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1. Abstract 
Since late 70’s when conductive polymers were discovered, a new field of science has opened to 

the research world. Especially during last 30 years, many applications of using these polymers 

have been revealed in areas such as electrochemical transistors and OLEDs (Organic Light 

Emitting Diodes). In separation sciences, there are some studies using conjugated polymers for 

isolating analytes in liquid and gas matrices. Considering the results of these recent efforts, there 

is a potential to use conjugated polymers to separate the gases from each other. However, to the 

best of my knowledge, such application has not been demonstrated yet. The objective of this 

thesis is to measure the differences in adsorption of carbon dioxide and methane on conjugated 

polymers. The adsorption measurements on polymer films were made using Quartz Crystal 

Microbalance with Dissipation Monitoring. We believe this separation method may be helpful in 

biogas plants or even for separating carbon dioxide in carbon sequestration projects and green 

house gas abatement plants.  

Keywords: Conjugated polymer, gas adsorption, carbon dioxide, methane, QCM 
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2. Abbreviations 
CV Cyclic Voltammetry 

P3BT Poly (3-butylthiophene) 

P3HT  Poly (3-hexylthiophene) 

P3OT Poly (3-octylthiophene) 

QCM-D Quartz Crystal Microbalance with Dissipation 

UPS Ultraviolet Photoelectron Spectroscopy 

XPS X-ray Photoelectron Spectroscopy 
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3. Introduction 
Nowadays, by speeding up the circle of production and consumption, synthetic materials may be 

used to compensate the lack of natural resources. One category of these materials is polymers, 

and specifically plastics. We can find them everywhere; from daily routine usage to high-tech 

applications. We can find them in the closest thing to us, our clothing, to things we may use less 

frequently. They may even have a very essential role in our life and are used in e.g. 

pharmaceutical production. However polymers are not always synthetic. The building blocks of 

human body such as protein and even DNA are also polymers. 

 In the beginning of 20th century, polymers were introduced to the scientific and industrial 

world. Since then, several applications for these materials have been proposed. Some subgroups 

of this big family, like conjugated polymers, have more specific uses. 

Conjugated polymers can be defined as polymers which their back bone consist of conjugated 

units. Most of these specific polymers have the characteristic to react differently in different 

electrochemical states. Conjugated polymers are in-use in a wide spectrum of different fields, 

from electrochemical transistors to micro mass transportation. These newly discovered materials 

have high capacity to be employed in more branches due to their tunable properties in different 

electrochemical states. Changing the redox state causes the polymers to be charged and 

discharged, and in each state they respond dissimilarly (Fekete et al., 2007). These remarkable 

characteristics have made them alluring to other fields as well. One of these new fields may be in 

separations of analytes in gas or liquid matrices. 

One of the novel applications of conjugated polymers is to separate gases from each other. Many 

industries such as natural gas or biogas plants have difficulty purifying their final product. In 

biogas production, the main interest is in methane (CH4) to be used as fuel. However, in methane 

production other gases such as carbon dioxide (CO2) may also be produced. In addition to 

reducing the energy content of biogas, carbon dioxide may also cause inconveniences during 

transportation and storage due to its acidic and corrosive characteristics in the presence of water. 

Moreover, many countries have set a standard to use biogas as a vehicle fuel. For example 
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according to Swedish national standard for biogas, the methane content should be 95-99 volume 

percent and total volume of oxygen, nitrogen and carbon dioxide gases together should be less 

than 5% (Petersson and Wellinger, 2009). Therefore, to avoid these difficulties, enhance the 

yield of the final product and meet the standards requirements, refining the output of the biogas 

production process to increase of the total amount of methane by separating it from other gases is 

started practice. For this, several methods have been applied such as amine adsorption plants and 

cellulose acetate membranes (Othman et al., 2009).  

On the other hand, Sweden, with more than 230 facilities, is one of the leading countries trying 

to extract energy from waste and biodegradable materials. Yearly, around 1.3TWh energy is 

generated in this way (Swedish Energy Agency, ER 2007:05). But, there is still a hugely 

expanding capacity for this industry in Sweden. It may reach a capacity up to 14TWh per year, 

10 times higher than its present production, according to some researches (Linne & Jönsson, 

2004). This considerable potential leads us to pay more attention to this industry, its 

enhancement and optimization of the production processes. Finding new ways to purify and 

refine biogas is of great concern for this research to go a step forward to promote this rising 

industry. 

Moreover, carbon dioxide as a green house gas impacts global warming and thereby has an 

important role in the context of sustainable development. Carbon dioxide is emitted in many 

industries in considerable quantities, such as fossil fuel based industries or cement 

manufacturing. As a result many suggestions to mitigate its effect on global warming have been 

purposed. These suggestions include reducing the emission by decreasing the consumption 

through increasing efficiency, or substituting fossil fuels with clean or renewable resources. But 

sometimes, burning fossil fuels is inevitable and therefore other mitigating methods, like 

abatement of emitted CO2 by sequestration, have been proposed. This project may have an 

effective role in developing methods to capture carbon and store it. 

In this thesis the interactions of biogas product gases, CO2 and CH4, with a conjugated polymer 

has been studied in order to estimate their potential use in separation processes. To the best of 

my knowledge, conductive polymers have not previously been used for the separation of gases. 

Hopefully, this method can give new insight into gas separation science. The goal of this 
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research is to investigate the ability of conjugated polymers to be used in separating gases with 

the following research questions: First question is whether it is possible to measure the 

adsorption of gases on a conjugated polymer by using a reliable adsorption measuring method. 

Second question is whether there is any difference in adsorption of CO2 and CH4 on the 

conjugated polymer; here the polymer is a modified thiophene. The next question is to verify that 

the measured results are reproducible. Finally, the results from this method are compared with 

existing methods to approve that the results are reliable. 
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4. Background 

4.1. Conjugated Polymers 

Polymers are materials consisting of large molecules made of smaller repeating subunits called 

monomers. By polymerizing different monomers, polymers are obtained with various chemical 

or physical characteristics. 

One of the subgroups of plastics is conjugated polymers. Most of these polymers are 

electrochemically active. In addition to the normal plastics properties, we know that this property 

makes conjugated polymers conductive or semi-conductive. Thus they act like metals or 

inorganic oxides. Depending on which electrochemical state they have, conjugated polymers 

react in a range from insulator to semi-conductor (Nilsson, 2005).The back bone of the structure 

of a conjugated polymer is a carbon chain, consisting of π-conjugated units, single- and double 

bond alternatively. As carbon has four valence electrons, due to this conjugated structure, each 

carbon is in three σ-bonds and one electron is in π-bond. These π-bonds have overlap and 

delocalized electrons can move between adjacent carbon atoms. In figure1B a conjugated unit is 

illustrated (Isaksson, 2007). 

 

Figure 1: Polyethylene (A) and polyacetylene (B) 

The ability of the electron moving in π-bond helps the material to transit the electrons through 

the back bone chain, which is the main reason that these materials are conductive. This 

conductivity is directly in correlation with the mobility of the electron. It is also possible to 
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change the number of charge carriers by several doping methods. Examples of doping methods 

are chemical doping, electrochemical doping, photo-doping and charge-injection doping 

(Nilsson, 2005). 

The conductivity may be changed by several orders of magnitude and depends on the level of 

doping. The conjugated polymers can be positively charged by removing an electron or 

negatively charged by adding an electron as shown in equation 1. 

 

Equation 1: The positive and negative doping equations 

These oxidation and reduction states are repeatable. However, if the polymer is charged 

excessively with high voltage, irreversible reaction destroys the conjugation of the polymer. The 

use of p-doped polymers is more common because they are more stable than n-doped polymers. 

It is hard to keep n-doped polymers in open air due to their rapid reaction with ambient oxygen 

(Nilsson, 2005). 

An important characteristic of conjugated polymer is the change in properties during different 

electrochemical states. The electrochemical charge can vary their color, conductivity, volume 

and surface energy. For example, by switching the state of a polymer its surface energy changes 

and therefore changes the wettability of the polymer. This wettability can be measured by 

observing the contact angle. In figure 2, an example of changing the wettability of polymer is 

depicted. In figure 2a the contact angle of three different poly thiophenes is illustrated before 

oxidization and after oxidization, and as sum up the difference of contact angle for each polymer 

is showed in figure 2b. As it shows there is a considerable difference in wettability of polymers 

by changing its electrochemical state and polymers with shorter side-chain have the highest 

contact angle when it is switched among other polymers with longer side-chain (Robinson et al, 

2006).  
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Figure 2: (a) Water–air static contact angle of P3OT, P3HT and P3BT in the pristine (neutral) 

state on Si and electrolyte and after electrochemical oxidation on electrolyte. (b) The difference 

in contact angle between pristine and oxidized P3AT on electrolyte (Robinson et al, 2006). 

 

 

Figure 3: A unit of a poly thiophene 

Among mentioned doping methods, electrochemical and chemical doping are the most common. 

In this project, electrochemical doping was used for the doping of a poly thiophene. 

4.2. Electrochemistry Process 

Electrochemistry is the meeting point of electricity and chemistry where it is possible to convert 

chemical energy to electrical energy and vice-versa. For each electrochemical cell, we need 4 

essential elements: anode and cathode electrodes, electrolyte, and connections between 

electrodes. Two sorts of reactions occur in electrochemical cells: oxidation and reduction. The 
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electrode where oxidation is happening is the anode and the electrode is where the reduction 

occurs is the cathode (Ulrich, 2008). If we want to measure potential relative to the potential in 

the electrolyte, a reference electrode is also required. 

 

Figure 4: An electrochemical cell 

For electrochemical doping, the polymer is fixed on one electrode, and by applying a specific 

voltage in presence of a counter electrode, the polymer is oxidized or reduced.  
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5.  Materials and Methods 
During the doping of the polymer in electrochemical doping, the electrolyte has the task of 

keeping the polymer electro-neutral by providing counter-ions. The electrolyte maintains the 

electrochemical balance while ions enter or escape the conjugated polymer bulk, and maintain 

the charge equilibrium (Nilsson, 2005). The electrolyte used in this experiment is a 100 mM 

potassium triflate (KCF3SO3) water solution. The main reason for choosing this salt is the size of 

the anion in the solution in comparison to other negative anions. As (CF3SO3)
 – is relatively big, 

it has an even distribution of negative charge on its surface, making it more soluble in the 

polymer bulk. Because the electrodes are made of gold, it is not possible to use chloride salts. 

Due to use of an aquatic solution as the electrolyte in this study, the reference electrode should 

be compatible with aquatic systems. For this purpose, a Cypress System 66-EE009 (Q-Sense AB, 

Oparator Manual) no leak Ag/AgCl electrode, has been used as the reference electrode. 

For this experiment, the counter and working electrodes are made of gold due to the inert 

characteristic of gold compared to some other metal based electrodes. However, other inert 

materials such as platinum were also available, but as the gold cells are the most available and 

economically reasonable electrode, gold cells were chosen in this work. 

As mentioned above, electrochemistry is used for switching the polymer in this study, which 

leads to using a specific analytical method. The first step was to determine whether the polymer 

is switching in the provided electrochemistry cell or not. To check the integrity of the system, 

Cyclic Voltammetry (CV) has been used. In CV, to be able to study the redox behavior of the 

material, the potential was swept between two potential states (V), back and forth. By studying 

the redox behavior, it is possible to find at what potential the polymer is going to be doped. 

Finding this point is essential, because, during the switching, if excessive potential is put into the 

system, it may cause over-oxidation and prompt deterioration of polymer. Therefore, if a 

reversible test is desired, it should not be allowed to be over oxidized. CV gives us a graph of 

current vs. potential, and by studying the peaks, the oxidation potential can be found. 
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As an example, for observing the doping point for the modified poly thiophene used in the 

electrolyte of 0.1 M KCF3SO3 in Acetonitrile, in the range of (-1.5)-1 V, the voltage has been 

swept at the speed of 0.05 V/s. Figure 5 depicts the voltage over time for 2 cycles of CV. In 

figure 6, the result of this voltammetry is presented in a current vs. voltage graph. In this figure, 

we can see two recognizable peaks during the increasing voltage curve. We believe that the first 

peak on 0.09V is for the reaction of the platinum in the solution which is used as working 

electrode, and the second peak on 0.7V is the oxidation of polymer. Thus, the switching window 

for the polymer in this solution can be interpreted from this graph. 

 

Figure 5: Voltage over time for 2 cycle voltammetry 
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Figure 6: Voltage over current for poly thiophene in 0.1M KCF3SO3 in Acetonitrile and platinum 

rod as reference electrode 

When the switching window was found, it was time to use linear voltammetry to dope the 

polymer. What we do in linear voltammetry is exactly just the first half of cyclic voltammetry. 

By stopping the cyclic voltammetry at half cycle, we are able to keep the polymer in the doped 

state. It is important to stop the polymer charging before an over-oxidation potential. For 

polymer used the working range was 0-0.9 V. This range made it possible to repeat the process 

and avoid over-oxidation which starts at 1 V.  

Over-oxidation is an electrochemical state where the polymer which becomes nonconductive and 

inactive. This reaction is irreversible and the polymer cannot go back to its previous state 

(Tehrani, 2006). 

5.1 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

The instrument used for the adsorption measurements in this work is a Quartz Crystal 

Microbalance with Dissipation Monitoring (QCM-D) due to its high sensitivity. This instrument 

is able to measure the molecular adsorption on various surfaces. QCM-D evaluates the adsorbed 
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mass with a sensitivity of ng/cm2 by measuring the change in frequency of a quartz crystal. It 

gives an insight into the structure of adsorbed layers and enables studies of the interaction of 

carbon dioxide and methane with the polymer film in different electrochemical states. 

In QCM, an oscillating voltage is applied to a quartz crystal which causes the crystal to oscillate 

at a specific frequency (Q-Sense technology note). When the mass on the crystal surface 

changes, a change will occur in the resonance frequency of the crystal oscillation which is 

explained by the Sauerbrey relationship: 

 

Equation 2: Sauerbrey relationship 

Here m is corresponding to mass and f to frequency. This relation is valid for thin, rigid and 

evenly distributed films. 

The dissipation is calculated when the driving voltage is shut off, then the crystal oscillation is 

dissipated from the system. Dissipation (D) can be calculated by the equation: 

 

Equation 3: Dissipation equation 

Elost is the energy lost during the one oscillation cycle and Estored is the total energy stored in the 

oscillator. By using the QCM-D technique it is possible to measure the ∆f and D from first up to 

 

Δm = -CΔf 
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7th overtone by repeating at a rate of 1Hz. However, as the relationship between adsorption and 

frequency changes, the Sauerbrey relationship is not always valid for viscoelastic films; this sort 

of information should be considered (Hook et al, 2001). Thus, when the mass increases on the 

surface of the crystal, the frequency of the oscillating sensor is decreased. With this technique 

any small changes in mass can be easily observed. 

By knowing the factors, ∆f and D, parameters such as thickness, viscosity, elasticity and density 

(Q-Sense technology note) may be calculated. 

The sensors that have been used in this work are crystals with resonance frequency 4.95MHz+/- 

50 kHz, with the thickness of 0.3 mm. The diameter of the sensor is around 14 mm. The sensor is 

coated with gold with a thickness of 10-300 nm, which has been optically polished. The gold 

surface has roughness up to 3 nm. This surface is very sensitive, and care should be taken to 

avoid from any scratching. 
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5.2 Providing the Polymer Solution 

The conjugated polymer used in this project is a modified poly thiophene. There are several 

reasons for this chose. First of all, this polymer has short side-chains. When the side-chains are 

short, there is more change in properties between to electrochemical states of polymer. Another 

reason for using poly thiophenes is because of their availability. This polymer is one of the 

economically reasonable ones for this research due to its commercial production. For gas 

separations, polymer with nonporous properties that result in dense film should be chosen 

(Pellegrino, 2003). Poly thiophenes are able to give such properties as a film when spin-coated. 

The first step was to make a solution of polymer for coating on the crystal. As our working 

polymer is soluble in chloroform, a solution of 2mg/mL was made in 90% chloroform and 10% 

1-dodecanol. As this polymer does not dissolve easily in the solvent, it requires heating. The 

solution should not be heated above 50°C, because chloroform is highly volatile. In this work the 

mixture was heated at 50°C for three minutes. 

5.3 TL-1 Washing 

Before working with crystals, any organic contamination should be eliminated from the surface. 

Therefore, the first step was to wash the crystal by TL-1 method. The crystal was kept in a 

solution consisting of 30 mL water, 6 mL NH3 (25%) and 6 mL H2O2 (28%) for 5 min at 85°C. 

After this, the crystal was rinsed with distilled water for 10 times. Finally, the crystal was dried 

by blowing with nitrogen. 

5.4 Spin-coating 

 The polymer was coated on the surface of the crystal by spin-coating. Spin-coating is a method 

to apply films by help of centrifugal force, which provides thin and uniform films. When the 

solution is applied on a substrate, the substrate is rotated at high speed causing the liquid to 

spread on surface. In this study, the spin-coater ran at 3500 rpm for 30 sec and with an increasing 

rate of 1000 rpm/sec. 
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5.5 Annealing 

The coated crystal was annealed to release the probable tension of forming the film during the 

evaporation of the solvent and facilitate evaporation of the solvent from the film. The film was 

kept in an oven for 30 minutes at 75.4°C, which is above glass transition (Tg) of the modified 

poly thiophene, according to Chen and Ni (1991). After annealing, the polymer film was cooled 

down to ambient temperature. 

5.6 Washing off the 1-dodecanol 

The solvent mixture contained 10% 1-dodecanol, which has a high flash point: 127°C. 

Therefore, it is not possible to remove this solvent by heating without destroying the polymer 

film. Thus, after annealing, the coated crystal was washed with ethanol (99.5%) for 10 minutes 

to remove the 1-dodecanol. 

After washing off with ethanol and drying the film by blowing with nitrogen, the crystal was 

ready for adsorption measurements. 

5.7 Measurement Condition Control 

During the measurement, all the controllable factors were held constant. Two factors have a very 

important role when the experiments include gases: temperature and pressure. The E4 QCM-D 

instrument provided the possibility to control the temperature in the measurement cell and as was 

mentioned, the working temperature was at 23°C. But, as the cells are not designed specifically 

for working with gases, pressure control was deeply challenging. Any changes of pressure during 

the measurements will cause large variations in surface frequencies. Therefore, any change in 

pressure or leakage should be avoided. 

To prevent leakage, a cell with proper sealing rings is needed. However, small leakage was 

unavoidable, but by keeping the leaking pressure constant we will have a similar change for all 

gases. By keeping the gas leak at minimum and constant level, each gas was affected similarly, 

while adsorption differences could be measured properly. Therefore, it was reasonable to keep 

the ∆P between system and the outside at the lowest possible level. The lowest pressure which 
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was possible to be read on the pressure gauges in the system was 0.6 bar which was chosen as 

the working pressure.  

To verify that the working pressure did not change, the flow rate was observed by flow meter. If 

there was any considerable leakage, a change at the flow rate would have caused a noticeable 

change in frequency. At 0.6 bar, no considerable fluctuations in frequencies took place. In 

addition, it should be mentioned that all the gas hoses and joints were foam leak-tested to assure 

there were no leakages. 

5.8 QCM-D measurement 

In QCM-D, the polymer was exposed to three different gases at constant temperature and 

pressure. Nitrogen was used as the reference, before carbon dioxide and methane were blown 

over the polymer. 

The measurement of adsorption of gases was done in four stages: 

1. To be sure that the working crystals were reliable, before doing any experiment, the 

dissipation factor for each resonance was measured. Even if the crystal was properly 

mounted in the module and the true resonance was found, there was still a 30% deviation 

between the measured dissipation values and the absolute dissipation values. The reason 

for this may be that the crystal was damaged. For working in gases, the dissipation 

values should be in a typical range as shown in table 1 (the Q-Sense operation note, 

revision A). 

Table 1: Typical dissipation values for quartz crystal 

 

Overtone 1st 3rd 5th 7th 9th 11th 13th 

Dissipation 
in air  

10-50 10-30 5-20 0-20 0-20 0-20 0-20 
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2. To investigate whether the crystal is responding to the gases consistently the bare crystal 

was exposed to each gas.  

3. The coated crystal was exposed to the gases to measure the adsorption effects of 

polymer.  

4. The polymer was dipped in the electrolyte for 10 min and then rinsed with distilled water 

to remove the remaining ions from the surface. After rinsing, it was dried by nitrogen. 

Then, the gases were blown over the dipped polymer to observe the effect of ions on the 

polymer. 

5. Using doped polymer for measurement the different gas adsorption on it in this state.  

In all cases, the temperature and pressure over the crystal were kept constant. In this experiment 

the working temperature was 23°C. The input pressure was set to +0.6 bar gauge for all gases. 

To keep the pressure constant during each experiment, all the assembled system including tubes, 

joints and connections, were tested for leakage. Any possible changes in pressure would affect 

the measured frequencies. Thus, controlling the pressure is an essential consideration in this 

experiment. 

All the above sequences were repeated at least three times with new crystals to ensure 

reproducible results. 

5.9 Verifying that the polymer is doped 

The modified poly thiophene is a polymer, which does not have a very clear visual indicator for 

the change between doped and undoped states. As the polymer was switched in the QCM-D 

electrochemical cell, many failures happened during the experiments. These failures may not be 

noticeable e.g. if the crystal is not mounted properly in the module or if the electrodes are not 

connected steadily. Also if the reference electrode was not truly in contact with electrolyte, any 

measurements may be hard to make. Air bubble trapped in the cell may halt the electrochemical 

process which necessitates us to pump the electrolyte constantly into the electrochemical cell to 

avoid any interruption. All these obstacles may prevent the polymer from being doped. 
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To know that the polymer was doped the contact angle of a water drop was measured, because in 

doped state, the surface energy of the polymer is changed (Isakson et al, 2004). But, as this 

polymer is not stable in contact with the ambient oxygen, such test may affect the state of the 

polymer, and it is therefore not recommended. An easier and more reliable method involves 

cyclic voltametry before doping the polymer and observes the variation of current over a change 

of the voltage. Further, cyclic voltammetry shows whether the doping process was reversible or 

not. In figure 7 a cyclic voltammetry graph of poly thiophene in 0.1M KCF3SO3 in water for 

first, third and fifth cycle is portrayed. The voltammetry was performed at the rate of 0.05 V/s. In 

this graph, we believe that the first peak while the voltage is increasing from 0 to 0.8V is for the 

reaction of chromium which is used to apply the gold layer on the surface of crystal. And in 

figure 8 a doping graph has been illustrated which is the first half of the same cycle that we have 

in figure 8, but the switching has stopped before discharging the polymer to neutral state. 

 

Figure 7: CV graph for poly thiophene in 0.1M KCF3SO3 in  

water for first, third and fifth cycle 
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Figure 8: Graph of doping modified poly thiophene in 0.1M KCF3SO3 in water 

The final challenge during the doping of the polymer was over-oxidation. As mentioned above 

over-oxidation makes experiments irreproducible. It also leads to loosening of the polymer from 

the surface of the sensor, which makes measurements impossible. If this happens, all sequences 

should be redone from the beginning. Evan, the sensor should be replaced with a new one, 

because during removing the film, the surface may be damaged and the detached polymer might 

plug the inlet and outlet of electrochemical cell causing difficulties to pump the electrolyte 

during the process of switching the polymer. 

 

5.10 Data analysis 

The data from QCM-D was analyzed by specific software, Q Tools. As the frequencies represent 

the adsorption on the surface, and since very thin films were used, the gas adsorption could be 

analyzed. In this analysis, the fifth overtone of the resonance frequency was considered. 
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6. Results 
 

6.1 Film Modification 

To obtain an accurate measurement of adsorption in QCM, the film characteristics of the 

polymer on the crystal are important. Thus, a uniform and thin film is required to give accurate 

results. Besides invalid results with a thick film, the modified poly thiophene, which is 

hydrophobic the doping with the aqueous electrolyte makes the polymer loosen from the crystal 

surface. Any frequency measured on a crystal with a detached film is meaningless. Obstacles to 

achieve a uniform and thin film are: firstly, the poly thiophene is dissolved in chloroform, which 

is highly volatile. Thus, when you place a drop of solution on the crystal for spin-coating, it 

evaporates quickly. By a partial evaporation of chloroform before starting the spin-coating, the 

crystal will be covered by a viscose solution and, therefore, spin-coating will not form a uniform 

film. To avoid this problem, 10% of chloroform is substituted with 1-dodecanol, which has a 

slower evaporation rate and, thus, the film has more time to flow over the crystal during spin-

coating before becoming solid, resulting a more uniform thin film. In figure 9, the difference 

between two films, after and before adding 1-dodecanol is showed. By washing 1-dodecanol 

from the film, a partially rough surface is formed. This roughness increases the surface of the 

polymer exposed to the gases, which improves the adsorption capacity. 
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Figure 9: (A) Modified poly thiophene film with only chloroform, (B) Modified poly thiophene 

film with chloroform and 10% 1-Dodecanol 

Secondly, it is necessary to apply the solution after starting the spinning to completely cover the 

surface. Thirdly, it is important to adjust the amount of solution to enable covering, but not in 

excess which leads to dripping. The volume used in this project was 60µL for each coating. 

A forth factor is the annealing after coating. As the main solvent, chloroform, is very volatile and 

evaporates quickly, some tension may have been trapped in film due to the sheer stress..This 

tension may cause wrinkles and cracks in the film or detachment of the film from the surface 

during the doping. Thus, annealing allowed the polymer chains to rearrange slowly and release 

of the tension. 

6.2 Adsorption Monitoring on Polymer Surface 

The main purpose of this project was to investigate the value of conjugated polymers in gas 

adsorption separation. Thus, the polymer was switched electrochemically and observed in its 

new state to see whether its gas adsorption properties had changed. The first experiment was 

made on the neutral polymer after dipped in the electrolyte and dried, to measure the relative 

resonance frequency for carbon dioxide and methane relative to the reference, nitrogen. Figure 

10 shows the result of the frequency of the fifth overtone for these three gases at the undoped 

state of the polymer. The test started with nitrogen and then the film was exposed to methane for 
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between 300 and 550 seconds followed by by nitrogen and then carbon dioxide for between 700 

and 1000 seconds. The levels at the periods up to ca 200 seconds, between 550 and 700 as well 

as between 1000 and ca 1200 seconds are due to switching from one gas to the other. Finally the 

test was finished by blowing nitrogen again to check that the crystal and film had not changed 

during the measurement. 

 

Figure 10: Frequency over time for undoped polymer 
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Figure 11: Frequency over time for doped polymer 

In figure 11 the frequencies of the fifth overtone for gases on the doped polymer is shown. 

Again, the experiment is started with nitrogen as reference. Then between 300 and 500 seconds 

carbon dioxide was blown and between 700 and 900 seconds methane was blown over the 

sensor. The test was ended with nitrogen. The ∆f for the various gases and polymer states are 

summarized in table 2.  

Table 2: The average ∆f for the fifth overtone of polymer film in both electrochemical states 

exposed to N2, CO2 and CH4  

Gases Nitrogen Carbon dioxide Methane 

Electrochemical state Neutral Doped Neutral Doped Neutral Doped 

Frequency (Hz) -0.5 -1.7 4.5 0.8 -35.8 -26.3 
 

As table 2 shows, there was a considerable difference in ∆f between doped and undoped films for 

methane. The average frequency for normal state of polymer for methane was -35.8 Hz but for 

doped polymer the average frequency was -26.3 Hz. This difference in frequency of about 9.5 Hz 

is believed to correspond to the difference in adsorption. 
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The differences for nitrogen and carbon dioxide were not large enough to be of interest. The 

frequency changes for carbon dioxide were around 3.7 Hz and for nitrogen around 1.2 Hz. 

However it should be emphasized that the change in ∆f were relative to the adsorption of 

nitrogen, not absolute adsorption. 

To be sure that this change in frequency was repeatable for methane, the experiment was 

performed again. To make the difference more recognizable, the experiment was done for only 

methane, which appears to be more sensitive to electrochemical switching. The result was more 

promising and the differences were more obvious. 

The methane was exposed to the polymer surface, both normal and doped state, between 350 and 

650 seconds, and the frequency shifted from -41 Hz to -19 Hz (figure 12).  

 

Figure 12: The frequency over time for undoped and doped polymer when exposed to methane 
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6.3 Measurement Challenges 

In addition to all practical problems, which occurred during the work, especially when gases 

were involved, such as controlling the pressure, the poly thiophene itself has a characteristic 

which can be problematic. 

As mentioned in the Background section, poly thiophene is a conjugated polymer, which is able 

to be charged by electrochemical reactions. This switch can be made chemically by oxidation 

and reduction. Oxygen is a strong oxidizer with an opulent amount of it in our ambient. 

During the experiment the reaction of methane towards the doped polymer differed from when it 

was neutral. These differences made us suspicious, because during the experiments there was a 

possibility that the ambient oxygen had partially oxidized the polymer. Therefore, the state that 

was considered as neutral was not indeed neutral. Since we could not evaluate the occurrence of 

any deviations from neutrality, we can not judge the possible interaction by oxygen in our 

results. 

To try to observe this oxidization effect, a coated polymer was exposed for one week to air and 

before the adsorption of gases on its surface was measured. By doing cyclic voltammetry, the 

polymer was switched to neutral state, and again the adsorption test was done (figure 13). 
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Figure 13: Frequency over time for exposed polymer to air before and after switching 

As the graph shows, the polymer reacted like the doped polymer after one week exposing to 

oxygen in comparison to discharged polymer. The difference of frequencies was approximately 

9Hz.  

6.4 X-ray/ Ultraviolet Photoelectron Spectroscopy Test 

In an attempt to observe the difference of methane adsorption by another method, X-ray 

Photoelectron Spectroscopy (XPS) and Ultraviolet photoelectron Spectroscopy (UPS) were 

tested.  Unfortunately, it was not possible to get any result to verify our result by QCM-D. The 

pressure during the XPS/ UPS was too low for the gases to remain adsorbed to the polymer. 

Therefore, it was not possible to measure any adsorption for gases in such condition. 
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7. Discussion 
After the experiments and the conclusion drawn from the results, it is interesting to interpret the 

success rate in using these techniques trying to answer some of the fundamental questions that 

this project is based upon, and also, whether these answers are reliable or not. 

First, due to pressure control problems, the experiments have been carried out at low pressure. 

Combined with the small volume above the sensor (40 µL) working in low pressure may lead to 

only small gas concentration on the polymer surface. In this project, a novel approach in 

observing and measuring the small changes in the adsorption between carbon dioxide and 

methane was applied. Fortunately, the QCM-D instrument is able to measure these small 

changes. Still there are two challenges for using the QCM-D. First, the instrument we used was 

not designed for working with gases, so avoiding the gas-leakage was a hard challenge to 

overcome and lots of difficulties during the experiments caused the repeating complete 

experimental sequences. E.g. leakage occurred in the middle of a measurement of the doped 

polymer, and as the doped polymer is not stable in air, the polymer had to be discharged and then 

recharged again. Thus, controlling the pressure took lots of time and efforts. 

The next challenge was that the QCM-D provides a relative adsorption and not the absolute 

adsorption, and this relativity makes the interpretation of the results complicated. However, the 

QCM-D was able to measure the gas adsorption in general and makes it possible for quantitative 

measurements. 

Another question to answer was whether it was possible to indicate any difference in the 

adsorption of carbon dioxide and methane. First of all, as was brought up in the Results section, 

there was a considerable difference in the change of frequency of methane in the two 

electrochemical states tested, neutral and doped, in comparison to other gases. On the other hand, 

as the results obtained from the QCM-D measurements were relative to the reference gas (here 

nitrogen), explaining the adsorption was not simple. This change in frequency may be interpreted 

by three scenarios. 
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The first and simplest scenario is to consider the adsorption of nitrogen as equal in both states. 

Therefore, considering the decrease in the relative frequency difference of methane and nitrogen, 

we can interpret a drop in adsorption for methane when the polymer was doped. As carbon 

dioxide has approximately the same ∆f as nitrogen, we should also consider its adsorption 

constant in all states. 

The other possible interpretation is that the adsorption of methane is equal in both states, and 

therefore, the decrease of change in frequencies between methane and nitrogen may be 

considered as an increase of adsorption of nitrogen when the polymer is in the doped state. By 

this explanation, we can say that there is also an increase in adsorption of carbon dioxide onto 

the doped polymer, because carbon dioxide always causes the same change of frequency as 

nitrogen does. 

The final interpretation was that both the adsorption for nitrogen and methane change. The 

decrease in difference in frequencies may be due to the simultaneous methane depletion and 

nitrogen adsorption. The same is also valid for carbon dioxide, while there was a decrease in 

methane adsorption, the carbon dioxide adsorption increased. 

All three scenarios described here are due to the interaction between the surface electrical charge 

of the polymer and the gas molecules. Carbon dioxide is a more polar molecule than methane 

due to the oxygen atoms in its structure which leads to polar bonds and it has a slight difference 

in electrical charge distribution on the molecule surface. There is a negative charge around the 

oxygen atoms and positive charge around the carbon atom. In other words, methane is a very 

symmetrical molecule with a non-polar structure. When we dope the modified poly thiophene by 

oxidizing it, it has a slightly positive charge on its surface. However, due to the non-uniform 

structure of the polymer it has a dipole molecule. This change in electrical charge and also the 

polarity of the polymer spurs the various molecules with different charges to react differently 

with the polymer. Thus, the electrical charge makes the basic understanding how the gases tend 

to adsorb onto the polymer, which helps us to have various adsorption behaviors. When a gas has 

a neutral charge, it might escape from an electrically charged surface. This may explain the 

possible behavior of methane. 



30 

The reproducibility of results was consistent throughout the project. As mentioned in the 

Background Materials and Methods section each crystal has a unique dissipation factor for each 

resonance. Further, each polymer film has its own characteristics in thickness and uniformity, 

although efforts in coating the films as homogeneously as possible were made, small variations 

in the resonance frequencies were observed. Moreover, as was described above, the QCM-D 

gives the adsorption relative to the reference gas. Changes in frequencies were distinguishable 

for each gas, giving us the information we need for the estimations measurable and repeatable 

during the tests. 

However, corroborations of the results found by QCM-D technique with other techniques e.g. 

XPS and UPS would have made it possible to measure the absolute adsorption of the various 

gases. Finally, to conclude, we know that the electric charge of the polymer and its polarity may 

have an influence on the adsorption of the various gases on a conducting polymer, a new 

characteristics, which may help us to separate a specific gas from a mixture. Another important 

conclusion of this project is that the tendency of the gases adsorbed to the two electrochemical 

states of the polymer to be controllable by the level of the electrical charge of the polymer. This 

controllability is of great advantage that hopefully will motivate scientists to develop this method 

to the next stages. 
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