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Abstract  
 

New methods for polymerization have recently been developed and there is an increasing interest to 

investigate these new methods, especially for polymer electrolytes which is a fast-developing field within 

chemistry. These polymer electrolytes have certain attributes that make them a better alternative, compared 

to conventional electrolytes used in most batteries today, such as; a damaged battery will not leak electrolyte 

if a solid polymer electrolyte is used whereas a conventional one would, potentially damaging the 

environment. Conventional electrolytes are often flammable due to the properties of used solvents while a 

polymer electrolyte is not. These properties make the polymer electrolyte an interesting alternative for the 

batteries used in the automobile industry, especially with the rise of the electric car. 

 

Even though polymer electrolytes have several positive attributes there are problems that must be addressed. 

Polymers of sufficient ionic conductivity do not have sufficient mechanical strength or temperature stability. 

Temperature stability is necessary for the polymer to be in working condition in a broad temperature range. 

In order to battle this problem block copolymerization is used to combine different blocks where the 

combined blocks lead to a polymer electrolyte with sufficient ionic conductivity, mechanical strength and 

temperature stability. 

This report focuses on a relatively new method of polymerization, which is useful for block 

copolymerization: electrochemically mediated atom transfer radical polymerization (eATRP). This method 

offers, theoretically, a higher degree of control through electrochemistry and this method is investigated with 

a monomer that is relevant in the field of polymer electrolytes: poly(ethylene glycol) methacrylate 

(PEGMA). Methyl acrylate (MA) is used as a comparison in order to evaluate the degree of difficulty when 

working with PEGMA. By changing concentrations of the catalyst in this system and conducting synthesis 

with varying potential, this system was examined. 

The results point toward that using a higher concentration of catalyst produces a larger molecular weight in 

produced polymers, while a lower concentration produces lower weights. More negative potentials was 

shown to produce lower molecular weights. This report concludes that further investigation regarding used 

solvents, ligands and other variables should be conducted.   
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1 Introduction and Theory 

1.1 Motivation and objective 

 

Polymer electrolytes is currently an interesting area of research for Li-ion batteries due to the possibilities of 

such electrolytes compared to conventional electrolytes with regards to several aspects: Safety, endurance 

and flexibility in shape.
1
 The safety aspect is that since no solvent (or very little) is used, there is no risk of 

fire in case of leakage or accidents. In regards of endurance, polymer electrolytes have the distinct advantage 

of being able to accommodate the change of volume for the electrodes during charge/discharge cycles, this 

is something that glass and ceramic electrolytes are not capable of. The advantage of flexibility in shape is 

that since there is no need for a separator and no risk of electrolyte leakage, the battery could be made in a 

variety of shapes with high volumetric energy density. This property is important for electronics that need to 

be as small as possible, as well as for electric vehicles.  

With an increasing interest in polymer-based electrolytes there is also an increasing interest for more 

effective synthesis methods of these polymers. A common problem among the polymer electrolytes is the 

fact that if they have an ionic conductivity that is suitable for an electrolyte, they tend to have a low 

temperature stability, leading to a loss of mechanical strength at higher temperatures. This ionic conductivity 

is determined by the molecular structure of the polymer, since instead of in a conventional electrolyte where 

cations and anions move in a solvent, the ions move between electron-dense and coordinating atoms within 

the backbone of the polymer.
1
 In order to combat the mechanical weakness associated with flexible and 

ionically high-conductive polymers, block copolymerization
2 

can be used, combining blocks of monomers 

with each of the different blocks carrying their own set of attributes, resulting in an efficient electrolyte. 

A common tool when it comes to polymerization of vinyl monomers is controlled radical polymerization 

(CRP)
3
. CRP is often used due to its well-known nature and for the ease at which polymers of uniform 

size, predetermined molecular weight and retained chain-end functionality
1 

can be produced. Due to these 

mentioned attributes, CRP leads to a polymer with a narrow molecular weight distribution (Mw/Mn)
4
, or 

polydispersity index (PDI). 

Within CRP, the most commonly used techniques are reversible addition-fragmentation chain transfer 

(RAFT)
5
, nitroxide-mediated polymerization (NMP)

6
, organometallic-mediated radical polymerization 

(OMRP)
7
 and atom transfer radical polymerization (ATRP)

8,9
. A very interesting form of ATRP is 

eATRP
4 

(electrochemically mediated atom transfer radical polymerization) which provides a more 

interactive aspect through electrochemistry. By using varying potentials, the reaction-kinetics can be 

controlled throughout the reaction, decreasing or increasing the rate of reaction at will. 

When producing block co-polymer electrolytes, the interesting aspect of kinetic control by the use of 

methods such as eATRP would be highly useful. A polymer reaction could be stopped at will, and then 

continued again, if higher molecular weights were desired. This ability to start and stop a polymer reaction 

is known as reversible deactivation radical polymerization (RDRP)
10

. This is useful due to the fact that a 

functional polymer electrolyte can be produced through the block copolymerization of two different 

polymers, each supplying either ionic conductivity or mechanical strength. The correct ratio between these 

two polymers, when it comes to molecular weight, is therefore of importance. In this report the 

polymerization of the monomer PEGMA (poly(ethylene glycol) methyl ether methacrylate) into 

poly(poly(ethylene glycol) methyl ether methacrylate) (PPEGMA) using eATRP was studied. The 

monomer PEGMA had an average molecular weight (Mn) of 500 g/mol, which is why this author refers to 
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the produced polymer as PPEGMA. By removing the molecular weight of the chain-ending groups (86 

g/mol) and then removing this value from Mn of PEGMA, a value of 414 g/mol is obtained. This value is 

then divided with the molecular weight of a -C2H4O-group (44 g/mol). The obtained value is the average 

number of repeating C2H4O-groups. The resulting number of repeating units (in average) in the used 

monomer is 9.4. This polymer has desirable properties with regards to ionic conductivity and for possible 

future block copolymerization.
11

 This resulting polymer and other structures similar to it has been used for 

both polymer electrolytes and for block copolymerization, using other methods of polymerization.
12,13

 No 

block copolymerization was conducted in this report, but the focus was upon the polymerization of 

PPEGMA using eATRP. The main aspects of the method that will be under scrutiny here are molecular 

weights (Mw and Mn), polydispersity index (PDI) and conversion rates at different potentials and differing 

catalyst concentrations. 

1.2 Controlled Radical Polymerization 

The concept of controlled radical polymerization is a rather new one where the chain growth process is 

regulated by an equilibrium between active and dormant species; radicals being the active species. This 

equilibrium is shifted towards the dormant state of the species. If this equilibrium was not shifted towards 

the dormant species, the larger concentration of radicals would lead to fast polymerization kinetics with a 

higher degree of radical termination (lower molecular weights). Small amounts of the active species 

equilibrate with dormant species, thereby slowing down the actual process of polymerization, giving the 

reaction a tolerance to impurities
14

. The three common methods are NMP, ATRP and RAFT with NMP 

being spontaneous and ATRP catalyzed
14

. RAFT on the other hand uses a degenerative transfer 

mechanism with alkyl iodides or dithioesters as transfer agents
14

. These methods provide effective ways to 

control the molecular weight and the distribution as well as an ability to control the structure of the 

polymer with regards to tacticity and sequencing.
14

 

 

 

1.3 ATRP and eATRP 

ATRP functions through the use of a dynamic equilibrium between an alkyl halide, which could be an end-

capped polymer chain (denoted as R-X) and the corresponding radical (henceforth denoted as R•). This 

equilibrium is mediated with the use of a transition metal complex, often based on Cu, Ru, Fe, Mo or Os
8,9

, 

with the metal (Mt) shifting in oxidation number and thereby being able to carry the halide, denoted with 

X, producing the reaction Mt(n)-X/ligand + R-X ⇌ X-Mt(n+1)-X/ligand) + R•. The mentioned equilibrium 

should be shifted towards the dormant species (Mt(n)X/ligand), thereby keeping the concentration of 

radicals as low as possible. The general mechanism for ATRP with the monomer M can be seen below in 

Figure 1. 

 

Figure 1: General reaction mechanism of atom transfer radical polymerization (ATRP). 
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Since the rate of deactivation (kd) is greater than the rate of activation (ka), radical termination is hindered, 

giving this method control over both molecular weight and polymer architecture. This does not mean that 

termination (kt) can be avoided completely at the start of the reaction. This initial termination means that a 

buildup of the deactivating species (X-Mt(n+1)X/ligand) occurs, leading to a lower radical concentration. 

This phenomenon is known as persistent radical effect (PRE)
15

 and results in a self-regulating mechanism. 

The degree of control can be increased further by adding deactivator pushing the equilibrium even further 

towards the dormant species. kp is the rate of polymerization which is activated by the presence of R•. This 

radical R• attacks the monomer M, attaching itself and transferring the radical, creating a growing radical 

chain (polymer chain). This growth is stopped by the addition of an additional radical chain, cancelling the 

radicals; this is the core of ATRP. What should be noted is that in Figure 1, it is not shown that the growing 

polymer chain may also be stopped, or “plugged”, by the addition of a halide. 

eATRP builds upon this concept but adds yet another controlling factor: electrolysis. Through electrolysis 

the ability to create either dormant or active species emerges
4,8

. In Figure 2 the added reaction pathways are 

shown. By simply applying a negative potential, thereby reducing the metal complex, we activate the 

polymerization. By instead applying a positive potential, the metal complex is oxidized, and the reaction is 

halted. For this process to work, the counter electrode must be isolated from the targeted species through 

some sort of filter, allowing electrolyte but not the metal complex to have direct contact with the electrode. 

Otherwise the metal-complex will simply be consumed at this electrode. 

 

Figure 2: General reaction mechanism of electrochemically mediated atom transfer radical polymerization (eATRP). 
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1.4 Project Application of eATRP 

 

In this report, two different polymers were produced: poly[poly(ethylene glycol) methacrylate], PPEGMA, 

and poly(methyl acrylate), PMA. For the synthesis of PMA the initiator ethyl α-bromoisobutyrate (EBIB) 

was used while the initiator ethylene bis(2-bromoisobutyrate), (EBBIB), was used for PPEGMA. Both 

polymer reactions used the metal catalyst copper(II)dibromide (Cu(II)Br2). Reactions and the resulting 

polymers for both PMA and PPEGMA is illustrated in Figure 3 and 4 respectively. Both reactions are 

activated through the activation of the initiator which then attaches to a monomer, transferring the radical 

and initiating the polymerization reaction. Propagation is then seen in both Figure 3c and Figure 4c, which is 

the main stage of polymer growth. The final stage is that of deactivation, which is the addition of the 

bromide to the polymer chain carrying a radical. This is seen in both Figure 3d and Figure 4d. In Figure 4 

the polymer grows on both sides of the initiator, but this is not shown in Figure 4 a-d.   

 

Figure 3: Electrochemically mediated atom transfer radical polymerization synthesis of poly(methyl acrylate), PMA. a) Activation 

of initiator. b) initiation of polymerization. c) Propagation of polymerization. d) Reversible deactivation of polymerization.  
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Figure 4: Electrochemically mediated atom transfer radical polymerization synthesis of poly[poly(ethylene glycol) methacrylate], 

PPEGMA. a) Activation of initiator. b) initiation of polymerization. c) Propagation.  

d) The reversible deactivation of polymerization. 

 

2 Experimental 

2.1 Materials 

The monomers methyl acrylate (MA) and poly(ethylene glycol) methacrylate (PEGMA) were purchased 

from Sigma-Aldrich. The monomer PEGMA had an average molecular weight (Mn) of 500 g/mol. Inhibitors 

were removed by filtering the individual monomers through basic aluminum oxide (Al2O3). N2 was bubbled 

through the solutions for 10 minutes in order to remove oxygen, reducing the risk of unwanted termination. 

Solutions during bubbling consisted of monomers dissolved in acetonitrile. These solutions were introduced 

to an Ar environment where additional components were added. See Table 1-3 for solution details. The 

metal catalyst, Cu(II)Br2 and the ligand tris[2-(dimethylamino)ethyl]amine (Me6TREN) were used in all 

syntheses. The initiators ethyl α-bromoisobutyrate (EBIB) and ethylene bis(2-bromoisobutyrate) (EBBIB) 

were used for the synthesis of poly(methyl acrylate) PMA and poly[poly(ethylene glycol) methacrylate] 

(PPEGMA) respectively. The salt tetrabutylammonium perchlorate (TBAP) was used to create a supporting 

electrolyte in solutions during syntheses. 
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2.2 Experimental Setup 

 

Before any polymerizations were conducted, the solution systems were analyzed with cyclic voltammetry. 

This was done in order to determine the electrochemical stability of the solution system as well as 

identifying suitable potentials for synthesis. Cyclic voltammograms (CVs) were measured for solutions with 

one added compound at a time. CVs were conducted in a three-necked flask, using a Pt working electrode, 

an Ag quasi-reference electrode and a copper counter electrode. Synthesis reactions were conducted in the 

same setup; see Figure 5 and 6. A magnetic stirrer was introduced into the flask in order for the solution to 

react properly. 

In order to minimize unwanted termination in the reaction mixture, all reactions were conducted in an air 

tight glove box pressurized with Ar. All solutions used were also degassed by bubbling N2 gas, through 

solutions before being introduced into the glove box. This was done primarily in order to remove any 

oxygen present, a terminating factor.  

As explained in the theory section, the process of eATRP works by forcing the metal catalyst to either the 

dormant or active form, therefore the counter electrode must be separated from the copper catalyst in the 

solution to prevent the copper from being oxidized. This is achieved by letting the counter electrode be in a 

glass tube fitted with a Vycor
®

 tip membrane, which is a porous glass material allowing ionic conductivity 

between bulk and internal solutions. See Figure 5 for illustrations of electrodes.  

 

Figure 5: Electrodes: 1) Pt-mesh working electrode 2) Ag quasi-reference electrode.  

3) Cu-mesh as counter electrode fitted into glass tube with Vycor
®
 tip membrane allowing diffusion of electrolyte, 

tetrabutylammonium perchlorate, (TBAP). but not Cu(II)/Cu(I). 
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Figure 6: Three-necked flask with electrodes. 

For a typical reaction all reagents were introduced in a three-necked flask except for the initiator, a reference 

sample would be taken for analysis after which the initiator would be introduced. All samples taken were 

filtered through basic Al2O3 in order to remove the copper bromide catalyst. These samples were analyzed 

with 
1
H NMR and gel permeation chromatography (GPC) in order to study the conversion rate and 

molecular weight of the resulting products. During the reactions coulometric data was recorded to document 

charge transfer. See section 2.3 for more specific data regarding analysis. 

For the test synthesis of PMA solution specifics can be found in Table 1. For the synthesis of PPEGMA two 

different series of tests were conducted, using the solution specifics seen in Table 2 and 3. The difference 

between these two series is that a reduced amount of copper is used in the Table 2 series tests. Potentials to 

be used during synthesis were chosen through the analysis of CVs presented in section 3.1. From this point 

on these series will be referred to as Table 1 test series for the synthesis of PMA and Table 2–3 test series 

for the synthesis of PPEGMA.  
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Table 1: Solution specifics for test synthesis of PMA at −0.1 V. 

Compounds Conc. (mM) Molar Eq. 

MA 740 500 

EBBIB 1.48 1 

Cu(II)Br2 3.33 2.25 

Me6TREN 0.148 0.1 

TBAP 100   

 

Table 2: Solution specifics for synthesis of PPEGMA at −0.067 and −0.2 V. 

Compounds Conc. (mM) Molar Eq. 

PEGMA 1420.8 222 

EBBIB 6.4 1 

Cu(II)Br2 0.64 0.1 

Me6TREN 0.64 0.1 

TBAP 100   

 

Table 3: Solution specifics for synthesis of PPEGMA at −0.2 and −0.3V. 

Compounds Conc. (mM) Molar Eq. 

PEGMA 1420.8 222 

EBBIB 6.4 1 

Cu(II)Br 0.32 0.05 

Me6TREN 0.32 0.05 

TBAP 100   
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2.3 Analysis Specifications 

NMR  

1
H NMR spectra were recorded using a JEOL-ECP 400 MHz spectrometer with the solvent proton signal as 

an internal standard with samples dissolved in chloroform-d. In order to determine conversion, the 

disappearing monomer vinyl signals at 5.6 and 6.1 ppm of PEGMA were monitored, using the constant 

signal of the methoxy group on the tail-end of PEGMA at 3.3 ppm as a reference. This was done in order to 

monitor the amount of monomer left in solution. For the synthesis of PMA, this method was used as well.  

GPC 

An Agilent GPC was used in order to record gel permeation chromatography (GPC) data. This was in order 

to determine the molecular weights of produced polymers. Samples were dissolved in analytical grade 

tetrahydrofuran (THF). Data was collected at a temperature of 35 
o
C with a flow rate of 1 mL/min. 

PolyPore
®

 columns and an RI-detector was used. PMA was used as a reference. 

CV and coulometric data 

Cyclic voltammograms and coulometric data was collected using an SP-240 (Bio-Logic).  

Coulometric data was interpreted using equation (1). 

𝐹 × 𝑛 = 𝑄           (1) 

F being Faraday’s constant, n being the amount of a reducible species and Q being the charge. 
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3 Results 

3.1 Electrochemical Stability of the Solution System 

 

In order to determine the electrochemical stability of each compound used in the experiments, CVs were 

collected on the system, with one compound added at a time. The CVs produced and presented in Figure 5 

are based on the concentrations seen in Table 1. This system is identical in regards of compounds used, 

except for the initiator and monomer, to the ones used in Table 2 and 3. For this analysis the compounds 

were added in the following order: electrolyte solution with Cu(II)Br2, ligand (Me6TREN), monomer (MA), 

initiator (EBIB). The produced CV in Figure 5a most probably has a off-set of the current where the real 

zero-line most probably is at −1.6×10
−4

 A. In figure 5a the reduction of Cu(II) into Cu(s) is seen in the 

interval (−0.5) to (−0.35) V. No reduction of Cu(II) into Cu(I) is seen in this reaction, this is due to Cu(I) 

being unstable. The regeneration of Cu(II) from Cu(s) is seen in the interval (−0.35) to (−0.15) V. In Figure 

5b, we see that with the addition of the ligand to the system, the reduction of Cu(II) to Cu(I) is seen in the 

(−0.35) to 0 V interval. The reduction of Cu(I) into Cu(s) is observed in the (−0.5) to (−0.4) V range. The 

oxidation of both Cu(s) into Cu(I) and Cu(I) into Cu(II) is observable at (−0.15) to ( −0.1) and (−0.1) to 0.2 

V respectively. In the latter potential interval, Cu(s) will be converted directly to Cu(II). The reason for the 

observable reduction of Cu(II) into Cu(I) with the addition of the ligand is that the ligand stabilizes the Cu(I) 

form, which would otherwise be unfavorable. In Figure 5c the monomer MA has been added, and the 

reduction of Cu(II) to Cu(I) and oxidation of Cu(I) to Cu(II) is seen. No Cu(s) is generated sine not negative 

enough potential is used. The slightly higher currents might be because that the stirring of the solution was 

increased slightly. Since the area of the counter electrode consists of a Cu-mesh with an undefined surface 

area, the current is not well defined. In the final CV, in Figure 5d, what can be observed with the addition of 

the initiator is that the current stabilizes the reduction of Cu(II) in the (−0.4) to (−0.15) V range. This is due 

to that the initiatior regenerates Cu(II) in a reforming reaction known as catalytic reformation (EC´).
16

  This 

reaction effectively ensures a constant amount of reducible species and thereby keeping the current flow 

more constant. This effect also explains the lower oxidation currents, since the Cu has already been 

regenerated into Cu(II). The collected CVs suggest a stable system with well-defined redox peaks. A test 

synthesis was conducted with MA.  
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Figure 5: a) CV of solution system consisting of acetonitrile (solvent), electrolyte salt (TBAP) and Cu(II)Br2. 

b) Ligand added to the system. c) Monomer added. d) Initiator added. 

 

3.2 Test Synthesis of PMA 

A test synthesis of PMA using the solutions available in Table 1 was conducted at −0.1V, coulometric data 

from the synthesis can be seen in Figure 6 and GPC data is available in Table 4. Before initiating the 

reaction, a sample was taken to be analyzed, together with a sample at the end of reaction. These samples 

were compared using NMR to determine the degree of conversion. 

 

Figure 6: Coulometric data from the synthesis of PMA at −0.1 V using Table 1 solution. 

In Figure 6 the coulometric data has been plotted for the entirety of the reaction. The produced line can be 

estimated to reach a saturated state between (−6) to (−6.5) C. This estimation is compared to the amount of 

charge that is theoretically available for the reduction of both Cu(II) and Cu(I). By using equation (1) and 

data from Table 1 the theoretical charges for Cu(II) reduced into Cu(I) and Cu(I) into Cu(s) we acquire the 

value −4.82 C. Since the applied potential is −0.1 V the main reduction reaction should be that of Cu(II) into 
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Cu(I) (see Figure 5d). But since the used potential is close to that of the main area of reduction of Cu(I), we 

will see reduction of both species. Therefore, a higher charge is observed than that of just one species. After 

15 hours the solution had become very viscous, indicating successful polymerization. GPC analysis was 

conducted, and the results can be seen in Table 4, below. Through the analysis of the sample taken before 

initiation and at the end of reaction, conversion was determined to be approximately 70%.  

Table 4: GPC data for the synthesis of PMA at −0.1 V. Sample at ~70% Conversion. 

PDI       1.300 

Mn (g/mol) 
     41300  

Mw (g/mol)      53700  

MTheo (g/mol)      43050 

MTheo(70%) (g/mol)      30134 

 

The PDI and molecular weights seen in Table 4 indicates imperfect polymerization with a PDI slightly 

higher than that of a traditional ATRP reaction
17

 and molecular weights larger than the theoretical molecular 

weight of MTheo(70%) (theoretical  molecular weight; 70% of the ideal molecular weight for ideal 

polymerization.). The produced polymers have a higher molecular weight than the theoretical. This indicates 

that we have fewer growing polymers in the solution, producing longer and heavier polymers. This in turn, 

points towards a lower number of initiated radicals in solution. Lower molecular weights could probably 

have been achieved with a more reducing potential, creating a higher number of growing polymer chains. 

The theoretical value, being based on the concentrations in Table 1, is given from the fact that 500 repeating 

units, each having a molecular weight of 86.09 g/mol would be combined in perfect polymerization. 
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3.3  Synthesis of PPEGMA  

 

3.3.1 CV of Solution System for PPEGMA Syntheses 

With the synthesis of PMA, the monomer MA and initiator EBIB were replaced with PEGMA and EBBIB 

respectively. The concentrations and compounds were those of Table 2. Two CVs were conducted on this 

system, with one of the two new compounds added at a time. Compounds were added in the same order as 

for the analysis of the PMA system. Due to the synthesis being so similar to each other, CVs were conducted 

only with the addition of monomer PEGMA and initiator EBBIB.  

 

Figure 7: CV for the Table 2 solution .a) PEGMA. b) Added initiator EBBIB. 

In Figure 7a, the shape seen is very similar to that of Figure 5c. The redox peaks for both Cu(II) into Cu(I) 

and Cu(I) into Cu(II) is accounted for. With the addition of the new initiator EBBIB, in Figure 7b, what is 

observed is an increased current in the reduction of Cu(II) into Cu(I). This phenomenon is the same as was 

observed in Figure 5d, but the regenerating effect caused by the initiator EBBIB is double compared to that 

of the initiator used for the synthesis of PMA, EBIB. Since this new initiator is such a potent regenerator of 

Cu(II) from Cu(I), the current for the oxidation of Cu(I) in Figure 6b is very small. This is due to the fact 

that  a large proportion of Cu(II) has been regenerated already. 

This system was then used to synthesize PPEGMA at various potentials at different copper concentrations, 

available in Table 2 and 3. 
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3.3.2  Coulometric Data of PPEGMA Syntheses 

In Figure 8a the coulometric data for the synthesis of PPEGMA using the solutions and potentials in Table 2 

is available. When considering Eq. (1) with the solution details in Table 2, the amount of theoretical charge 

that should be recorded is a total of 0.925 C for the reduction of Cu(II) into Cu(I). With the potentials used 

only reduction of Cu(II) into Cu(I) will occur. This charge is exceeded during synthesis, for both potentials 

applied. The reason for this is that the regeneration of Cu(II) due to the initiator. When using a more 

reducing potential, a larger amount of Cu is reduced and then regenerated, this is also observed in Figure 8b. 

Therefore, a larger charge is recorded. The fact that the lines in Figure 8a seem to flatten out over time at 

different final charges is because these effects are dependent on diffusion, and potential. This diffusion will 

lead to that the regeneration and consumption of Cu will reach an equilibrium in the stirred solution. For the 

synthesis of PPEGMA using the solutions found in Table 3, where half of the amount of Cu(II)Br2 is used 

compared to Table 2, coulometric data is available in Figure 8b. For the synthesis at −0.2 V the data is 

inconclusive due to some form of recording malfunction. For the synthesis at −0.3 V coupled with the 

theoretical amount of charge available for reduction of both Cu(II) (0.463 C) and Cu(I) (0.463 C), a total of 

0.926 C. Both Cu(I) and Cu(II) is reduced at this potential. It is instead a recorded charge of approximately 

−7 C that is observed in Figure 8b. This is due to that with this very reducing potential of −0.3V, a large 

amount of Cu will be reduced (as is shown in Figure 7b) and then regenerated by the initiator. Therefore, a 

larger than theoretical charge is produced. More reducing potentials lead to higher charges.  

 

Figure 8: a) Coulometric data for the synthesis of PPEGMA using Table 2 solutions. b) Coulometric data for the synthesis of 

PPEGMA using Table 3 solutions 
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3.3.3 Conversion Data of PPEGMA Syntheses 

 

During synthesis of PPEGMA, samples were taken before, during, and at the end of reaction to measure 

degree of polymerization. Due to analysis equipment being kept far from synthesis site and samples 

requiring having salts removed, some error can have been introduced. For both syntheses, what can be 

concluded is that a more reducing potential decreases the time which is needed to reach a conversion degree 

of 70%. A more reducing potential results in a higher concentration of activated species, with results in a 

higher consumption rate of monomers. When comparing the synthesis reactions at −0.2 V in Figure 8a and 

Figure 8b, it is observed that the higher concentration of Cu in Figure 8a results in a faster consumption of 

monomers. This is because a higher concentration of catalyst results in a higher degree of initiation in 

solution and a higher number of growing polymer chains. 

 

Figure 6:  a) Conversion degrees for the synthesis of PPEGMA using Table 2 solutions. b) Conversion degrees for the synthesis of 

PPEGMA using Table 3 solutions. 
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3.3.4  GPC Data from Produced PPEGMA 

The GPC data tabulated in Table 5 reports a PDI very close to 1 for the potentials 0.067 and  

−0.2 V but with molecular weights less than a tenth of the theoretical one. This is a clear indicator of a high 

degree of termination in the solution.  

GPC data in Table 6 reports PDIs that are further away from the ideal of 1 compared to the higher 

concentrations used in Table 5 but with molecular weights that are up to ten times that of the theoretical 

value, producing very large polymers. This is due to fewer growing polymer chains. 

The number of repeating units, which is the number of connected PEGMA-monomers in the resulting 

polymer, is calculated by using the structure of the polymer. Using the resulting structure in Figure 4d, but 

assuming polymer growth on both sides of the initiator, the number of repeating units is acquired by 

removing the molecular weight of the initiator-group and the Br-capped PEGMA groups. This value 

amounts to 1260 g/mol.  From the measured Mn of each test synthesis, this value is removed. The resulting 

value is then divided with 500 g/mol, the Mn- values of PEGMA. This results in an approximation of the 

number of repeating monomers, presented as number of monomer in Table 5 and Table 6.  

Tabell 5: GPC data from synthesis using Table 2 concentrations. Samples at ~70 % conversion. 

Potential (V) −0.067         −0.2 

PDI 
1.087       1.016 

Mn (g/mol) 8400        2400 

Mw (g/mol) 9100        2500 

MTheo (g/mol) 111000    111000 

MTheo(70%) (g/mol) 77700      77700 

Number of monomer* 1.42 2.28 

* Calculations based on Mn of PEGMA 

Table 6: GPC data from synthesis using Table 3 concentrations. Samples at ~70% conversion. 

Potential (V) −0.2 −0.3 

PDI 
1.295 1.910 

Mn (g/mol) 7 865 340  2 952 420 

Mw (g/mol) 10 185 300 5 637 100 

MTheo (g/mol) 111000 111000 

MTheo(70%) (g/mol) 77700 77700 

Units of monomer* 157 304 5 902 

* Calculations based on Mn of PEGMA 
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4 Discussion 

The results of the initial synthesis of PMA showed that the eATRP reaction was successful in producing 

PMA. The resulting PDI was slightly higher than that of a conventional ATRP synthesis
17

 and higher 

molecular weights than the calculated theoretical value were produced. The slightly higher PDI indicates a 

not fully controlled reaction. Higher molecular weights than anticipated points toward a lower concentration 

of growing polymer chains, which in turn indicates that a more reducing potential could lead to a molecular 

weight closer to that of the theoretical one.   

The synthesis of PPEGMA is not as easily conducted when compared to the one for PMA, with molecular 

weights ranging from the extremes of less than 
1

20
 of the theoretical up to 130 times larger of the theoretical 

ones. One could also argue that the naming of the produced polymers is incorrect in those cases where low 

molecular weights were produced, for example the resulting Mn for the Table 2 solutions and potentials were 

8400 g/mol and 2400 g/mol. This corresponds to only roughly 17 and 5 combined PEGMA monomers 

respectively, meaning that a more appropriate nomenclature would be OPEGMA instead of PPEGMA. The 

PPEGMA synthesis shows that when using the original amount of the catalyst Cu(II)Br2 a low molecular 

weight is produced and that for the decreased amount, heavier molecular weights are produced. The amount 

of catalyst also seems to affect the PDI; narrower molecular weight distributions are recorded for lower 

amounts of catalyst. Using more reducing potentials creates shorter polymer chains but the effect of used 

potentials in regards of PDI seems inconclusive. 

The coulometric data recorded for all reactions were larger than when only considering the reduction of 

Cu(II) (both into Cu(I) and Cu(s)). This is due to the regenerative effect of the initiator. When using lower 

concentrations of the catalyst, it is suggested that the slopes of the produced curves seem to flatten out at a 

faster pace than that of the higher concentrations. This observation is explained by that an equilibrium 

between reduction and regeneration of catalyst is established faster when using a lower concentration.  

The analysis of the degree of polymerization, using NMR, showed that the consumption of monomer 

depends on both applied potentials and concentration of the Cu(II)Br2 catalyst. Higher concentrations of 

catalyst resulted in a larger number of growing polymers chains and a more reducing potential had the same 

effect.  A source of error of these measurements is that the NMR-facilities were located in a different 

laboratory from those used during reaction experiments. The transport between these two locations is a 

source of error, even though samples were deactivated by filtering through basic aluminum oxide. 

The Ar environment in which all synthesis experiments were conducted in was continuously monitored in 

regards of oxygen levels, which was regulated to a level of <1 ppm. This oxygen level was at several times 

increased to a level of up to 25 ppm. Since oxygen can interfere with the reactions, leading to unwanted 

termination, this is a source of error. 
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5 Conclusion and Outlook 

Through the use of eATRP, PMA was synthesized with a PDI in an acceptable range when compared to a 

conventional ATRP process and with molecular weights being 75–125% of the theoretical. This synthesis 

was then modified with the change of monomer and initiator to synthesize PPEGMA. The synthesis of 

PPEGMA produced polymers of either very low or very high molecular weights compared to theoretical 

calculations. When comparing the molecular weights and PDIs in regards of used catalyst concentrations, 

the observation is that lower concentrations produce longer polymer chains and higher PDIs. Lower 

concentrations also resulted in a slower consumption of monomers in solution. The choice of potentials 

affects the production of polymers in such a way that more reducing potentials lead to lower molecular 

weights. More reducing potentials also have the effect that monomers are consumed in less time. The full 

effect of catalyst concentration on PDI needs to be investigated. In order to produce polymer chains closer to 

that of the theoretical, the appropriate catalyst concentrations and potentials need to be investigated further. 

By doing further experiments the necessary concentrations and potentials could be found, not only for the 

theoretical molecular weight, but any desired weight. Future investigations should be more thorough of 

specific solutions in regards of catalyst concentrations. A higher number of reaction experiments at varying 

potentials should be conducted on one solution system at a time.  

This system is functional for the production of PPEGMA and it has been shown that through the use of 

varying catalyst concentrations and potentials, the resulting molecular weights of polymers can be affected. 

This indicates that this system is useable for future block copolymerization in the production of polymer 

electrolytes. 
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