
  

  

Electronic control over detachment of a self-

doped water-soluble conjugated polyelectrolyte 

  

  

Kristin M Persson, Roger Gabrielsson, Anurak Sawatdee, David Nilsson, Peter Konradsson 

and Magnus Berggren 

  

  

Linköping University Post Print 

  

  

 

 

N.B.: When citing this work, cite the original article. 

  

  

Original Publication: 

Kristin M Persson, Roger Gabrielsson, Anurak Sawatdee, David Nilsson, Peter Konradsson 

and Magnus Berggren, Electronic control over detachment of a self-doped water-soluble 

conjugated polyelectrolyte, 2014, Langmuir, (30), 21, 6257-6266. 

http://dx.doi.org/10.1021/la500693d 

Copyright: American Chemical Society 

http://pubs.acs.org/ 

Postprint available at: Linköping University Electronic Press 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-106251 
 

http://dx.doi.org/10.1021/la500693d
http://pubs.acs.org/
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-106251
http://twitter.com/?status=OA Article: Electronic control over detachment of a self-doped water-soluble conjugated poly... http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-106251 via @LiU_EPress %23LiU


 1 

Electronic control over detachment of a self-doped 

water-soluble conjugated polyelectrolyte  

Kristin M. Persson
†
, Roger Gabrielsson

†,‡
, Anurak Sawatdee

§
, David Nilsson

§
, Peter 

Konradsson
‡
, Magnus Berggren

†,*
 

† Department of Science and Technology, Linköping University, 601 74 Norrköping, Sweden  

 ‡
 
Department of Physics, Chemistry and Biology, Linköping University, 581 83 Linköping, 

Sweden 

 § Department of Printed Electronics, Acreo Swedish ICT AB, 601 17 Norrköping, Sweden 

Water-soluble conducting polymers are of interest to enable more versatile processing in aqueous 

media as well as to facilitate interactions with biomolecules. Here, we report a substituted 

poly(3,4-ethylenedioxythiophene) derivative (PEDOT-S:H) that is fully water-soluble and self-

doped. When electrochemically oxidizing a PEDOT-S:H thin film, the film detaches from the 

under-laying electrode. The oxidation of PEDOT-S:H starts with an initial phase of swelling 

followed by cracking before it finally disrupts into small flakes and detaches from the electrode. 

We investigated the detachment mechanism and found that parameters such as the size, charge 

and concentration of ions in the electrolyte, the temperature and also the pH influence the 

characteristics of detachment. When oxidizing PEDOT-S:H, the positively charged polymer 

backbone is balanced by anions from the electrolyte solution and also by the sulphonate groups 
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on the side chains (more self-doping). From our experiments, we conclude that detachment of the 

PEDOT-S:H film upon oxidation occurs in part due to swelling caused by an inflow of solvated 

anions and associated water, and in part due to chain rearrangements within the film, caused by 

more self-doping. We believe that PEDOT-S:H detachment can be of interest in a number of 

different applications, including addressed and active control of the release of materials such as 

biomolecules and cell cultures.  

Introduction 

During the last decades, conducting polymers have been increasingly explored for use in 

bioelectronics applications.
1,2

 Poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) 

are two commonly utilized biocompatible
3,4

 materials, that have been used for drug release,
5,6

 

stimulation of cells during growth and to transfer electronic signals to and from biological 

tissues.
7,8

 Due to its superior (bio-)stability
9
 and excellent conductivity

10
 PEDOT has become the 

prime choice in bioelectronics.  

Fully water-soluble conducting polymers are of interest to enable more versatile processing 

methods and for use in combination with biomolecules.
11-13

 One route to achieve water-solubility 

in conducting polymers is to introduce charged side groups to the monomer. Such covalently 

bonded substituents may also make the resulting polymer self-doped,
14

 meaning that the required 

counter ion during doping is a side group of the polymer chain itself. Since the first water-

soluble conducting polymers
14,15

 were reported, water-soluble PEDOT derivatives have been 

enabled for example through poly(4-(2,3-dihydrothieno[3,4-b]-[1,4]dioxin-2-yl-methoxy)-1-

butanesulfonic acid, sodium salt (PEDOT-S).
16-19

  

We recently demonstrated human epithelial cell detachment using a PEDOT-S:H thin film.
20

 

In PEDOT-S:H, Na
+
 has during synthesis been replaced by H

+ 
(or rather H3O

+
) as the charge 
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compensating ion to the sulphonate groups. When electrochemically oxidized, PEDOT-S:H 

swells, cracks and detaches (figure 1), taking cultured cells along with it. Adherent cells are 

commonly detached with enzymatic methods that however may damage the surface proteins on 

the cells,
21

 creating a need for alternative methods. Cells detached with PEDOT-S:H showed 

improved preservation of surface proteins compared to cells detached using enzymatic methods. 

Further, re-seeded cells assumed a normal morphology.
20

 In this paper, we have characterized the 

mechanism of PEDOT-S:H detachment in detail. We believe that thin film materials that actively 

disrupts and detaches upon electrochemical oxidation could also be used in other applications in 

which precise control over release is of interest, such as in drug delivery and as smart glues for 

packaging and labels.
22

  

 

Figure 1. When a thin film of PEDOT-S:H (left panel) is submerged in aqueous electrolyte 

(middle panel) it will swell or, if c<0.05 M, dissolve. If c>0.05 M, the polymer film will not 

dissolve and can be electrochemically oxidized in an aqueous electrolyte (right panel) In some 

electrolytes it will start to crack followed by subsequent disintegration to smaller flakes followed 

by detachment.    
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Earlier work on dissolution or delamination of conducting polymers has focused on the 

prevention of uncontrolled delamination through improved adhesion characteristics.
23

 Another 

example involves dissolution of polythiophene films in organic solvents due to oxidative 

degradation.
24

 We have not found any previous examples of electronic control of detachment of 

a conducting polymer that operates in water.  

During synthesis PEDOT and PPy will be p-doped (oxidized),
25,26

 and to maintain overall 

electroneutrality anions will be incorporated in the film. During subsequent electrochemical 

redox switching in solution, changes in conductivity, colour and volume will occur. Polymer 

swelling during redox switching has been studied extensively in PPy
27-30

 and to some extent also 

in PEDOT
31,32

 and employed in actuator applications.
33-35

 The direction of ion and solvent 

movement, and thus volume change, upon an applied potential will depend on the fixed charges 

within the (oxidized) polymer (P
+
 in equation 1). If small anions (A

-
) are used as the counter ions 

during synthesis, these can leave the film (represented by brackets) upon reduction to a neutral 

state (P
0
). If instead large anions, for example polyanions, (M

-
) serve as counter ions, these will 

remain within the film upon reduction and cations from the surrounding electrolyte will enter the 

film (equation 2).
36

 If the films are re-oxidized, anions will either enter the film (equation 1) or 

be expelled (equation 2).  

 [P
n+

:A
n-

] + ne
-
  [P

0
] + nA

- 
+ nC

+
   (1) 

[P
n+

:M
n-

] +ne
-
 + nC

+ 
 [P

0
:M

n-
:C

n+
]     (2) 

In the as-synthesized state of PEDOT-S:H the sulphonate groups will balance the positive 

charges on the polymer backbone, thus making the system intra-molecularly self-doped. The 

degree of doping has been estimated, using both elementary analysis and titration, to 0.3 in 

PEDOT-S:H.
13,18

 Thus, there will be an excess of fixed negative charges, balanced by protons, 

within the polymer film as all sulphonate groups are not involved in self-doping. When oxidizing 



 5 

a self-doped polymer further from its as-synthesized state, the increased number of positive 

charges on the polymer can either be balanced by the sulphonate groups on the polymer itself, by 

anions from the electrolyte or by a combination of the two processes. Previously, it has been 

reported that an increased degree of self-doping is the dominating process during redox-

switching in these polymer systems.
14,16

  

Here, we report on the mechanism of swelling and subsequent detachment of the PEDOT-S:H 

films during electrochemical oxidation and how the detachment characteristics are influenced by 

the electrolyte used, its concentration, its pH level and temperature. In addition, atomic force 

microscopy (AFM) and electrochemical quartz crystal microbalance with dissipation (EQCM-D) 

studies have been utilized to investigate and monitor the detachment mechanism. EQCM is used 

to study small changes in mass depending on the applied voltage.
37,38

 In QCM-D measurements 

the frequency response reflects the viscoelastic properties, thickness and density of any mass 

coupled to the quartz crystal that will appear as a change in frequency (f) and dissipation (D) at 

various overtones.
39-43

 The EQCM-D senses the mass of the deposited film as well as trapping of 

water and co-ions. With appropriate modeling of the f and D data the thickness and viscosity for 

the adsorbed or deposited layer can be estimated. For further information about EQCM-D, please 

refer to the supplementary information.  

Experimental section 

Polymer synthesis. PEDOT-S:H was synthesized according to a previously published 

protocol.
20

 

Electrolytes. NaCl, Na2SO4, CaCl2, MgCl2, FeCl3, Dodecylbenzene sulfonic acid sodium salt 

(NaDBS), HCl (37%), NaOH and polydimethyldiallylammonium chloride (pDADMAC), 20% 
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solution, were purchased from Sigma.  Poly(vinylphosphonic acid) (PVPA), 30% solution and 

poly(acrylic acid) (PAA), 35% solution, was purchased from Rhodia.  

Polymer coating. PEDOT-S:H (20 mg/ml) was bar coated on PEDOT:PSS foil (Agfa-Gevaert 

Orgacon F-350) that had been washed in acetone and water and then treated with ozone. 

PEDOT-S:H was coated using a BYK Gardner bar-coater at speed 100 mm/s. After coating, the 

polymer film was dried at 80°C for 45 minutes. The thickness of the resulting film was measured 

using a surface profiler (Dektak 3 ST, Veeco).  

Stability experiments. Bar coated PEDOT-S:H on PEDOT:PSS foil was used. Substrates 

approximately 2.5 cm
2
 in size were submerged in electrolyte and moved back and forth. NaCl 

electrolytes were used and the concentrations were varied from 0.01 M to 2.0 M. For other 

electrolytes a concentration of 0.1 M was used. All solutions were prepared in water. For 

pDADMAC, PVPA and PAA the concentrations were calculated for monomer units.  

Detachment experiments. A potential of 1.0 V vs. Ag/AgCl was applied, using a potentiostat 

(µAutolab, EcoChemie), between the bar coated PEDOT-S:H substrate (2.5 cm
2
 in size) and a 

platinum counter electrode, placed in a plastic beaker filled with the electrolyte to be 

investigated. For full details, see supporting information.  

Cyclic voltammetry (CV). Bar coated PEDOT-S:H was used for cyclic voltammetry in three 

different electrolytes; NaCl, PVPA and pDADMAC, at concentrations of 0.1 M. Three 

subsequent CV scans from 0 V to +0.5 V to -1.0 V vs. Ag/AgCl were recorded at a scan speed of 

0.02 V/s. A platinum counter electrode was used. The second scan was used for evaluation and 

comparisons.  

Electrochemical Quartz Crystal Micro Balance with Dissipation (EQCM-D). All 

electrochemical QCM-D measurements were performed using a Q-Sense AB (QEM 401) 
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electrochemistry module connected to a Q-Sense (E4) chamber and an Autolab PGSTAT 10 was 

used as the potentiostat setup. Quartz crystals were analyzed and the coated with PEDOT-S:H. 

After obtaining a baseline in air, the dry mass could be calculated using the Sauerbrey relation. 

When performing meausurements in electrolyte, the Sauerbrey relation in combination with the 

Voigt model was used to evaluate the viscoelastic properties of the film. For full details, see 

supporting information.  

Atomic Force Microscopy (AFM). Four different samples of PEDOT-S:H on ITO on glass 

were analysed with AFM; including one pristine, two incubated in 0.1 M NaCl and one oxidized 

(at 0.9 V in 0.1 M NaCl) films. The films were dipped into water to remove residual salt. After 

drying tapping mode AFM (Veeco Dimension 3100 was carried out in air at room temperature. 

For full details, see supporting information.  

Patterning and inkjet printing. PEDOT:PSS foil (Agfa-Gevaert Orgacon F-350) was 

patterned using standard lithography techniques and reactive ion etching. The patterned 

PEDOT:PSS electrode substrates were coated with PEDOT-S:H (5 mg/ml) using an inkjet 

printer (Dimatix 2831). The electrodes of PEDOT:PSS were coated with PEDOT-S:H by 

printing an areal rectangle covering all electrodes. To define the electrolyte area, SU-8 was paint-

brushed to allow only the area coated with PEDOT-S:H to be exposed to electrolyte. For full 

details, see supporting information.  

Results and Discussion 

Polymer characteristics. We have previously characterized the synthesis, composition and 

conductivity of PEDOT-S:H in detail.
18,20

 The material exhibit a high degree of self-doping and a 

conductivity of 30 S cm
-1

 in the oxidized state. In the neutral state, the conductivity decreases 

significantly, a fact that has been employed in electrochemical transistors.
11
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PEDOT-S:H was successfully deposited using spin- and bar coating and also inkjet printing, 

on top of conducting substrates such as PEDOT:PSS foil and ITO on glass. AFM studies of the 

film revealed that spin coated pristine films of PEDOT-S:H were relatively smooth with a low 

degree of roughness (figure 2a).  Bar coated films cut into 2.5 cm
2
 pieces were used in most 

experiments. The thickness of these films was 0.5 µm. The estimated density of PEDOT-S:H is 

1.1 g/cm
3
 which then corresponds to 137.5 µg for the 0.5 µm * 2.5 cm

2
 films.   

 

Figure 2. Tapping-mode AFM images of dry films, a) PEDOT-S:H, b) PEDOT-S:H incubated 

90 s in 0.1 M NaCl, c) and d) PEDOT-S:H oxidized 90 s in 0.1 M NaCl. Scan sizes are 1 µm in 

a)-c) and 10 µm in d). The height scale is 8 nm in a) and b), 50 nm in c) and 150 nm in d). Also 

shown are calculated roughness (Ra) values.  

PEDOT-S:H in electrolyte. The stability of bar coated PEDOT-S:H films on top of 

PEDOT:PSS in various electrolytes without an applied potential was evaluated by submerging 

them in solution. The induced changes in the PEDOT-S:H film upon incubation in electrolyte 

were characterized using AFM. After 90 seconds the polymer appeared swollen (figure 2b) and 
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the calculated roughness had increased compared to the pristine film. This confirmed that 

electrolyte will enter the film regardless of any applied potential and thus contribute to polymer 

swelling, as previously shown for PPy.
30

 Swelling was also monitored using EQCM-D. An 

immediate decrease of the frequency indicated an increase in mass (figure 3). Moreover, an 

increase in dissipation appeared after exposure to electrolyte, indicating changes in the 

viscoelastic properties of the film, i.e. swelling due to inflow of hydrated ions.  

Stability in different electrolytes. Next, we investigated the stability in different electrolytes 

and concentrations. In deionized water, PEDOT-S:H films were spontaneously and quickly 

dissolved. We assumed that there would be a limit for how much water the film could 

incorporate without becoming spontaneously dissolved. Using NaCl as the electrolyte, the 

stability of PEDOT-S:H films were tested at different concentrations (from 0.01 M to 2.0 M). 

We found that for concentrations lower than 0.05 M the polymer film was dissolved (figure 1), 

as the inflow of water into the film was sufficiently large to dissolve PEDOT-S:H completely.  

The stability was further tested in different electrolyte solutions, all at a concentration of 0.1 

M. The impact on swelling and dissolving was studied for different divalent cations and anions 

(CaCl2 and Na2SO4) as well as polycations and polyanions (pDADMAC and PVPA). Supporting 

figure S1 shows the suggested ion movements for different electrolytes. As long as the 

concentration was higher than 0.05 M we found that the type of ions in the electrolyte did not 

influence the stability and the films were stable for at least four weeks (longer times not tested).  

The influence of pH on stability was first investigated using diluted aqueous HCl and NaOH 

solutions. Only for pH values below 1.3 or above 12.7 did the PEDOT-S:H films remain stable. 

These values correspond to electrolyte concentrations higher than 0.05 M. If instead adding HCl 

or NaOH to a 0.1 M NaCl solution the pH did not influence the stability characteristics.  
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Figure 3. Time resolved EQCM-D experimental data for ∆D (a) and ∆f (b) respectively versus 

time time at n = 1 (black lines), n = 3 (red lines) and n = 5 (green lines) for the EQCM-D 

experimental data and the best fit between the Voigt model (obtained using Q-Soft (Q-Sense AB)) 
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and the experimental data are shown in (d) for ∆D and (e) for ∆f respectively as red open squares 

for (∆fn=1 and ∆Dn=1) , pink open squares for (∆fn=3 and ∆Dn=3) and blue open squares for (∆fn=5 

and ∆Dn=5). The black arrows in figure 3 a,b indicate the potential stepping, going from 0.3 V to 

0.7 V, from the illustrated amperogram (c). The model output obtained from the best fit is 

illustrated in (f) for the Voigt estimated mass (black line) and Sauerbrey related mass (red line).  

In basic electrolytes, the polymer backbone will be undoped, as evidenced by the dark 

blue/purple colour of the PEDOT-S:H film, which results from absorption by the π-π
*
 transition 

at 500–600 nm.
12

 This means that the butane-sulphonate side chains of PEDOT-S:H will no 

longer be needed for charge compensation and will therefore be strongly dissociated, both inter- 

and intra-molecularly due to the excess negative charge present.  

 

Figure 4. Optical microscope images of the detachment of a bar coated PEDOT-S:H film. In a) 

the film before oxidation is shown. In b) the film is oxidized and has started to fold in the lower 

left corner. In c) the film is swollen and extensively folded.  

Detachment of PEDOT-S:H. The detachment process upon oxidation at potentials above 

+0.7 V vs. Ag/AgCl (figure 4) occurs in different steps characterised by an initial swelling phase, 

then cracking and folding of the PEDOT-S:H film until it finally disintegrates into small flakes.
20

 

Gentle agitation of the electrolyte will completely remove the film from the underlying substrate. 

AFM analysis revealed that, upon oxidation, the morphology of the PEDOT-S:H film was 
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markedly changed. Figure 2c and d show a folded structure indicating swelling and cracking of 

the film. These changes were also evident from the large differences in surface roughness. If 

instead reducing the polymer to its neutral state, no additional swelling or cracking occurred 

(data not shown). Using absorption spectroscopy, we have not detected any dissolved PEDOT-

S:H in the electrolyte after detachment (data not shown), the detached polymer film is only 

present as small flakes.  

As discussed above, during oxidation additional positive charges along the polymer chain can 

be compensated for either by anions from the electrolyte, or by rearrangement of the polymer 

chains to increase the degree of self-doping.
14,16

 As we see swelling upon oxidation, it is likely 

that anions enter the polymer in combination with additional self-doping. The suggested ion 

movements during oxidation are summarized in figure S1c.  

It is clear that swelling is an important part of the detachment mechanism. Already when 

submerged in electrolyte the polymer film will take up water and expand. The swelling will 

increase further during oxidation, as indicated by a mass increase in the EQCM-D experiments 

(figure 3). Ion diffusion from the electrolyte for charge compensation during polymer oxidation 

will be accompanied by solvent, as has been shown for PPy actuators.
30,44

 When applying an 

electric potential between the substrate and the counter electrode ions will also initially migrate 

in the resulting electric field.
45

 Swelling during redox reactions will also be influenced by 

differences in ion concentrations and thus water activities between the electrolyte and the 

polymer film, leading to variations in osmotic expansion.
46,47

 

Detachment in different electrolytes. To evaluate the impact of the types of ions on the 

detachment process, different electrolytes were tested. First we compared detachment in 0.1 M 

aqueous electrolytes including NaCl, NaDBS, Na2SO4, CaCl2, FeCl3 and MgCl2. The 
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electroactivity of PEDOT-S:H in the various electrolytes was confirmed from the fact that all the 

films exhibited an electrochromic colour change during cyclic voltammetry. In NaCl, NaDBS 

and Na2SO4 PEDOT-S:H detached, showing that neither the size nor the charge of the anion 

influences the detachment mechanism significantly. In the case of cations the charge influenced 

the detachment process and in the case of CaCl2, FeCl3 and MgCl2 the films could not be 

detached at all. We assume that di- or tri-valent ions will enter the polymer film and cross-link 

the polymer chains at the sites of the sulphonate groups
48

 (figure S1c), assumingly preventing 

further self-doping upon oxidation Further, using EQCM-D, we observed less swelling of the 

polymer film when using electrolytes with di- or trivalent cations (data not shown), as also noted 

previously for PPy actuators.
27,48

  

To further investigate the cross-linking, we performed a combined experiment; when first 

incubating a PEDOT-S:H film in CaCl2 and then transferring it to NaCl before electrochemical 

oxidiation, the film detached. This indicates that the Ca
2+

 ions had been exchanged by Na
+
 ions. 

However, for incubation times in CaCl2 longer than 3 days, the detachment time increased 

(figure 5a). After seven days of incubation it was in fact hard to achieve detachment at all. We 

have previously shown that when PEDOT-S:H films were incubated in NaCl for extended period 

of times the detachment time was not affected to the same extent.
20

 When adding CaCl2 to NaCl 

the detachment time increased with increasing amount of CaCl2 added (figure 5b), indicating that 

there is a certain upper limit of the degree of cross-linking for which detachment does not occur.  

When increasing the electrolyte concentration the detachment time increased for all tested 

electrolytes (figure 6a). At concentrations above 1.0 M, typically only fractions of the polymer 

films detached. When increasing the concentration of the electrolyte the difference in water 

activity between the polymer film and the electrolyte will decrease. The tendency of water to 
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enter the film (osmatic expansion) will then decrease, in turn decreasing the swelling of the film. 

A similar swelling behaviour has been observed for PPy films.
46,49

  

 

Figure 5. Influence of calcium ions on the detachment of PEDOT-S:H. In a), PEDOT-S:H bar-

coated on PEDOT:PSS was incubated in 0.1 M CaCl2 for various times and was then moved to 

0.1 M NaCl and detached using 1.0 V. The experiment was performed in duplicate (each 

experiment represented by an asterisk). For 7 days incubation, only one film could be detached. 

In b), 0.1 M CaCl2 was added to 0.1 M NaCl. PEDOT-S:H bar-coated on PEDOT:PSS was 

detached using 1.0 V. Mean and error bars showing standard deviation are displayed, n=3.  

Further we compared the detachment processes in electrolytes including a polyanion (PVPA) 

or a polycation (pDADMAC) with that found in NaCl. PVPA and pDADMAC are both large 
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macromolecules that will not easily enter the PEDOT-S:H film. Cyclic voltammetry revealed 

that oxidation and reduction was possible regardless of the electrolyte (figure 6b). During 

oxidation in NaCl and PVPA a small peak is present around 0.2 V, in pDADMAC this peak is 

absent. Another noticeable feature is the large reduction peak present only in PVPA. It is clear 

that during redox-cycling of a PEDOT-S:H film, the electrochemical reactions and 

accompanying ion movements are somewhat different depending on the electrolyte.  

 

Figure 6. PEDOT-S:H in different electrolytes. a) Detachment of PEDOT-S:H bar coated on 

PEDOT:PSS using 1.0 V in different concentrations of NaCl (black square), PVPA (black 

triangle), NaDBS (white square), Na2SO4 (white triangle), mean and error bars showing standard 

deviation, n=3-5. b) Cyclic voltammetry of PEDOT-S:H films bar coated on PEDOT:PSS in 0.1 
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M of different electrolytes; NaCl (solid line), pDADMAC (dashed line) and PVPA (dotted line) 

with a scan rate of 0.02 V/s.  

In 0.1 M pDADMAC no detachment of the PEDOT-S:H films was possible, even though free 

anions could enter the polymer film. In contrast, in PVPA electrolytes with no free anions, 

detachment occurred at a relatively rapid rate (figure 6a). This could suggest that the presence of 

free cations is of importance for the detachment process. That is however unlikely due to the 

following two reasons. First, free cations are present in CaCl2, MgCl2 and FeCl3 however no 

detachment occurred in these electrolytes. Secondly, inclusion of cations is not needed for charge 

compensation during the oxidation process, as the number of positive (and not negative charges) 

increases within the film. PEDOT-S:H is a conjugated polyanion and it is therefore possible that 

pDADMAC will adsorb to the surface of the film and cross-link the outer PEDOT-S:H layers, 

preventing detachment.  

The detachment was considerably faster in PVPA as compared to the other electrolytes (figure 

6a). To verify whether this was due to differences in pH or to the anions present, detachment in 

HCl and in PAA  (concentrations ranging from 0.1 M to 1.0 M) was tested. In the HCl solution 

the detachment times were similar to those in NaCl, while in PAA the times almost equalled 

those in PVPA, indicating that it was the anions that influenced the detachment time and not the 

pH. The very fast detachment times in PVPA can be explained by that the sulphonate side groups 

of the PEDOT-S:H chains underwent major rearrangement directly at the onset of oxidation in 

order to counteract positive charges on the polymer backbone introduced via oxidation, as no 

mobile anions were available. From this, we conclude that the detachment mechanism is a 

combination of swelling and rearrangement of the polymer chains.  
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EQCM-D studies of the detachment in NaCl. The detachment mechanism was also analysed 

and monitored in more detail using EQCM-D, thus providing a comparison of the change in 

mass with a simultaneously recorded amperogram. In addition, ∆D results gives an estimate of 

the energy dissipation characteristics of the adsorbed mass, with respect to the overall ∆f and 

offers vital information regarding both the kinetics and viscoelastic properties of the polymer 

film.
 
Evaluating the resulting ∆D and ∆f values gives a profile of the effective hydrodynamic 

nature of the deposited polymer film. A lower ∆D value indicates a less hydrated or “stiffer” 

polymer layer.  

Figure 3 shows the potentiostatic EQCM-D measurements and the corresponding change in 

frequency and dissipation. A substantial degradation and loss of material from the substrate 

electrode set in at around 600 s, 0.7 V (vs. Ag/AgCl) and the detachment was complete around 

60 s seconds after applying the final voltage step.  This relatively faster detachment time found 

in the EQCM-D experiments is most likely due to the poorer adhesion between PEDOT-S:H and 

the gold crystals. The mass of the film was correlated with the charge transferred to and from the 

film. It is evident that the mass increased with the amount of charge transferred to the film and 

then decreased again as the charge escaped (figure 3b). The transferred charge to the film 

corresponds to oxidation of PEDOT-S:H and the increase in mass indicates charge 

compensation, at least in part, by inclusion of Cl
-
 ions. If charge compensation instead would 

occur through an increased degree of self-doping, there should be an undetectable mass decrease 

through expulsion of protons. 

Applying a constant electronic potential caused an increase in mass accumulated within the 

polymer film, which was measured by a non-linear frequency decrease and an increase in 

dissipation. We then used the Sauerbrey model, discussed further in the supporting information, 
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to calculate Meq (table 1) from the change in mass (∆m) and the charge transferred to the film 

(Q). Assuming that this change in mass was entirely due to inclusion of Cl
-
 ions, the 

corresponding increase in ions included in the film equals more than 1 mol of Cl
-
 ions (M = 35.5 

g mol
‒1

). The resulting mass data (M = 62 ± 5 g mol
‒1

) instead suggested intercalation of both 

Na
+
 and Cl

-
 ions in their hydrated state (MNaCl = 60 g mol

‒1
) into the film.

 
In general, these 

results confirmed that the charge neutralization was achieved not only by the expected uptake of 

chloride ions but also with the addition of sodium to compensate the negatively charged 

sulphonate chains.  

Table 1. Calculations of Meq from EQCM-D data, using either the Sauerbrey or the Voigt model. 

Voltage 

 (V) 

Charge 

(A·s) 

∆m 

Sauerbrey 

(µg) 

Meq  

Sauerbrey 

(g mol
‒1

 e
‒1

) 

∆m 

Voigt 

(µg) 

Meq 

Voigt 

(g mol
‒1

 e
‒1

) 

0.3 1.32 0.78 57 0.43 31.35 

0.4 2.04 1.13 53.5 0.62 29.4 

0.5 3.06 1.89 59.6 1.04 32.8 

0.6 5.58 3.9 67.4 2.15 37.1 

0.7 ― 0.96 ― 0.53 ― 

 

The dry mass of PEDOT-S:H on the substrate electrode was 80 µg and we assumed a self-

doping level of PEDOT-S:H of 25-30 % based on previous studies.
15,16,40

 If we also assume that 

all incorporated ions, given by the total mass increase, were involved in doping the resulting 

doping level reached 50-55 % before detachment occurred. Clearly this was not the case since 

such high doping level is typically not reached in conjugated systems. The resulting observed 

mass increase must then contain a large fraction of coupled water. There are different reasons for 
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the measured excess increase of the mass of the film. One reason is that a PEDOT-S film may 

show viscoelastic effects
41

 that suppresses the measured oscillation frequency. In the case of a 

viscoelastic film, the mass of the adlayer may be either overestimated or underestimated by the 

Sauerbrey model, depending on the mechanical or elastic properties of the film. Since the f and D 

shifts elicited by the intercalation of ions were considerable in this case, both in their magnitude 

as well as the irregular nature of their time-dependent profile we tried to employ the Voigt model 

to determine the overall hydrated mass intercalated in the film. The output from the Voigt 

modeling and the Sauerbrey relation is shown in Figure 3e, illustrating changes in mass vs. time 

for the film upon electrochemical oxidation. Considering the complex nature of the physical 

processes involved during oxidation of the film (first mass increase and then detachment of the 

film from the gold surface) the agreement between the measured data and the Voigt model must 

be regarded as good. The best fit for the polymer films was obtained for a film represented by 

specific input parameters that provides the best data fit for the layer density (1100 kg/m
3
), fluid 

density (1000 kg/m
3
), layer viscosity (1

-5
 ≤1

-2
 kg/ms), layer shear modulus (1

3
 ≤1

7
 Pa), and mass 

(1
3
 ≤ 1

6
 ng/cm

2
). Since the first overtone (n = 1) showed the clearest respons to increases in mass 

it was included in the model. The first, third and fifth overtones were used for all modeling 

calculations. 

However, in order for the Voigt model and the included parameters to be physically relevant 

we limited the input data from the start of the experiment to the beginning of detachment (0-600 

s). Including data after 600 s to the Voigt model severely changed the output vector parameters 

that couldn’t be analyzed. The significant increase in both ∆D and ∆f after 600 seconds suggest 

that detachment occurs through softening of the film (increase in ∆D) accompanied with almost a 

linear loss of material between 600-670 s (increase in ∆f).  
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The modulated increase in mass of the film (table 1, based on the derived parameters above) 

instead suggested a 45 % decrease of the incorporated mass in total due to viscoelastic 

contributions from coupled water and electrolyte. Adjusting the mole fraction of incorporated 

NaCl to the Voigt-modulated mass, we found an increase in the doping level during oxidation of 

around 20 %, resulting in a final doping level of 37-42 % during oxidation of the PEDOT-S:H 

film. The EQCM-D results clearly show that in addition to self-doping also inclusion of anions 

from the electrolyte occurs. The electrode reaction mechanism can be described as: 

 [PEDOT
0.25+

-(SO3)
0.25-

] ‒ ne
-
 + nCl

-
 = [PEDOT

(0.25+0.12)+
-(SO3)

0.25-
(Cl)

0.12-
]    (3) 

 

Figure 7. Effect of electrolyte temperature (a) and pH (b) on detachment time of bar coated 

PEDOT-S:H on PEDOT:PSS. Detachment with 1.0 V in 0.1 M NaCl, mean and error bars 

showing standard deviation, n=3.  
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Variations in detachment time. As described above, both the type and concentration of 

electrolyte will influence the detachment time. Previously we have shown that when we 

increased the magnitude of the positive potential (vs. Ag/AgCl) applied to the film the 

detachment time, in 0.1 M NaCl , decreased.
20

 In addition we now evaluated the influence of 

temperature and pH of the electrolyte on the detachment time. The effect of heating or cooling 

the electrolyte was tested in 0.1 M NaCl. We found that heating decreased the detachment time 

(figure 7a). This was possibly due to faster dynamics of the polymer chains as well as faster 

swelling due to an increased ion diffusion rate. Also, using 0.1 M NaCl as electrolyte, the 

influence of pH on the detachment time was tested. HCl or NaOH was added to the electrolyte to 

establish the desired pH values. The detachment times decreased at basic pH (figure 7b). As 

mentioned above, PEDOT-S:H is reduced at basic pH and we assume that this reduction 

destabilized the polymer film and facilitated faster detachment. 

Substrate for detachment. To enable detachment, a conducting layer is needed underneath 

the PEDOT-S:H film. We have successfully used gold, ITO and other conducting polymer films 

as substrates for detachment. Without the conducting layer, cracks formed in the PEDOT-S:H 

film during the oxidation process will terminate conductivity and stop the oxidation from 

propagating throughout the film, thus hindering detachment. The importance of having a 

conducting substrate underneath the polymer film is clear from the results in figure 8. Here, a 

PEDOT-S:H film was coated on a patterned substrate with individually addressable electrodes 

separated by non-conducting lines. Even though the PEDOT-S:H film itself was not patterned, it 

detached only from positively addressed electrodes. The redox changes in the polymer can easily 

be monitored by recording its electrochromic behaviour, in particular this is easy for the reduced 

state of PEDOT-S:H that turns dark blue. It was evident that the oxidation (or reduction) did not 
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spread from the addressed electrodes through the entire PEDOT-S:H film. This indicates poor 

lateral conductivity in the wet state as well as anisotrophic properties.
50,51

 The fact that only 

certain specific parts of a uniform film can be selectively removed might be used as a patterning 

technique in the future as well as achieving area selective addressing of detachment of a thin 

film.  

 

Figure 8. Microscope images of PEDOT-S:H inkjet printed on patterned PEDOT:PSS foil. In a), 

a potential was applied between the fourth pair of electrodes, reducing PEDOT-S:H on top of the 

left one and oxidizing PEDOT-S:H on top of the right one. The oxidized PEDOT-S:H is starting 

to crack and fold. In a) and b), PEDOT-S:H on top of one electrode in the first and second pair 

has already been detached. In b) PEDOT-S:H that is oxidized in a) has detached. In c), a 

schematic illustration of the setup is shown. The dark grey lines represent the patterned 

PEDOT:PSS electrodes and the lighter grey area PEDOT-S:H, that has been inkjet printed on 

top. The space between the electrodes is 10 µm, and the line width of the electrodes is 50 µm.  

Conclusions 

We have investigated the detachment mechanism of thin films of the water-soluble and self-

doped conjugated polyelectrolyte PEDOT-S:H. PEDOT-S:H films have been coated on top of 

underlying electrode substrates. When oxidizing the PEDOT-S:H film it detached from the 

underlying substrate. A high enough (>0.05 M) concentration of ions in the electrolyte was found 

to be of major importance in order to maintain a desired stability of the film prior to oxidation. If 
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the concentration was lower the film dissolved spontaneously due to inflow of water. Upon 

submersion in an aqueous electrolyte, the polymer film swelled due to uptake of water and 

solvated ions.  

Upon oxidation, the swelling of the polymer film increased further before it finally detached. 

We found that the detachment was influenced by several crucial parameters. Increased 

temperature and basic pH values both decreased the detachment time. Moreover, di- or trivalent 

cations seemed to cross-link the PEDOT-S:H chains, thus preventing detachment. When 

increasing the electrolyte concentration, the detachment time increased, most likely due to less 

polymer swelling in turn caused by a decrease in the concentration differences between polymer 

and electrolyte. Upon oxidation, the resulting positive charges on the polymer backbone can be 

balanced either by anions from the electrolyte or by the negative sulphonate side groups of the 

polymer itself (more self-doping), or by both in combination. In the case of a polyanion 

electrolyte, no free anions are available. Detachment in this case was found to be faster than in 

electrolytes including small-sized anions. This indicates that it is the rearrangement of the 

polymer side chains that drives the actual detachment process. We therefore suggest that the 

detachment mechanism takes place in three parts, which was also supported by EQCM-D 

studies; first swelling due to inflow of water and electrolyte regardless of any applied potential 

occur, secondly an inflow of mobile anions (if any) will increase the swelling even further, 

thirdly the polymer chains rearrange to allow more self-doping. The rearrangement in turn leads 

to cracking and detachment of the entire film. In electrolytes with mobile small-sized anions the 

first part of oxidation includes diffusion of the anions into the polymer film to counter-balance 

positive charges, however rearrangement will eventually take place, leading to detachment.   



 24 

We have reported an in depth study of the detachment mechanism of PEDOT-S:H. This 

material exhibits excellent detachment characteristics above a threshold potential of +0.7 V vs. a 

Ag/AgCl reference electrode. We believe that electronic control of detachment is of generic 

interest in areas related to active control over the release of cells, tissues, and drugs and also for 

more technological areas, such as the electronic glue in packaging, assembly and construction 

technology.  
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