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Abstract 

Electropolymerization is a widely used technique to develop polymer thin films, yet research is limited on 

the effects of deliberate overoxidation of these films. Tris-(5-amino-1,10 phenanthroline)ruthenium (II) 

was used to produce metallopolymer films on glassy carbon electrodes (GCE). During 

electropolymerization, the potential window of the cyclic voltammetric (CV) scan was extended beyond 

2.00 V to observe the effects of overoxidation on the film. During characterization of the films, when the 

voltage was extended beyond 2.30 V, significant reduction in the cathodic peak current occurred due to the 

production of insulating domains within the polymer film and partial delamination of the film from the 

GCE. When any delamination of the film occurs, the functionality of the electrode is diminished for 

practical applications. The maximum potential voltage that a film is exposed to is crucial to the stability of 

the film and should be monitored during the development and testing of sensors. 
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Introduction 

Polymer thin films have been used in a variety of ways including the detection of cell migration 
[1], the detection of lead in water [2], color displays [3], medical devices such as pacemakers [4], 

and detection of organic molecules5. Electropolymerization has proven to be an efficient way to 

develop chemically modified electrodes that are used in the previously stated applications, along 

with many others [6]. Despite the wide array of uses for polymer thin films, little research has 

been done on the effects of extreme conditions on the integrity of the films, including the effects 

of an extended potential window. 

It is crucial that a film can withstand a variety of intense conditions, especially in medical 

devices that are not easily removed. These surfaces are responsible for the function and 

protection of the devices, so they must be resilient to environmental changes. It has been 

discovered that overoxidation of a polymer film can cause significant delamination of the 

electrode surface. When delamination occurs, it can cause a serious decline in the intended 

functionality of the electrode and may lead to decreased efficiency and unreliable data output. 

Any alterations to the intended polymer film could result in significant changes to the 

functionality of the film [7, 8].  

Ruthenium itself has proven to be useful in the medical industry. Since ruthenium is more 

sustainable, less toxic, and more potent than platinum, it has been used in the development of 

metal anticancer drugs [4, 9]. Additionally, ruthenium complexes have excellent electrochromic 

capabilities when a change in the oxidation state of ruthenium occurs [10]. The ruthenium 

complex used in this research, tris-(5-amino-1,10 phenanthroline)ruthenium (II), forms covalent 

bonds with six nitrogen atoms that are part of a 3-ring system (Figure 1). When this ruthenium 

complex undergoes electropolymerization, it proceeds through chemical steps including radical 

cation coupling [11, 12]. 
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Fig 1: Structure of tris-(5-amino-1,10 phenanthroline) ruthenium (II) 
 

Studies have shown that the area under the cyclic voltametric 

curve of a characterization cycle is proportional to the amount 

of material deposited on the electrode [13, 14]. When more of an 

electroconductive polymer film is deposited onto an electrode, 

the overall current increases along relative to the amount of 

voltage applied. Therefore, the area underneath the CV curve 

can be used to determine the relative amount of film deposited 

on the electrode surface.  

 

Materials and Methods 

Electrode Preparation 
The glassy carbon electrodes (GCEs) with surface areas of 

0.076 cm2 (CH Instruments Inc., Austin, TX) were polished 

using a 0.05 micron polishing powder (CH Instruments Inc.) 

on a micro-cloth polishing disk (Buehler, Lake Bluff, IL). The 

polishing powder was sprinkled onto a wet polishing pad, and 

the surfaces of the GCEs were polished in circular and figure 8 

motions until the surface appeared to be uniformly glossy. To 

remove any excess polishing powder, the electrodes were 

sonicated for five minutes in water, rinsed with acetonitrile, 

and dried thoroughly before use.  

  

Solution Preparation 

The tetraethylammonium perchlorate (TEAP) 98% dry weight 

(Alfa Aesar) was dried prior to using in monomer and 

characterization solutions, as trace amounts of water 

compromise the ability to electropolymerize the ruthenium 

complex. A thin layer was evenly distributed into the bottom 

of a Buchner funnel and repetitively rinsed with acetone. The 

acetone was filtered off using a vacuum filtration system, and 

the TEAP was allowed to dry for several hours before being 

transferred to a new container. To ensure that the TEAP 

remained dry, the solid was stored in a desiccator until use. The 

concentration of the ruthenium complex and TEAP in solution 

were 1.02 x 10-3 mol.L-1 and 0.100 mol.L-1, respectively. The 

concentration of the characterization solution, TEAP, in 

acetonitrile was 0.100 mol.L-1. All solutions were stored and 

utilized at room temperature. The concentration of TEAP was 

held in excess relative to the concentration of the ruthenium 

complex to prevent migration of the complex to the electrode 

surface. The solutions were not stirred during the cyclic 

voltametric measurements, hence the primary mode of mass 

transport of the ruthenium complex to the electrode surface was 

by diffusion.  

 

Procedure for Electropolymerization and Characterization 

All electrochemical measurements were conducted with the 

PalmSens 3 potentiostat (Netherlands) and the PSTrace 5.8 

software (Netherlands) using a three-electrode cell 

configuration. The glassy carbon working electrode with a 

surface area of 0.076 cm2 and the platinum auxiliary electrodes 

were purchased from CH Instruments, Inc. A solid-state 

Ag/AgCl reference electrode was obtained from Innovative 

Instruments Corp. (Tampa, FL). The initial potential window 

used was 0.00 V to 2.30 V for the electropolymerization. The 

potential window was extended to 2.40 V and 2.50 V to 

determine the impact of electropolymerization potential 

window on the properties of the polymer film. A scan rate of 

0.10 V/s was used in all ten cycles of electropolymerization. 

After electropolymerization, the electrodes were rinsed with 

acetonitrile to remove any excess ruthenium complex solution 

and placed into the supporting electrolyte solution. The films 

were characterized using an initial potential window of 0.00 V 

to 2.30 V. The potential window was extended to 2.40 and 2.50 

V to determine the impact of changing the potential window on 

the properties of the polymer film. A scan rate of 0.05 V/s was 

used in all characterizations for two cycles.  

 

Results and Discussion 

Electropolymerization  

There are several potential sites for electrochemical reactions 

of tris-(5-amino-1,10 phenanthroline)ruthenium (II). These 

include the ruthenium redox center, the -NH2 groups, and the 

phenanthroline ligand. When the potential window was set 

from 0.00 V to 2.30 V, the resulting CV is symmetrical, and 

the anodic and cathodic peaks have similar peak heights per 

cycle (Figure 2). The electropolymerization of tris-(5-amino-

1,10 phenanthroline) ruthenium (II) follows the same radical 

cation coupling mechanism as reported for this ligand system 

with iron as the redox center. In Figure 2A, the initiation step 

to form the polymer film commences with the oxidation of the 

-NH2 group(s) to form radical cations at the electrode surface; 

this step in shown in the CV as a peak at 1.20 V during the first 

cycle. On subsequent CV scans, the peak due to the oxidation 

of the amine group shifts to increased positive potentials and 

eventually becomes partially overlapped with the peak 

corresponding the oxidation on the ruthenium; this is shown on 

the final CV cycle, which appears as two peaks near 1.50 V. 

During the CV scans, the peaks corresponding equations 1 and 

2 grow on each subsequent cycle, indicative of the 

electropolymerization process. Based on the peak currents per 

cycle corresponding to the Ru3+/2+ redox couple, when using the 

potential window of 0 V to 2.00 V, the polymer film does not 

grow in regular layers, and hence, multiple CV scans are 

needed to ensure full surface coverage; complete surface 

coverage may require several thousand monolayers.  
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Fig 2: A CV from 0.00 V to 2.30 V was performed. (A.) A polymer film of the ruthenium complex was formed onto the GCE through 

electropolymerization using 1.02 x 10-3 mol.L-1 ruthenium complex solution and (B.) characterized in the 0.100 mol.L-1 TEAP supporting 

electrolyte solution. 

 

The anodic peak in both the electropolymerization and 

characterization reactions corresponds to the oxidation of the 

ruthenium complex (Eq. 1): 

 

𝑅𝑢2+ →  𝑅𝑢3+ + 𝑒− [1] 

 

and the cathodic peak represents the reverse reduction reaction 

(Eq. 2): 

 

𝑅𝑢3+ + 𝑒− →  𝑅𝑢2+  [2] 

 

When the potential window was increased to 2.40 V, there was 

a noticeable reduction in the cathodic peak currents that began 

c.a. cycle eight. The peaks continued to decrease in peak 

currents for each succeeding scan (Figure 3). The cathodic 

peaks in the characterization plot showed a significant decrease 

in area in comparison to the area of the cathodic peaks in the 

previous condition.  
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Fig 3: A CV from 0.00 V to 2.40 V was performed. (A.) A polymer film of the ruthenium complex was formed onto the GCE through 

electropolymerization using 1.02 x 10-3 mol.L-1 ruthenium complex solution and (B.) characterized in the 0.100 mol.L-1 TEAP supporting 

electrolyte solution. A reduction in the cathodic peak current can be noted during cycle eight. 

 

When the potential window was extended to 2.50 V, a 

reduction in peak current occurred much sooner at cycle four 

in comparison to cycle eight under the previous condition. In 

the characterization plot, there were no cathodic peaks 

observed (Figure 4). Overoxidation of the polymer film causes 

the system to move toward irreversibility. Even when the scan 

rate was reduced to 0.01 V/s, the cathodic peak did not appear 

in the potential window. At much slower scan rates, the system 

will approach Nernstian equilibrium (where ΔEp is ca. 0 mV), 

with the applied potentials as more time is allowed for the 

charge transfer process. In cases where the peak separation is 

near 0 mV, finite diffusion conditions are applicable. However, 

this does not occur and the system moves far from 

quasireversibility to irreversibility. In addition, the 

electrochemical activity of the polymer film is not restored 

upon returning to the initial potential window.  
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Fig 4: A CV from 0.00 V to 2.50 V was performed. A) A polymer film of the ruthenium complex was formed onto the GCE through 

electropolymerization using 1.02 x 10-3 mol.L-1 ruthenium complex solution and B) Characterization in the 0.100 mol.L-1 TEAP supporting 

electrolyte solution. A reduction in the peak height of the cathodic peak was noted during scan 4 

 

When the maximum cathodic peak currents were compared 

relative to the potential window, significant decrease in peak 

heights were noted at any window that extended past 2.30 V. 

The further the window was extended, the sooner a decrease in 

peak height occurred (Table 1). When the potential window 

was set to 2.10 V and 2.20 V, there was no reduction in peak 

current, which shows that this effect is only present when the 

complex is overoxidized.  

 
Table 1: Maximum cathodic peak current 

 

 Cathodic Peak Current (µA) 

 2.30 V 2.40 V 2.50 V 

Scan 1 -4.48 -4.38 -8.41 

Scan 2 -9.35 -11.26 -19.31 

Scan 3 -15.71 -18.87 -23.31 

Scan 4 -22.65 -25.15 -22.36 

Scan 5 -29.89 -29.73 -19.24 

Scan 6 -36.88 -32.56 -14.41 

Scan 7 -43.82 -33.10 -10.45 

Scan 8 -50.14 -29.99 -5.37 

Scan 9 -55.45 -26.18 -3.25 

Scan 10 -59.83 -19.79 -1.65 

 

The maximum cathodic peak currents obtained from the cyclic 

voltammograms are compared between the different voltage 

windows. The window that extends to 2.30 V represents the 

typical oxidation/reduction pattern for the ruthenium complex, 

based on the Ru3+/2+ redox couple. When the voltage window 

was extended to 2.40 V and 2.50 V, the cathodic peaks did not 

follow the growth pattern as expected. 

To compare the amount of the metallopolymer film that 

remained on the electrodes, a characterization step was 

performed. After integrating and analyzing the area under the 

cathodic peaks, it was evident that there was a significant 

decrease in area and thus a decrease in deposition of the film 

(table 2). After exceeding a potential window of 2.40 V, there 

were no cathodic peaks present in the characterization step 

indicating that the polymer film had changed properties. It 

should also be noted that the electrode surface in the 2.30 V 

potential window appeared orange in color while there was 

minimal color change when using the 2.50 V electrode. 
 

Table 2: Characterization cathodic peak area 
 

 Peak Area (µA*V-1) 

 2.30 V 2.40 V 2.50 V 

Scan 1 -9.68 -7.76 - 

Scan 2 -9.67 -6.50 - 
 

The area of the cathodic peak from the characterization was 

found using the integration software on PSTrace 5.8. There 

were no cathodic peaks present when the potential window was 

extended to 2.50 V.  
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Cyclic voltammetry was used to show the possibility of 

overoxidation of the ruthenium complex. When the potential 

window was set from 0.00 V to 2.30 V, both the anodic and 

cathodic peaks were symmetrical. However, once the potential 

window was extended out by 0.10 V, there was a significant 

drop in the height and area of the cathodic peaks. This is due to 

the overoxidation of the polymer film and the formation of 

insulting domains within the film. Even during the 

characterizations of the polymer films, the reduction in peak 

currents and the change in semiconductive properties of the 

polymer film become more pronounced as the potential 

window is extended (Table 2). When the potential window was 

extended to 2.50 V, there was no cathodic peak present in the 

characterization CV. This results from overoxidation of the 

polymer film, which causes the remaining film to become more 

insulating. 

 

Conclusion 

In conclusion, when the polymer film is exposed to an extended 

potential window during polymerization, the electrode 

undergoes delamination. The overoxidation causes the free 

radicals in solution to react with the film and strip it off of the 

electrode. The more that the potential window is extended, the 

faster delamination can be observed in the cyclic voltammetry 

scans. The partial delamination that resulted was not due to the 

thickness of the film. Due to the versatility of ruthenium and 

the growing interest in ruthenium complexes, it is crucial that 

the magnitude of the voltage is carefully monitored during 

experiments to ensure that overoxidation of the ruthenium 

complex does not occur. If the maximum potential voltage of 

the ruthenium complex and its corresponding polymer film is 

exceeded, the films may become structurally unstable and will 

produce inaccurate data when used to develop sensors or 

biosensors. Anyone who is considering using a ruthenium-

based sensor should be aware of this. For further research, other 

transition metals that are commonly used with the ligand 

system should be analyzed to see if the same effects of 

overoxidation on the integrity of the film are observed.  

 

Acknowledgments 

Hope College Department of Chemistry John H. and Jeanne M. 

Jacobson Endowed Professorship Funds. 

 

References 

1. Finney TJ, Frank SL, Bull MR, Guy RD, Kuhl TL. 

Tracking Mechanical Stress and Cell Migration with 

Inexpensive Polymer Thin-Film Sensors. Advanced 

Materials Interfaces. 2022;10(2):2201808. 

2. Redhwan TZ, Ali Y, Howlader MM, Haddara YM. 

Electrochemical Sensing of Lead in Drinking Water Using 

Copper Foil Bonded with Polymer. Sensors. 

2023;23(3):1424. 

3. Lee J, Kim DH, Kim JY, Yoo B, Chung JW, Park JI, et al. 

Reliable and uniform thin-film transistor arrays based on 

inkjet-printed polymer semiconductors for full color 

reflective displays. Advanced Materials. 

2013;25(41):5886-5892. 

4. Dorovskikh SI, Vikulova ES, Kal’nyi DB, Shubin YV, 

Asanov IP, Maximovskiy EA, et al. Bimetallic Pt,Ir-

containing Coatings Formed by MOCVD for Medical 

Applications. Journal of Materials Science: Materials in 

Medicine. 2019;30(6):69. 

5. Ponnaiah SK, Periakaruppan P. A Glassy Carbon 

Electrode Modified With a Copper Tungstate and 

Polyaniline Nanocomposite for Voltammetric 

Determination of Quercetin. Microchimica Acta. 

2018;185(11):524. 

6. Friebe C, Hager MD, Winter A, Schubert US. Metal-

containing Polymers via Electropolymerization. 

Advanced Materials. 2011;24(3):332-345. 

7. Kamensky MA, Eliseeva SN, Láng G, Ujvári M, 

Kondratiev VV. Electrochemical Properties of 

Overoxidized Poly-3,4-Ethylenedioxythiophene. Russian 

Journal of Electrochemistry. 2018;54(11):893-901. 

8. Holze R. Overoxidation of Intrinsically Conducting 

Polymers. Polymers. 2022;14(8):1584. 

9. Lin K, Zhao Z-Z, Bo H-B, Hao X-J, Wang J-Q. 

Applications of Ruthenium Complex in Tumor Diagnosis 

and Therapy. Frontiers in Pharmacology. 2018;9:1323. 

10. Dragutan I, Dragutan V, Demonceau A. Editorial of 

Special Issue Ruthenium Complex: The Expanding 

Chemistry of the Ruthenium Complexes. Molecules. 

2015;20(9):17244-17274. 

11. Brown KL, et al. Characterization of tris(5-amino-1,10-

phenanthroline) ruthenium (II/III) polymer films using 

cyclic voltammetry and Rutherford backscattering 

spectrometry. International Journal of Chemistry. 

2011;3(4):12-19. 

12. Kamigaito M, Watanabe Y, Ando T, Sawamoto M. A New 

Ruthenium Complex with an Electron-Donating 

Aminoindenyl Ligand for Fast Metal-Mediated Living 

Radical Polymerizations. Journal of the American 

Chemical Society. 2002;124(34):9994-9995. 

13. Brown KL, Gray SB. Cyclic Voltammetric Studies of 

Electropolymerized Films Based on Ruthenium (II/III) 

Bis(1,10 phenanthroline) (4-methyl-4’vinyl-2,2’-

bipyridine). International Journal of Chemistry. 

2010;2(2):03-09. 

14. Paramo-Garcia U, Ibanez J, Batina N. Electrochemical 

Modulation of the Thickness of Polypyrrole Films by 

Using Different Anionic Dopants. International Journal of 

Electrochemical Science. 2011;6:5172-5188. 

https://www.chemijournal.com/

