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1. Additional Material and Methods 
 

Chemicals and reagents. Pure 4-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-

1-sulfonic acid sodium salt (EDOT-S) was kindly donated by HC Starck. FeCl2 and Na2S2O8 

were purchased from Aldrich. All other chemicals were reagent grade and used as received.  

Atomic force microscopy, AFM. PEDOT-S:H bar coated on PEDOT:PSS, and bar coated 

and subsequently patterned PEDOT-S:H were analysed using a Veeco Dimension 3100 AFM. 

A scan rate of 50 Hz and a scan size of 1 µm were used in tapping mode AFM. Nanoscope 

software was used for analysis.  

GPC/SEC Measurements. Determination of the average molecular weight and the molecular 

weight distribution of PEDOT-S:H was performed by Polymer Standards Service GmbH 

(PSS), Mainz, Germany. 

Elemental analysis. The elemental analysis was performed at MIKRO KEMI AB, Uppsala, 

Sweden and at ALS Analytica, Luleå, Sweden. The elemental analysis of doped PEDOT-S:H 

samples was used to calculate the doping level with respect to sulfate ions in the samples. The 

doping level is defined as the average number of positive charges per monomer unit in the 

polymer, expressed as a percentage. The doping level with respect to a double charged 

anionic dopant (e.g. SO4
2-) is twice the number of anions per monomer unit. 
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X-ray photoelectron spectroscopy. The experiments were carried out using a Scienta ESCA 

200 spectrometer. The vacuum system consists of an analysis chamber and a preparation 

chamber. X-ray photoelectron spectroscopy (XPS) are performed in the analysis chamber at 

base pressure of 10-10 mbar, using monochromatized Al Kα X-rays, at hν  = 1486.6 eV. The 

experimental conditions are such that the full width at half maximum (fwhm) of the gold 

Au(4f7/2) line is 0.65 eV. The binding energies are obtained with an error of ± 0.05 eV. 

DLS Measurements. The hydrodynamic radius (Rh) of PEDOT-S:H was determined by 

dynamic light scattering (DLS) and averaged from five measurements. PEDOT-S:H (0.1 mg) 

was dissolved in Milli-Q water (final concentration 0.1 mg ml-1). The setup used was based 

on the ALV/DLS/SLS-5022, compact goniometer system (ALV-Gmbh, Germany) with a 

HeNe laser (632 nm, power 22 mW) as light source and two avalanche photo diods (Perkin 

Elmer, Canada) working in cross single correlation mode. The temperature was kept constant 

(293.25 ±0.05 K) in the surrounding toluene bath ((Sigma Aldrich) filtered trough a Whatman 

Anotrop/Anopore syringe filter (0.02 µm VWR, Sweden)). The scattered light was collected 

at 90° from the incident laser. The intensity correlation curves were analysed with the ALV-

500/E/EPP + ALV-60XO-win V3.0.2.3 software based on CONTIN analysis.  

Conductivity and film surface measurements. Freeze-dried PEDOT-S:H was dissolved in 

milli-Q water at a final concentration of 20 mg ml-1. Spin-coating was done on clean glass 

substrates at 2500 rpm, which resulted in a film thickness of 100 nm measured by a 

profilometer (Dektak, Veeco). The conductivity measurement was made by using a four-

probe setup with four identical metal needles with 1 mm spacing, connected to a Keithley 

parameter analyzer.  

 
2. Polymer synthesis and characterisation 
 
Poly(4-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid. 

EDOT-S (0.200 g, 0.61 mmol) was dissolved in water (3 ml) and FeCl2 (0.060 g, 0.3 mmol) 

was added. After 20 minutes Na2S2O8 (0.29 g, 1.22 mmol) dissolved in water (2 ml) was 

added drop wise to the stirred solution. After three hours the reaction was quenched by 

dilution with acetone (40 ml). The polymer was centrifuged (5 min, 3500 rpm), dissolved in 

water (7 ml) and precipitated from acetone (40 ml). The procedure was repeated twice. 
Aqueous solution of the sodium salt polymer have been stirred with DOWEX® 
MARATHON® C cation exchange resin to get the sulfonic acid form of the polymer. The 
PEDOT-S:H polymer was loaded, in 3 ml batches, on a PD-10 size exclusion column 
(SephadexTM G-25 M), and eluated with 3 ml of water. Finally the polymer was dialysed 
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against de-ionized water for two days using a 3500 g mol-1 cut-off membrane (Spectra/Pore) 
and freeze-dried prior to use. The yield was quite high, ~ 40 % with respect to monomer unit. 
NMR spectroscopy in D2O gave broad signals in agreement with doping of PEDOT-S:H, 

however, due to poor resolution no good spectra were obtained. Molecular weight 

determination was not possible using MALDI-TOF or AUC (Analytical Ultra Centrifugation), 

but was however determined through GPC chromatography. GPC measurements for PEDOT-

S:H gave the values Mn=1700 (g mol-1), Mw=5500 (g mol-1) and Mz=10000 (g mol-1) which 

corresponds to a degree of polymerization (DP) of about 16 monomer units (more 

information about the GPC analysis can be given on request). Similar results have been 

reported elsewhere for PEDOT-S synthesized by different polymerization methods. Zotti G. 

et al. showed that PEDOT-S, chemically polymerized from water with Fe(OTs)3, had similar 

degree of polymerization (DP = 15), but with a lower conductivity (1-5 S cm-1).[1] 

 

Elemental analysis. Tables S1 and S2 summarize the calculated percentage of each element 

expected in neutral PEDOT-S:H and the actual percentage of each element determined by 

elemental analysis. The observed elemental composition for PEDOT-S:H is in good 

agreement with that calculated for the elements C, H, S, and O. The observed data show a 

sulfur excess of only 0.1 mass percentages. Considering the polymerization method it is 

plausible that the sulfur excess is present in form of sulfate ions, acting as charge-balancing 

counter-ions for the intrinsic doping of the PEDOT-S:H. As calculated in Table S2, sulfate 

ions alone could give a ~1.8% doping level of the material based on the observed mass ratios 

of carbon (40.7 %) and sulfur (19.9 %). The polymer was also subjected to ICP-MS 

(inductively coupled plasma mass spectroscopy) metal analysis that showed negligible 

amounts of iron (<0.01 mass%) and sodium (<0.01 mass%) ions present. The low metal 

content indicating that the protonation of the sulfonate moieties is extensive. Table S2 shows 

that 3.6% of the polymer is not accounted for. This can be associated with the 1.8% presumed 

doping level of sulfate ions, but also due to moisture absorbed by PEDOT-S:H during the 

synthesis. 
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Table S1. Comparison of elemental composition in neutral PEDOT-S:H and experimentally prepared 
sulfate-doped PEDOT-S:H 
 

 

 
 
 
 
 
 
 
 
 

 
 
Table S2. Calculations of the level of sulfate ions, based on the elemental analysis results for carbon 
and sulfur. 

 

a PEDOT-S:H, b For each monomer unit in PEDOT-S:H, c A calculation based on the assuption that 
the excess sulfur originates from incorporated sulfate ions acting as counter-ions.  
 
 

X-ray photoelectron spectroscopy. The estimated sulfate level is in good agreement with 

that determined by means of S(2p) XPS spectrum, which is shown in Figure S1. Peak 

deconvolution of the S(2p) core level was carried out using two spin-split doublets (2p3/2, 

2p1/2) representing PEDOT and SO3
- sulfur. A standard Shirley background was applied prior 

Type of 
PEDOT-S:H 

C 
(mass%) 

H 
(mass%) 

S 
(mass%) 

O 
(mass%) 

Neutral 
PEDOT-S:H 
(expected) 

43.13 4.61 20.93 31.33 

Doped PEDOT-
S:H 
(experimental) 

40.7 4.7 19.9 33.0 

Element 
distribution 

Total 
(experimental) 

(C11H14O6S2)n
a SO4

2─ 

c 
Unaccounted 

C (mass%) 40.7 40.7   

H (mass%) 4.7 4.3  0.4 

S (mass%) 19.9 19.8 0.1  

O (mass%) 33 29.6 0.2 3.2 

Total mass in 100 
g 

98.3 94.4 0.3 3.6 

Molar mass (g 
mol─1) 

 306.36b 96.1  

Amount (mol) in 
100 g 

 0.33 0.003  

Mole ratio of SO4
2─   0.009  

Presumed doping 
level of sulfate ions 
(%) 

  1.8  
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to deconvolution. All of the spin-split doublets are fixed in relative intensity (1:2) and binding 

energy split (~1.2 eV). The S(2p) doublet at 163.7 eV comes from PEDOT, where the 

asymmetric tail mimics the effect of p-doping according to the standard procedure.[2] The 

doublet at 168.1 eV is assigned to the SO3H/SO3Na functionality on PEDOT-S:H. Comparing 

the area of the two doublets yields a 0.96:1 ratio between PEDOT and SO3
- sulfur, i.e., 

essentially one SO3
- substituent per ring as predicted from the synthesis. The PEDOT part of 

the S(2p) spectrum is significantly better resolved than the case of PEDOT-S.[3] The binding 

energy of the core level features is affected by both inter- and intra-molecular screening, and 

variations thereof leads to variation in measured binding energy and hence broadening of the 

spectra. As the two S(2p) spectra discussed were taken in the same spectrometer and under 

identical conditions, the better resolved features suggest an increased chemical and physical 

order in the current film. 

 

 
 
Figure S1. S(2p) core level spectrum of PEDOT-S:H. Experiment (solid line + dots), fitted spectrum 
(dash line), simulated peaks and background (dash-dot lines). 
 
 
DLS Measurements. Dynamic light scattering (DLS) experiments were performed to 

determine an averaged hydrodynamic radius of the intermolecular self-doped polymer clusters 

in solution. Because of the polymer absorbing the incident laser light, good signal strength 

was hard to obtain. PEDOT-S:H is soluble in water to high concentrations, >30 mg ml-1. The 

optimal concentration for DLS was evaluated over a range of concentrations to yield the best 

signal possible. The polymer concentration used (0.1 mg ml-1) resulted in the highest 

measurable signal; increased polymer concentration resulted in total absorption and 
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extinguishment of the scattered light. With use of the DLS software, the hydrodynamic radius 

(Rh) was calculated and weighted in relation to the number of particles in the samples. The 

measured values are shown in Figure S3, the averaged Rh measured on five samples with a 

main Rh of 70 nm However, the trace in the correlation curve (1-‐1000 ms) also shows a low 

amount of larger polymer complexes, but the signal in this region is suppressed when 

weighted against the number of scattering particles since the intensity of scattered light is 

proportional to Rh
6. These results suggest that PEDOT-S:H exists primarily as intermolecular 

self-doped polymer clusters in water solution. 

 
 

Figure S2. a) Correlation curve of DLS with PEDOT-S:H. b) Averaged hydrodynamic radius from five 
experiments (number weighted). 
 
 
Conductivity and film surface measurements. Freeze-dried PEDOT-S:H was easily 

dissolved in water and spin coated into homogenous films on glass substrates. The 

conductivity of spin coated PEDOT-S:H films was determined to 30 S cm-1 with four-point-

probe measurements in ambient conditions, and a sample of PEDOT-S[2] demonstrated a 

conductivity of 10 S cm-1 under identical conditions. The increase in conductivity of PEDOT-
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S:H can be explained from the higher level of chemical and physical order of the current films, 

suggested by XPS. 

 

Polymer Electrochemistry. The electrochemical characteristics of PEDOT-S:H were 

obtained on spin coated films of PEDOT-S:H on Pt electrodes and using Pt as counter 

electrode and a Pt wire as a quasi reference electrode. The measurements were made in 

LiClO4 (0.1 M) acetonitrile electrolyte, bubbled with a nitrogen gas to ensure minimal 

background signals. The scan rate dependence suggests non-diffusion-limited redox processes, 

up to 1000 mV s-1 with a positive shift in the oxidation potential at faster scan rates (Figure 

S3).  

 
 
Figure S3. Cyclic voltammograms of PEDOT-S:H films. Scan rates between 100-1000 mV s-1 in 
LiClO4 (0.1 M in acetonitrile).  
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3. Additional Figures  
 

 
 
Figure S4. Atomic force microscopy on PEDOT-S:H samples. a) bar coated PEDOT-S:H on 
PEDOT:PSS. b) bar coated PEDOT-S:H on PEDOT:PSS, subsequently patterned. In both cases the 
scan size was 1 µm, the height scale is 20 nm.  
 
 
 

 
 
Figure S5. Patterning of PEDOT-S:H. a) 1000 µm squares separated by 100 µm lines. b) 500 µm 
squares separated by 50 µm lines. c) 100 µm squares separated by 50 µm lines. d) enlargement of (c). 
Scale bars are 300 µm (a and b), 200 µm (c) and 75 µm (d).  
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Figure S6: Schematic figure of the set up used during cell experiments. A potential was applied 
between PEDOT:PSS and a metal counter electrode placed in the cell medium (electrolyte).  
 
 

 
Figure S7: Showing the decrease in current density over time when applying 1 V to PEDOT-S:H with 
cells cultured on top (dotted line), and PEDOT-S:H without cells (solid line).  
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