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Abstract 

Platinum electrodes were chemically modified with tris(5-amino-1,10-phenanthroline) ruthenium(II) via 
electropolymerization. The characterization of the thin films was accomplished with cyclic voltammetry (CV) 
and Rutherford Backscattering Spectrometry (RBS). Data indicates a strong correlation between the peak 
currents from the characterization cyclic voltammograms and the number of cycles of electropoly-merization. 
Rutherford Backscattering Spectrometry showed the same trend, and verified that film thickness is strongly 
dependent on the concentration of the monomer ruthenium solution. Film thickness was determined from the 
change in ion beam energy as it passed through the film and was calculated to be 1.0 x 1018 atoms/cm2 – 3.4 x 
1018 atoms/cm2, depending upon the number of electropolymerization cycles. The electrodes also showed 
differences in surface roughness, which were dependent on film thickness. 
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1. Introduction 

Chemically modified electrodes continue to be a focus in a number of electrochemical applications. These 
electrodes can be prepared from electronically conducting polymers, redox polymers, and loaded ionomers 
(Abruna et al., 1981; Brown et al., 1998; Pinter et al., 2007; Ellis et al., 1983; Calvert et al., 1983; Guarr et al., 
1987). In each of these examples, the electrodes function to catalyze electrochemical reactions, improve 
electrode stability, and help develop electrochemical sensors and biosensors. Since the work done by Lane and 
Hubbard (Lane et al., 1973) involving the use of chemisorbed metals on platinum electrode surfaces, numerous 
methods have been developed to anchor compounds on various electrode materials. Some of the different 
methods of compound immobilization and electrode functionalization include spin coating, covalent attachment, 
and electropolymerization (Brown et al., 2002). This research focuses on the chemical modification of platinum 
electrodes via electropolymerization and characterization of the derived films using CV and RBS (Baum et al., 
1991; Huang et al., 1992; Ramana et al., 2005; Lee et al., 2006; Walters et al., 2008; Goudarzi et al., 2009; 
Niesen et al., 2001). Several research groups have reported on the electropolymerization of 
tris(5-amino-1,10-phenanthroline) iron(II) and ruthenium(II) complexes (Ellis et al., 1983; Ren et al., 1994); 
platinum electrodes used in our work have been modified with a ruthenium complex of 
5-amino-1,10-phenanthroline, (Ru(5-phenNH2)3)(PF6)2. The motivation for using this compound is related to our 
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continuing efforts to develop spectroelectrochemical sensors for hydrazine in which the ruthenium complex 
functions as an electrocatalyst in the detection of hydrazine (Pinter et al., 2007). 

The modification of the platinum electrodes was accomplished using CV, which is one of the most versatile 
electroanalytical techniques used to characterize electroactive species. The amount of material deposited on the 
electrode surface was controlled by the number of cycles completed. It should also be mentioned that other 
factors such as scan rate, potential window, and concentration of electroactive species can affect film thickness; 
the impact of monomer concentration on film thickness is addressed in this paper. In the development of 
electrochemical sensors based on polymer films, film thickness can play a critical role in the kinetics of charge 
transfer (Kaufman et al., 1980). Hence, it becomes important to have a versatile method that can determine film 
thicknesses. There are several methods that can be used to determine film thickness and this paper reports on the 
use of RBS to determine film thicknesses of films prepared under different solution conditions. Peak currents 
from cyclic voltammetric data are correlated to surface coverage data acquired using RBS. In addition, 
qualitative characteristics about the polymer film were gained through RBS and were related to the cyclic 
voltammetric data about the films. 

2. Experimental 

2.1 Reagents and Solutions 

The ruthenium complex, (Ru(5-phenNH2)3)(PF6)2, shown in Figure 1 was prepared by Neils and co-workers 
according to published procedures (Ellis et al., 1983). The acetonitrile used as the solvent for all electrochemical 
studies was obtained from Sigma Aldrich. The tetraethylammonium perchlorate (TEAP) was purchased from 
GFS Chemicals and was used as the supporting electrolyte. To remove trace amounts of water, the TEAP was 
dried over vacuum and stored in a desicator. In the initial experiments, the concentrations of the ruthenium 
complex and TEAP were 1.00 × 10-3 M and 0.100 M, respectively. To evaluate the effect of concentration on the 
thickness of the films, 5.00 × 10-4 M and 0.050 M solutions of the ruthenium complex and TEAP, respectively, 
were also prepared and used in the electropolymerizations. 

2.2 Instrumentation 

The ruthenium complex was characterized using 1H NMR and IR. The 1H NMR spectra were obtained with a 
Varian Mercury 400 MHz spectrophotometer. Dimethylsulfoxide (d6-DMSO) was used as the solvent in all 
characterization measurements for 1H NMR. Infrared spectra via KBr pellets were obtained using an M-Series 
FT-IR from MIDAC Corporation. All electropolymerizations and other cyclic voltammetric measurements were 
performed with a CHInstruments 601A electrochemical analyzer (CHInstruments, Inc., Austin, TX, USA). The 
three-electrode cell consisted of a platinum working electrode, a glassy carbon auxiliary electrode (diameter = 3 
mm), and a Ag/AgCl (3 M NaCl) reference electrode. All electrodes were acquired from CHInstruments. 

Rutherford backscattering measurements were conducted at the Hope College Ion Beam Analysis Lab using a 
5-SDH Tandem Pelletron (National Electrostatics Corporation, Middleton, WI, USA). All the RBS 
measurements were performed using a 2.9 MeV He+ ion beam. The targets were mounted parallel to the ion 
beam in a specially engineered steel sample holder and the beam was collimated to a position approximately 1 
mm in diameter. A surface barrier detector with a FWHM resolution of 24 KeV (148Gd, 3.18 MeV) was located 
approximately 11 cm from the target at a 162.5° angle with respect to the beam. A mixed source (148Gd, 239Pu, 
241Am, 244Cm) was used to ensure an absolute energy marker for all resulting spectra. Each target was irradiated 
for 10 minutes with approximately 1 nA of beam current to minimize damage to the film. Data analysis was 
performed using the SIMNRA program. Our previous research involving RBS utilized the RUMP software for 
data analysis and simulations. 

2.3 Procedure for Electropolymerization and Electrochemical Characterization of Thin Films 

Prior to all electrochemical measurements, the working electrode was polished with 0.05 μm alumina on a wet 
polishing pad. This was done by placing several drops of the alumina on the polishing pad and moving the 
electrode in a circular motion across the surface of the polishing pad. The electrodes were then rinsed with water 
purified by reverse osmosis, sonicated for 5 minutes, and dried under nitrogen gas. All solutions were purged 
with N2 gas for 15 minutes and a N2 blanket was maintained over the solutions during all measurements. The 
electropolymerizations were performed using a potential window of 1.800 V to 0.800 V at a scan rate of 0.050 
V/sec. The amount of material deposited on the electrode surface was controlled by the number of 
electropolymerization cycles. The electrodes were characterized in the supporting electrolyte solution using a 
potential window of 1.800 V to 0.800 V and a scan rate of 0.010 V/sec. 
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3. Results and Discussion 

3.1 Electropolymerization of (Ru(5-phenNH2)3)(PF6)2 on Platinum Electrodes 

Characterization of the ruthenium complex, using 1H NMR, showed integration of signals confirming the 
presence of 27 protons. Protons associated with the 5-amino-1,10-phenanthroline ligand displayed chemical 
shifts in the range of 6.90-8.50 ppm. The protons specific to the phenanthroline aromatic system were present 
from 7.50-9.00 ppm. Infrared spectra revealed the presence of the –amino group, NH2 stretching, at 3401 cm-1. 

The electropolymerization of the ruthenium complex in Figure 1 is based on the irreversible oxidation of the 
amine substituent which produces radical cations (Figure 2) and subsequent follow-up chemical reactions of the 
radical cations produces the polymer film. The electropolymerization of this compound and similar compounds 
have been reported in the literature. Figure 3 shows cyclic voltammograms corresponding to twenty cycles of 
electropolymerization of the ruthenium complex. The increase in the peak currents for each cycle indicates that 
material was deposited on the electrode surface. The redox couple at Eo’ = 1.540 V is related to the following 
process:  

(5-phen-NH2)3 Ru(II)  (5-phen-NH2)3 Ru(III)+e-                      (1) 

The formal reduction potential was calculated using:  

(Epa + Epc)/2                                      (2) 

where Epa and Epc represent the peak potentials of the anodic and cathodic processes, respectively. Visual 
inspection of the electrode surface revealed an orange color, which increased in intensity as the number of 
electropolymerization cycles increased. The anodic peak initially at ca. 1.290 V corresponds to an oxidation 
prewave, which shifts to more positive potentials as the electropolymerization process continues, whereas the 
predominant anodic peak and cathodic peaks shift only modestly. As the electropolymerization process 
continues, this prewave peak eventually merges with the other anodic peak at ca. 1.580 V. The current response 
of each electropolymerization cycle for the 1.00 x 10-3 M and 5.00 x 10-4 M ruthenium complex solutions gave 
slopes of 4.1 ± 0.1 µA/cycle and 2.2 ± 0.2 µA/cycle for the anodic and cathodic processes respectively. It is 
worth mentioning is that as the electropolymerization proceeds beyond thirty cycles, the peak currents come to a 
steady state due to increasing electrode coverage with the ruthenium complex with this effect being more 
prevalent in the higher concentration solution. 

3.2 Electrochemical Behavior of (Ru(5-phenNH2)3)(PF6)2 Polymer Films 

Representative cyclic voltammograms of the polymer film characterization in the supporting electrolyte solution 
corresponding to 5, 10, and 20 cycles of electropolymerization are shown in Figure 4. The cathodic and anodic 
peaks are a result of electron “hopping” between redox centers, corresponding to the surface bound process of 
equation 1. The formal reduction potential for peaks in cyclic voltammogram (A) of Figure 4 is 1.529 V. The 
respective Eo’ values for redox couples (B) and (C) are 1.515 V and 1.520 V. Charge electroneutrality must be 
maintained by charge compensating ions, either (CH3CH2)4N

+ or ClO4
- from the supporting electrolyte solution, 

entering or leaving the polymer film. Moreover, the compensating ions are accompanied by solvent shells, which 
cause solvent pockets to develop within the film, thereby forcing the polymer film to swell. Peak separation (∆Ep) 
for redox couple (A) is 0.020 V, which is close to the theoretical value of zero peak separation for surface bound 
species. These results indicate Nernstian equilibrium conditions of the Ru(II/III) redox sites relative to the scan 
rate. As the thickness of the films increase, the respective ∆Ep values increase and the system transitions from 
reversible to quasireversible; redox couples (B) and (C) have ∆Ep values of 0.044 V and 0.095 V, respectively. 
At high scan rates, the peak separation increases due to kinetic limitations of the charge transfer process. In 
addition, Eo’ for Ru(II/III) for the films is approximately equal to Eo’ for the solution. However, the peak width 
at half height is greater than the predicted 90.6 mV because of non-equivalent redox sites, Ru(II/III), or 
attractive/repulsive forces within the film (Peerce et al., 1980). Unequal distribution of redox sites, solvent 
pockets, or ion content within the polymer film, results in non-equivalent redox centers throughout the polymer 
film. The polymer film is essentially a three-dimensional network of redox sites with different lateral and vertical 
distributions. Although cyclic voltammetry is not capable of differentiating between the two types of 
distributions, RBS measurements permit the ability to distinguish between these distributions of redox sites 
within the polymer film. Furthermore as the film thickness increases, ∆Ep increases slightly even when the scan 
rate is constant. The anodic and cathodic peak currents in Figure 5 were obtained using the characterization 
cyclic voltammograms and come to a steady state at between 30-35 cycles of electropolymerization for the lower 
concentration of ruthenium complex. 
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3.3 Surface Coverage by RBS 

Since Pt has a higher atomic number than all the elements in the ruthenium-based film, the RBS spectrum shows 
a single broad peak in Figure 6. The data was fit manually using SIMNRA program. In Figure 6, the solid line 
represents the 10-cycle data, and the edge to the left represents the 25-cycle data. In RBS, alpha particles lose 
energy when passed through a film and the amount of energy lost is dependent on the thickness of the film, 
which causes the front edge of the peak to shift left. As a result, the front edge of the 25-cycle data is at a lower 
energy than the 10-cycle data. 

Figure 7 shows the variation of film thickness (atoms/cm2) with the electropolymerization cycles. The thickness 
of the film increases as the number of cycles increases and then begins to level off. The more concentrated 
monomer ruthenium solution shows a less linear increase and starts to level off sooner than the less concentrated 
monomer ruthenium solution. This is because surface roughness, which is greater when films are prepared from 
the higher concentration of ruthenium monomer solution, factors into the film thickness. The decrease in 
ruthenium monomer concentration decreases the surface roughness but also leads to less material deposited on 
the electrode surface. In addition, films with greater roughness and thickness are more fragile than thinner films. 
Cyclic voltammetric data also show a leveling out profile that is consistent with RBS data. With respect to the 
number of electropolymerization cycles, the 1.00 x 10-3 M ruthenium monomer solution gives film thicknesses 
ranging from 1.0 x 1018 atoms/cm2 -5.5 x 1018 atoms/cm2 and the 5.00 x 10-4 M ruthenium solution gives film 
thicknesses ranging from 1.0 x 1018 atoms/cm2 – 3.4 x 1018 atoms/cm2. Visual examination of the electrodes after 
ion beam irradiation showed no visible effects of damage. However, cyclic voltammetric analysis of films 
showed a 23% decrease in peak currents after ion beam irradiation, indicating that the films were damaged by 
the beam. 

4. Conclusion 

The relationship between the peak currents from the characterization cyclic voltammograms and the number of 
cycles of electropolymerization shows a good correlation. Rutherford Backscattering Spectrometry shows the 
same trend and also verifies that film thickness varies with the concentration of monomer solution. In addition, 
surface roughness is different among the various films and the factors into film thickness measurements. It is 
clear that the polymer may not grow homogeneously during the electropolymerization process and this may 
contribute to differences in surface roughness. The ability to observe the changes in the ion bean energy during 
RBS measurements permits the evaluation of the thin film thickness based on electropolymerization conditions. 
This was based on determining the amount of the shift in the front edge of the RBS spectra. 
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Figure 1. Structure of Tris(5-amino-1,10-phenanthroline) Ruthenium(II) 
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Figure 2. Reactions showing the initial oxidation of the ligand leading to the polymer film 

 

 

 

Figure 3. Representative electropolymerization of 1.00 × 10-3 M Ru(5-phenNH2)3(PF6)2. Supporting electrolyte 
is 0.100 M TEAP and solvent is acetonitrile. Scan Rate = 0.05 V/sec. Twenty cycles of electropolymerization 

from 1.800 V to 0.800 V 
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Figure 4. Representative characterization of ruthenium polymer films. Cyclic voltammograms based on: 

(A-Bottom) 5, (B-Middle) 10, and (C-Top) 20 cycles of electropolymerization of 1.00 x 10-3 M 
Ru(5-phenNH2)3(PF6)2 in 0.100 M TEAP in acetonitrile at a 0.01 V/sec scan rate from 1.800 V to 0.800 V 
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Figure 5. Anodic and cathodic peak currents in characterization of ruthenium polymer film corresponding to 
different cycles of electropolymerization. Electropolymerization was completed in 5.00 × 10-4 M 

Ru(5-phenNH2)3(PF6)2 in supporting electrolyte (0.050 M TEAP in acetonitrile) 
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Figure 6. A representative RBS spectrum of a ruthenium polymer film on a platinum electrode. Film was 

generated from 10 cycles and 25 cycles of electropolymerization in 1.00 × 10-3 M Ru(5-phenNH2)3(PF6)2 in 
supporting electrolyte (0.100 M TEAP). Front edge at 2720 keV represents the 10 cycle film 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The variation of ruthenium polymer film thickness with respect to electropolymerization cycles at two 

different concentrations of Ru-complex solution 

(Ru-complex)= 1.00×10-3 M 
(Ru-complex)= 5.00×10-4 M 


