film would yield a too large potential drop, thus affecting the ion movement 

to a large extent. To determine the thickness of the spun films several cross-sections were 

prepared. However, when studying these cross-sections, deformation of the substrates and 

smearing of the CP-films was visible. This made it impossible to accurately determine the 

thickness of the films. In order to accurately measure the thickness of films another method 

would be more suitable, for example atomic force microscopy, where samples can be prepared 

by stripping parts of spun films.  

3.5 Electrochemical analysis of MEH-PPV 

3.5.1 Cyclic voltammetry 

CV was performed in order to determine the potential window within which ion movement 

occurs and at which potentials other side reactions might occur. In Figure 13 the cyclic 

voltammograms for MEH-PPV spin-coated on copper foil can be seen. The PCL–PTMC 

copolymer with LiOTf was used as an ion source with lithium metal as counter electrode. This 

particular CV was performed in two stages; the first cycle (Figure 13, left) and cycles 2 to 4 

(Figure 13, right). Between the two stages was a 7 h resting time. In the first cycle it can be 

seen that, as the potential was decreased from 2.7 V to 0.2 V, not much happened in the cell. 

The same applies to when the potential was increased, up until roughly 3.7 V. At this point a 

rapid increase in the current can be seen. When the potential was decreased again a nucleation 

loop shows. This rapid increase in current followed by a nucleation loop is a clear indication of 

a decrease in resistance through the cell, which can be attributed to p-doping (oxidation) of 

MEH-PPV and insertion of anions into the film. As a result, the subsequent cycles show a higher 

current for the negative sweep. However, the peak current for p-doping decreased for every 

cycle indicating a low reversibility of the oxidation and, possibly, degradation of the CP. [26]  
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One more thing worth noting is that no signs of n-doping (reduction) of MEH-PPV can be seen. 

This could be indicative of a lower mobility for the cation than for the anion or this could be a 

result of using copper as working electrode in combination with MEH-PPV. In a recent study 

by Edman et al. it was shown that the choice of electrode material has a direct effect on the 

possibility of electrochemical doping of a CP. [27] Copper, for example, was shown to only 

facilitate n-doping of the CP superyellow. This is in contrast to the results presented here, but 

those experiments have been made with different CP, electrolyte and salt, thus differences are 

expected. Gold, though, was shown to facilitate both p-doping and n-doping, while staying 

electrochemically inert. This would be a promising alternative to copper for the setup used in 

this project, as achieving both p- and n-doping with an inert electrode would be beneficial for 

future studies. However, a change of electrode material would probably not solve the problem 

if the limiting factor is a low cation mobility, although, a completely inert electrode would still 

be beneficial.  

 

Figure 13: Cyclic voltammograms for MEH-PPV spin-coated on copper foil with PCL–PTMC + LiOTf 

as an ion source and lithium metal as counter electrode. After the first cycle (left) was recorded, the cell 

was allowed to rest for roughly 7 h before recording cycles 2–4 (right). The scans were performed with 

iR-compensation and a sweep rate of 0.1 mV/s, scanning direction shown by the arrows. 

In the second cycle, the current during the negative sweep was larger as a result of p-doping. 

During the positive sweep, however, the current above 3.7 V was lower although the nucleation 

loop is still present. This changed for the third and fourth cycles as neither of those show the 

nucleation loop. In addition, the current at higher potentials (above 3.7 V) decreased for every 

cycle, indicating that this cycling process is irreversible. Present in all cycles are a lot of 

different peaks and shoulders which can be attributed to the system as a whole, which becomes 

evident when comparing the voltammograms with a reference (Figure 14). The reference CV 

was performed on a cell consisting of the PCL–PTMC copolymer with LiOTf sandwiched 

between copper foil and lithium metal. This voltammogram indicates that the system as a whole 

has a relatively stable region from 2 to 4 V. This can be seen by comparing the beginning of 

the first cycle to subsequent cycles. In the fresh cell virtually no current passes at 2.5–2.6 V. 

During the following positive and negative sweeps however, current peaks appear around this 

region, implying these peaks appear after first sweeping to low or high potentials, respectively.  

  

0 1 2 3 4 5
-2

0

2

4

6

8

j 
/ 
µ

A
 c

m
-2

E vs. Li
+
/Li / V

 cycle 1 

0 1 2 3 4 5
-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

j 
/ 
µ

A
 c

m
-2

E vs. Li
+
/Li / V

 cycle 2 

 cycle 3

 cycle 4



14 
 

 

Figure 14: Cyclic voltammogram of a reference cell with PCL–PTMC + LiOTf in between a working 

electrode of copper and a counter electrode of lithium. The scan was performed with iR-compensation 

and a sweep rate of 0.1 mV/s, scanning direction shown by the arrows. 

 

Figure 15: Cyclic voltammogram of MEH-PPV:TMPE-OH, with a mass ratio of 10:1, spin-coated on 

copper with PCL–PTMC + LiOTf as ion source and lithium as counter electrode. The scan was 

performed with iR-compensation and a sweep rate of 0.5 mV/s, scanning direction shown by the arrows.  

The ion movement was also studied with an ion transporter added to the CP. This was done by 

mixing in TMPE-OH with the CP at a mass ratio of 10:1 (MEH-PPV:TMPE-OH). The resulting 

voltammogram can be seen in Figure 15. One clear difference here from the pure MEH-PPV is 

the absence of a nucleation loop. Another is the peak at 3.5 V during the negative sweep. With 

the ion transporter this peak is clear and displays a partly reversible behaviour. In the case with 

pure MEH-PPV this peak can be seen for the first cycle, but disappears for subsequent cycles 

and thus corresponds to an irreversible process. This peak is not present at all in the reference 

cell and can therefore be attributed to dedoping of MEH-PPV. At higher potentials the current 
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did not decrease as much for subsequent cycles as it did for pure MEH-PPV, also indicating a 

more reversible process with inclusion of the ion transporter. 

One important thing to note here, though, is that these CVs have been collected with iR-

compensation. This was done because of the high resistance present in the cells. Essentially, 

with the iR-compensation the instrument applies a higher potential to compensate for the iR-

drop through the cells. The instrument assumes constant resistance in the cell, but in reality, the 

resistance of the CP-film decreases as doping occurs. This causes a subsequent increase in 

current and also a larger iR-compensation. Because of this, the current peaks when doping 

occurs show higher values when CP is present compared to the reference cell.  

3.5.2 Galvanostatic cycling 

The initial plan of this project was to study ion movement in MEH-PPV with the galvanostatic 

intermittent titration technique (GITT), a series of current pulses with a relaxation time in 

between. To investigate whether a galvanostatic approach would be feasible or not, 

galvanostatic cycling was performed. Initial testing showed that the CP-film behaved like a 

capacitor with no signs of ions being inserted into the CP. To get around this problem, it was 

determined that further galvanostatic experiments were to be made after pre-doping the CP. The 

pre-doping was carried out by applying a voltage bias, which was chosen from the CVs to be 

4 V. This was chosen since it would yield doping of the CP while keeping side reactions from 

the rest of the system at a low level. For the galvanostatic cycling itself 4.2 V and 2 V were 

chosen as upper and lower limits, respectively. The upper potential limit was chosen since 

doping would occur while still avoiding side reactions from the system itself. The lower limit 

was chosen since a large polarisation was expected while still avoiding side reactions as much 

as possible.  

The resulting cycling data from the galvanostatic cycling can be seen in Figure 16 and Figure 17 

for pure MEH-PPV and with TMPE-OH mixed in respectively. Both of these diagrams show a 

plateau-like appearance for extraction of anions out of the CP-film. For pure MEH-PPV this 

spanned a little over 60 s before reaching the cut-off potential, while it spanned about 300 s 

with TMPE-OH mixed in the CP-film. This shows that more ions can be extracted and that 

there is less impeding of the ion movement with TMPE-OH present. After the first extraction 

of ions though, no clear sign of ion intercalation can be seen for the pure MEH-PPV. This is 

further supported by approximating the capacitance of the film from the slope of the “charging”, 

ca. 8.5 µF cm−2, which falls in line with typical values for double layer capacitance. 

Additionally, subsequent extractions indicate ion movement in diminishing amounts for every 

cycle, indicating that there are ions left in the film after the extractions. In the case of the film 

with ion transporter mixed in, substantially longer “charging” times can be seen. The 

appearance of these are similar to a capacitor, but approximating the capacitance yields a value 

of ca. 850 µF cm−2. This is an increase by a factor of 100 compared to the dry film. In order to 

reach such a high value, ions have to be inserted into the CP-film and thus doping of the CP 

occurs. This can also be seen by the subsequent extractions, which all have a similar plateau-

like appearance. One thing to note here is that all extractions occur for a longer time than each 

corresponding insertion of ions. This applies to both cases (with and without ion transporter), 

indicating that there are ions left in the CP-film after each extraction. This implies that ions 

move more easily in the doped polymer and that ion mobilities in MEH-PPV therefore might 

differ depending on whether the polymer is doped or undoped. Judging from these results, it 

would be very difficult to quantify ion transport in a CP from a galvanostatic method with this 
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setup, since all ions have not been extracted even after several extraction cycles. Additionally 

it is clear that having an ion transporter present in the CP-film greatly increases ion mobility 

and the reversibility of the doping process. Therefore, subsequent experiments have been 

performed with TMPE-OH present in the CP-film.  

 

Figure 16: Diagram showing the result from galvanostatic cycling of pure MEH-PPV spin-coated on 

copper foil. PCL–PTMC + LiOTf and lithium were used as ion source and counter electrode, 

respectively. The galvanostatic cycling was performed with a current density of 2.55 µA cm−2 after pre-

doping at 4 V for 24 hours. 

 

Figure 17: Diagram from galvanostatic cycling of MEH-PPV:TMPE-OH, with mass ratio of 10:1, spin-

coated on copper. The ion source was PCL–PTMC + LiOTf and the counter electrode was lithium. This 

measurement was performed with a current density of 2.55 µA cm−2 after first pre-doping at 4 V for 

24 h. Only the two first cycles are shown, as all the following cycles have similar appearance as the 

second cycle. 
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Another clear difference between the two samples is the iR-drop, which is half of the instant 

drop in potential that occurs when the current is reversed. For the pure MEH-PPV this was ca. 

0.7 V and with TMPE-OH included it was ca. 0.25 V. This potential drop arose mainly from 

the SPE used as ion source, since the resistance through the electrolyte is quite large and the 

resistance of the MEH-PPV cell was ca. 400 kΩ while it was ca. 215 kΩ for the cell including 

TMPE-OH. Such a large potential drop also complicates quantitative studies of the ion 

movement with a galvanostatic method. Therefore at this stage, the use of a potentiostatic 

approach was investigated for subsequent experiments. 

When studying the EIS spectra (Figure 18) collected before and after the galvanostatic cycling 

of the cell with ion transporter present, an interesting thing was discovered. Prior to the 

experiment the cell exhibited a clear capacitive behaviour, which can be seen from the nearly 

straight line following the half-circle. This capacitive behaviour changed to a faradaic 

behaviour during the experiment, as can be seen as the start of a new flattened half-circle 

following the first. This makes it clear that ions have moved into the CP-film and that doping 

has occurred; additionally this also shows that there are still ions present in the film. It would, 

however, be interesting to know the potential range within which this change occurs and how 

this change appears during the doping process. To study this the SPEIS experiment was set up.  

 

Figure 18: EIS spectra before and after the galvanostatic cycling for the cell with a CP-film of MEH-

PPV and TMPE-OH mixed in a 10:1 mass ratio, showing that the initial capacitive behaviour has 

transitioned to a faradaic behaviour.  

3.5.3 Staircase potentiostatic electrochemical impedance spectroscopy 

SPEIS was performed to investigate how the nature of an MEH-PPV:TMPE-OH film changes 

as ions are inserted into the film. This was done by measuring the impedance response after 

allowing for equilibration at different potential steps. Selected results, highlighting the region 

in which the change occurs, are presented in Figure 19. It can be seen that all measurements 

include a half-circle with a size of roughly 150 kΩ cm2 which represents the SPE in the cell. 

Following the half-circle was initially (at 2.7886 V) a somewhat straight line which corresponds 

to the CP-film. This is indicative of a capacitive behaviour of the film and could be expected 

from an undoped CP-film. As the potential was increased this behaviour began to change 
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(3.2776–3.6688 V), going from a capacitive behaviour to a faradaic behaviour. This can be seen 

from the “tail” that bends downwards and shrinks. Interestingly, this shows that the p-doping 

takes place already at ca. 3.3 V as opposed to ca. 3.65 V, which was suggested from the CVs. 

One explanation could be that this is a steady-state measurement, while the CV is dynamic. 

Therefore, the doping might not have been given enough time in the CVs and thus occur at 

higher potentials. Another possible explanation could be that the film might have to be doped 

all the way through for the current to increase substantially.   

 

Figure 19: Selected impedance responses from the SPEIS, highlighting the potential region (ca. 3.27–

3.67 V vs. Li+/Li) where the MEH-PPV:TMPE-OH film undergoes a change from capacitive behaviour 

to faradaic behaviour.  

3.5.4 Staircase potentiostatic chronoamperometry  

The potential and current profiles from the SPCA experiment can be seen in Figure 20. The CP 

was initially in an undoped state and virtually no current passed. As doping of the polymer 

occurred, current began flowing and the potential between steps relaxed to a higher value. At 

higher potentials, the potential relaxed to lower values again.  

In Figure 21 the relaxation potentials following each applied potential step in the SPCA 

experiment can be seen. This shows at what potentials doping occurs and to what potentials the 

polymer then relaxes to. From this diagram it can be seen that there appear to be two different 

levels for anion insertion, or p-doping; one above 3.3 V, relaxing to ca. 3.25–3.3 V, and the 

other above 3.7 V, relaxing to ca. 3.5 V. These can be seen as plateaus in the relaxation 

potentials for an increase in the applied potential. Before the onset of the first doping process, 

the potential relaxed to the same potential even as the applied potential was increased. Another 

feature that can be seen is the rapid decrease in relaxation potential above 4.1 V which can be 

attributed to degradation of MEH-PPV known as over-oxidation. Over-oxidation in a 

conjugated polymer is a degradation process and generally appears as splitting of double bonds, 

cross-linking or a combination of the two. [26] The drop in relaxation potential is a result of the 

CP losing its ion storing properties.  
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Figure 20: Potential and current profiles from the staircase potentiostatic chronoamperometry 

experiment. The potential was increased with 50 mV steps and was held at each step for 2 h followed 

by a 4 h relaxation. The measurement was performed on a MEH-PPV:TMPE-OH film, with mass ratio 

10:1, spin-coated on copper with PCL–PTMC + LiOTf as ion source and lithium as counter electrode. 

 

Figure 21: Estimated relaxation potentials for an MEH-PPV:TMPE-OH film (10:1 mass ratio), 

following each applied potential step during the staircase potentiostatic chronoamperometry experiment. 

Each applied potential step was held for 2 h with a 4 h relaxation time following each step. 

For many steps though, the relaxation was interrupted well before equilibrium was reached, 

which can be seen in Figure 20, as several relaxations had a rapid decrease right before the next 

step was initiated. Having longer relaxation times would then give more accurate 

approximations of the possible doping levels of MEH-PPV. 
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4. Conclusions 
The aim for this project has been to quantify ionic conductivity in CPs. However, this goal has 

not been reached, as it has proven to be more difficult than initially expected. Although, steps 

towards quantifying ion transport in CPs have been taken and with this, valuable insights have 

been gained. 

Clear indications of ion association for LiOTf within MEH-PPV have been observed, which 

ties well with the fact that the charge on OTf− is not sufficiently delocalised over the ion and 

that MEH-PPV has a rigid backbone and lacks good ion-solvating groups. However, due to 

unfortunate overlapping of the vibrational modes in OTf− and in MEH-PPV the amount of ion 

association has not been possible to determine. This observation is, however, of qualitative 

importance as it shows that there are locked up ions present in the CP, which can impede the 

transport of free ions.  

Insertion of anions into dry MEH-PPV has been shown with a controlled potential for the 

utilised setup. This was not the case for a controlled current, as the film behaved like a capacitor. 

Extraction of anions, however, has been observed for dry MEH-PPV, showing that a 

galvanostatic approach could be possible. Despite this, residual ions were left in the films even 

after several extractions, possibly due to a high resistance through the cells. The fact that anions 

can be extracted but not inserted with a galvanostatic method is an interesting observation, as 

it indicates that the ion mobility might be higher in doped MEH-PPV. 

The addition of the ion transporter TMPE-OH to an MEH-PPV film increased the reversibility 

of the doping process significantly. This also allowed for insertion of anions with a controlled 

current, made possible with the increase in ion mobility that can be attributed to the ion 

transporter.  

It has also been shown that doping of MEH-PPV induces a change in the behaviour of the 

polymer. Going from a capacitive behaviour to a faradaic behaviour, the film essentially 

transitions from a capacitor to a resistor. Furthermore, MEH-PPV has also been shown to 

exhibit two levels of p-doping. The first level of doping occurs over 3.3 V and the second above 

3.7 V. Increasing the potential further, to 4.1 V has been shown to cause over-oxidation and 

thus degradation of the CP.  

5. Future outlooks 
Looking forward, a lot can be done in the scope of this project. Effort should be put towards 

finding an electrode material that allows for both p- and n-doping and then study the 

electrochemistry of the system with that electrode. Accurate determination of the doping levels 

and doping potentials of the CPs is important to ensure that a potential window, where only 

doping occurs, can be utilised. Said electrodes should also have a polished surface to allow for 

deposition of even films with well-defined thicknesses. 

One important thing to have in mind when working with this setup, is that the ionic conductivity 

is inherently low in the PCL-PTMC copolymer with LiOTf. Because of this, great care needs 

to be directed towards ensuring a thin SPE-film to have a low iR drop. However, the SPE-film 

cannot be made too thin, as this can cause cells to short-circuit. 
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The system as a whole did show to facilitate several electrochemical reactions at different 

potentials, therefore using 3-electrode cells should be considered, to monitor the potential of 

the working electrode and CP separate from the rest of the system.  
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Appendix 

A1.  Initial galvanostatic cycling 

Diagram showing representative data from initial galvanostatic cycling. The appearance is 

typical of a resistor in series with a capacitor, indicating that no ions have moved into the 

conjugated polymer. 
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A2.  SPEIS  

Impedance response at every potential step during the SPEIS experiment. 
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A3.  Extrapolations of the resting potential from SPCA experiment 

Extrapolations toward infinite time for the potential relaxations during the SPCA experiment, 

with the relaxation being approximated as the intercept of the extrapolations with the y-axis. 

 


