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ABSTRACT  

 

We explored the electrochemistry of a perfluoroalkyl viologen, 

N,N’-di-(1H,1H,2H,2H-perfluorobutyl)-4,4’-bipyridinium dichloride (FC4VFC4) in a 

Nafion film on an Au electrode. The capability of FC4VFC4 as a redox-active probe for 

micro-environments of the ionic channels in the Nafion film was highlighted by 

clarifying the difference of its electrochemical behavior from that of its alkyl analog, 

dibutyl viologen (C4VC4). The time course of cyclic voltammograms (CVs) was 

tracked after immersion of a Nafion film-coated Au electrode in viologen solutions of 

various concentrations, Cs. The strongly Cs-dependent time change revealed the 

formation of an aggregate of FC4VFC4 in the ionic channels in the Nafion film. The 

aggregate blocks its own redox reaction at Cs  10 M. At Cs = 5 M, FC4VFC4 

exhibited a quasi-reversible response. In contrast, C4VC4 showed a quasi-reversible 

response in the Cs range from 5 M to 200 M. We also used the time dependent 

change of electroreflectance (ER) spectra to track the state of viologens in the close 

proximity of the electrode|Nafion interface. After the immersion in 50 M FC4VFC4 

solution, the ER signals of the redox of FC4VFC4 molecules, being not in direct contact 

with the Au surface, rapidly increased in line with the change of CVs. What followed 

was a steep decrease of ER signal while the CV redox current was still increasing. It 

was also found that the FC4VFC4 aggregates in the Nafion film block the electrode 

reactions of [Ru(NH3)6]
2+/3+, methylviologen, and C4VC4, which otherwise show 

reversible or quasi-reversible responses in the absence of FC4VFC4. All the results, 

especially the sharp contrast of the behavior of FC4VFC4 to that of C4VC4, revealed 

that either or both intermolecular perfluoro chain-chain interaction and perfuorinated 

FC4VFC4 side chain-Nafion perfluoroether side chain interaction are the key to 

determine the chemical micro-environment in the ionic channels. 
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1. Introduction 

  

Proton transporting membranes have been among the fundamental materials 

supporting a variety of modern electrochemical devices and sensors. The most 

frequently used one is Nafion. The Nafion films have found many applications for 

proton transportation [1], energy storage [2], energy conversion [3], catalytic reaction 

media [4], and in vivo measurements of neurotransmitter [5]. The electrochemical 

characteristics the Nafion film and similar ionic polymer films as ion exchange polymer 

membranes were originally described in the pioneering publications [6-8].  

A Nafion film immersed in water has a phase-separated structure composed of a 

micro water-phase and a perfluoroalkyl-phase. The water-phase is in a hydrophilic ionic 

channel as a micro water-domain surrounded by walls with condensed sulfonate groups 

of the side chains. The perfluoroalkyl-phase is a bulk region composed of perfluoroaklyl 

chains of Nafion. Because of the characteristic micro water-phase network structures, 

chemical micro-environment in a Nafion film has a specific electrostatic and hydrated 

nature. Studies on the basis of the two-phase framework model with the water-phase 

and perfluoroalkyl-phase were extensively conducted through various approaches from 

a viewpoint of micro-structures of hydrated Nafion films. Using the results of 

spectroscopic measurements of hydrated Nafion films by X-ray reflection and scattering 

and neutron-ray diffraction, a variety of nanoscopic and mesoscopic structure models 

have been proposed [9-15]. Inaba and co-workers pointed out the importance to 

consider the third phase enriched by the perfluoroether sites at the boundary of the 

aforementioned two phases [16]. Whichever two- or three-phase model is used, an 

understanding of chemical micro-environment of a Nafion film would provide us with 

an indispensable and practical guide to newly design a proton transporting membrane, 

because Nafion presently represents one of the best materials for polymer electrolyte 

fuel cells. We may also expect new applications of Nafion as a bi-continuous 

phase-separated material.  

The spectroscopic methods frequently have difficulty in gaining a better insight into 
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the micro-phase structures in the hydrated Nafion films. On the other hand, analytical 

methods using molecule probes such as fluorescence probes [17-19], electron spin 

resonance probes [20], and redox probes [21-24] attain in-situ observation of chemical 

micro-environments in the hydrated Nafion films. Viologens as redox probes uncovered 

the ionic channel sizes in Nafion films from the diffusion and dimerization processes of 

the probes [23,24]. Mortimer and Dillingham found Nafion’s permeation allowance for 

dihexyl viologen and forbiddance for diheptyl viologen [25]. This fact confirms the  

known diameter of the channel, being smaller than 4.2 nm [26]. The viologens exhibited 

superior molecular probe features, because they have reversible electrochemical activity. 

Both oxidized (V2+) and one-electron reduced (V•+) forms are cationic species 

possessing affinity to the anionic sulfonate groups in the ionic channel of Nafion. 

Strongly colored nature of V•+-forms enables us to follow the state of viologen by 

visible spectroscopies. To our best knowledge, however, redox probes have been 

restricted so far to cationic and hydrophilic ones, which are perfluoro-repulsive. This 

has limited the obtainable properties of the micro-environments in Nafion. To shed light 

in more depth of the ionic channels, the use of a probe having a perfluoroalkyl affinity 

should be meaningful.  

In this work, we use a perfluoroalkyl viologen redox probe, N,N’-di-(1H,1H,2H,2H- 

perfluorobutyl)-4,4’-bipyridinium dichloride (FC4VFC4), bearing perfluoroalkyl side 

chains. Electrochemical properties of FC4VFC4 have been reported elsewhere [27]. In 

the light of the above-mentioned diameter of the channel, the molecular size and 

water-solubility should allow for penetration of FC4VFC4 into Nafion films. FC4VFC4 

in the Nafion film may have affinities to both perfluoroalkyl-phase and sulfonate groups 

simultaneously. We use a Nafion-coated polycrystalline Au electrode in the aqueous 

solution of FC4VFC4 and dibutyl viologen (C4VC4). C4VC4 is the alkyl analog of 

FC4VFC4 as a reference substance to highlight the effect of perfluorination of the side 

chains. Scheme 1 shows molecular structures of the two viologens. In addition to 

voltammetric measurements, electroreflectance (ER) spectral measurements are made to 

focus on the states and electron transfer reactions of viologen in a close proximity of the 
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Au electrode surface. We also track the penetration of viologen into the Nafion film by a 

combined use of CV and ER data. 

 

Scheme 1. 

 

2. Experimental 

2.1. Material.  Water was purified through a Milli-Q Plus Ultrapure water system 

coupled with an Elix-5 kit (Millipore Co.) to 18.2 M cm. Materials used without 

further purification include Nafion 5 wt.% solution (Sigma Aldrich), KCl (Nacalai 

Tesque), and isopropanol (Sigma Aldrich).  

2.2. Electrochemical and spectroelectrochemical measurements.  All the measurements 

were conducted using a polycrystalline Au electrode with a surface area A = 0.0201 cm2 

with a PEEK sheath (BAS Inc.). Voltammetric studies were conducted using a 

Ag|AgCl|sat’d KCl or a Ag|AgCl|0.1 M KCl reference electrode and a coiled Au wire 

counter electrode. All the potentials in this paper are referenced to a Ag|AgCl|sat’d KCl. 

All the measurements were made under an Ar gas (> 99.998%) atmosphere at room 

temperature (25  2°C). The electrochemical behavior of viologens was characterized at 

bare and Nafion-coated Au electrodes. The coating of the Au electrode surface with a 

Nafion film was conducted by casting 10 L of 0.5 wt% Nafion/isopropanol solution 

homogeneously on both the centered circular Au of a diameter of 0.16 cm and 

surrounding PEEK coplanar ring-shaped surface (in total 0.283 cm2). It was then dried 

in air. The thickness of the dry Nafion film on the Au surface was 1.0  0.2 m as 

measured by a scratching method of a contact mode AFM imaging. Before use, the 

Nafion film on the electrode was swelled by immersing the electrode in the supporting 

electrolyte solution free of viologen. 

For the electrochemical measurements, a potentiostat (HECS 326, HUSOU) was 

employed. The base electrolyte solution in electrochemical measurements was 0.1 M 

KCl solution unless otherwise stated. For the time-course measurements of CVs, the 

time zero (t = 0 min) was set at the time when the Nafion-coated Au electrode was 
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immersed in a pre-deaerated viologen solution of a concentration of Cs in the 

electrochemical cell. At certain times, a single potential-cycle CV was recorded at a 

scan rate (v) of 200 mV s-1.  

The potential modulation used for the ER measurements is described as 

 

E = Edc + Eac = Edc + EacReal[exp(jt)]                                    (1) 

 

where Edc is the dc potential, Eac is the ac potential, ΔEac is the zero-to-peak ac 

amplitude of the potential modulation, j = √−1, ω = 2πf, where f is the modulation 

frequency, and t is the time. The instruments and procedures used for the ER 

measurements were described elsewhere [28]. Briefly, under the ac potential modulation, 

steady-state monochromatic light was irradiated to the electrode surface. The reflected 

light was detected by a photomultiplier (Hamamatsu R928) to analyze ac reflectance 

signal using a lock-in amplifier (EG&G, model 5210). The time-averaged dc reflectance, 

Rdc, was also monitored simultaneously. Normalization of the ac signal by Rdc gave the 

real part ER signal (ΔR/R)real (in-phase component with respect to Eac) and the 

imaginary part (ΔR/R)imag (90° out-of-phase component). If the reflectance change 

follows Eac without any retardation in phase, (ΔR/R)imag should be zero.  

The program for the combined ER and CV measurements was a train setting shown 

in Scheme 2. All the ER and CV were recorded until reaching saturation of CV. The 

scanned wavelength () region was restricted to a narrow range, from 640 to 440 nm, to 

minimize condition change during the -scan. The Edc for each ER spectral 

measurement was set at Em read from the immediately preceding CV chart, where Em is 

the midpoint potential of anodic and cathodic peaks of the viologen redox. 

 

Scheme 2.  

 

 

3. Results and Discussion 

3.1. Voltammograms at a Nafion coated Au electrode. 
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The Nafion-coated Au electrode showed pronounced changes of CV with time. At 

given Cs, CVs at 200 mV s-1 were intermittently measured until reaching saturation. The 

total number of potential scans was restricted to prevent the CV from being influenced 

by the scans themselves. We monitored the redox reaction of V•+/V2+ couple, V2+ + e- 

(electrode)       V•+, and we did not scan the potential region of further reduction of 

V•+. 

 

Fig. 1 

 

3.1.1. C4VC4 at Cs = 500 M.  Fig. 1 shows the results of CV measurements in a 

500 M C4VC4 + 0.1 M KCl solution at a Nafion-coated Au electrode. Immediately 

after the immersion, a viologen redox peak pair appeared at Em = -0.690 V (black line of 

t = 0 min in Fig. 1-a) together with a cathodic peak of residual oxygen reduction around 

-0.42 V. It is known that a bare Au electrode in 500 M C4VC4 solution shows an 

electrochemically reversible CV response at Em = -0.628 V [29]. A close look at the line 

of t = 0 min in Fig. 1-a ensures the absence of any trace of additional cathodic current 

ascribable to the reduction reaction of viologen between -0.63 V and -0.68 V; this is the 

proof for the Nafion-coated electrode prepared in this work that any macroscopic bare 

Au electrode area was not exposed to the solution. At t = 30 min, both the anodic peak 

current ipa and the cathodic peak current ipc reached maxima and then decreased slowly 

to be steady state values at t > 700 min. In a separate experiment, we stopped the 

time-course tracking at certain t and recorded sweep rate (v) dependence of CV (not 

shown here). The peak currents were proportional to the square root of v in the range of 

10-200 mV s-1 regardless of t, indicating that diffusion of viologen largely determines 

the CV response.  

Provided that the diffusion coefficient of the reduced form, DRed, in Nafion is close to 

that of the oxidized form DOx, Em can be approximated to the formal potential; it shifted 

from -0.690 V to less-negative to -0.595 V at 60 min, then shifted to slightly negative to 

reach a steady-state value, -0.620 V. The peak separation Ep = Epa – Epc increased from 
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114 mV at 5 min to 372 mV at 360 min. The peak separations were larger than the ideal 

value for electrochemically reversible response of solution species (57 mV), indicating 

the sluggish electron transfer process at the electrode surface, the significant film 

resistance Ru, or non-negligible effect of migration because of the relatively low 

concentration of electrolyte cation. The quantitative analysis of the migration effect will 

be dealt with in our future work. 

To examine the effect of Ru on CV, we measured electrolyte KCl concentration (CKCl) 

dependence for 500 M methyl viologen (MV) solution. The value of Ep of the CV 

response of MV•+/2+ became greater with decreasing CKCl; Ep = 65 mV for CKCl = 

1.0 M, 101 mV for 0.1 M, and 226 mV for 0.01 M. The peak current at CKCl = 1.0 M is 

about 1/5 of that with CKCl = 0.1 M, indicating that partitions of MV2+ and K+ from the 

solution phase into the Nafion film are competitive against each other. The higher CKCl 

gives a lower MV concentration in the film and a higher ionic conductance through the 

ionic channel networks in the Nafion film, resulting in the decreases in both Ru and Ep. 

The decrease of CKCl elevated Ru and increased the saturated concentration of MV in the 

Nafion film. On the basis of the aforementioned results, the increase of Ep with time 

can be attributed to the decrease of the electrolyte concentration in the Nafion film by 

the penetration of C4VC4. It is known that the ionic channel diameter depends on ionic 

composition in the channel [29]. Additional effect of narrowing of the ionic channel 

cross-section with time on the increase of Ep is expected. In Fig. 1, we observed a 

rapid positive shift of Em in the first 30 min. This would correspond to the increased 

fraction of V•+-dimers over its monomers in the reduction products. It is known that the 

formal potential of the dimer is more positive than that of a monomer [30]. 

 

Fig. 2 

 

3.1.2. FC4VFC4 at Cs = 500 M.  Fig. 2 shows the results of the time course CV 

measurements in a 500 M FC4VFC4 + 0.1 M KCl solution. The increase of the peak 

current in the first 10 min was followed by a steep decrease. After 30 min, the cathodic 
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peak ranged out of the negative end of the potential scan, viz. Epc < -0.8 V. Finally, the 

CV reached a steady-state irreversible waveform after 720 min (Fig. 2-b). Fig. 2-c 

shows the time-dependent peak currents, and Fig. 2-d does the time-dependent peak 

potentials. Until 10 min after immersion, CVs exhibit distinct cathodic and anodic peaks, 

giving Em around -585 mV. After the cathodic peak went out of the negative potential 

scan range, the anodic peak was still observable but gradually became smaller. 

FC4VFC4 displayed quite different behavior from C4VC4 at the same Cs (500 M). 

The irreversible response of FC4VFC4 indicates its very sluggish electron transfer at 

the Au electrode surface and/or a very large Ru. 

 

3.1.3. C4VC4: Cs dependence. Fig. 3-a shows the steady-state CVs for a Nafion-coated 

Au electrodes in C4VC4 solutions of three different Cs. The Ep increased with the 

increase of Cs (184 mV at 5 M, 254 mV at 50 M, and 386 mV at 500 M). Fig. 3-b 

shows the time dependence of ipc after immersion in C4VC4 solutions. The absolute 

values of ipc remained in the range of 4 - 8 A, even though Cs differed by two orders of 

magnitude. This fact does not necessarily indicate that the amount of incorporated 

C4VC4 in the Nafion interior at Cs = 5 M has already reached upper limit of the 

incorporation. The peak current should depend on several factors such as the surface 

concentration of V2+ in the proximity of the electrode surface, the diffusion coefficient, 

the active electrode area (the total surface area with which the water phase in ionic 

channels are in contact), the electron transfer rate constant ks, and Ru. Although the 

surface concentration of viologen increases with time in the Nafion film, if the diffusion 

coefficient decreases and Ru increases because of the environmental change with the 

increased amount of viologen, the redox current cannot increase.  

 

Fig. 3 

 

3.1.4. FC4VFC4: Cs dependence.  Fig. 4a shows steady-state CVs reached in the 

time-course measurements with three different Cs of FC4VFC4. Fig. 4-b shows the time 
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dependence of ipc. Intriguingly, a better-defined redox response in CV was observed at a 

low concentration FC4VFC4 (5 M) rather than at higher Cs. This concentration 

dependence is largely different from that of C4VC4 (Fig. 3). At 500 M and 50 M, a 

short time increase of ipc was followed by sudden turndown to decrease (Fig. 4-b), 

resulting eventually in a significantly irreversible response. A similar trend was 

observed at 20 M and 10 M. The time period before the turndown is longer at lower 

Cs. To reach irreversible response after the current decrease, it took 1250 min at 20 M 

and 4500 min at 10 M. However, the redox current measured at 5 M monotonically 

increased to reach a steady-state value, which was constant for over a few days at least. 

The CV at the steady-state was quasi-reversible, showing both cathodic and anodic 

redox current peaks with Ep = 323 mV. We can conclude that there is a threshold 

concentration in between 5 and 10 M to determine whether the critical damping of the 

CV of FC4VFC4 occurs or not. 

   To make the situation clear, it is desirable to estimate the concentration of FC4VFC4 

in the film when Cs = 5 M. It is known that, if a slow v limit of CV gives a thin-layer 

electrochemistry, the integrated charge of the CV peak should correspond directly the 

amount of active species [7,19,31]. Such a situation is realized when the partition at the 

film/solution interface is slow enough or diffusion in the film is much slower than the 

diffusion in the solution phase. Therefore, we measured the v-dependence of CV. The 

peak current was proportional to v1/2 down to 1 mV/s, and the CV was still of reversible 

diffusion limited type with the peak-to-peak separation being 70 mV. The further 

decrease in v down to 0.1 mV/s altered the CV to a sigmoidal waveform attributable to 

the EC type reaction (electrocatalytic reaction) of residual oxygen plus apparent 

diffusion process of the viologen. Unfortunately, the present Nafion film/viologen 

systems for both C4VC4 and FC4VFC4 do not adopt to this classical method of 

estimation. 

 

Fig. 4 
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3.2. ER studies at Nafion-coated Au electrode.    

The conventional voltammetric techniques alone cannot shed direct and real-time 

light on the state of the viologen molecules reacting near the electrode surface. Among 

various in situ spectroscopic methods, UV-visible light reflection has advantages over 

others, because a viologen-incorporated Nafion film is transparent in the colorless 

oxidized state, and one-electron reduced viologen has strong absorption bands in the 

UV-Vis-near IR region. In the measured  range in this work, V2+-form is colorless, 

whereas V•+-monomer form has absorption bands at ca. 400 nm and 602-604 nm, and 

V•+-dimer form does at ca. 367 nm, 536 nm, and ca. 850 nm. The isosbestic point of 

monomer and dimer is at 552 nm. We can also distinguish V•+-monomer and dimer 

from the spectrum. The phase retardation of the ac reflectance signal from Eac enables 

us to estimate ks. Semi-quantitatively, the intensity ratio of real and imaginary part 

signals at a given , which is abbreviated as “r/i-ratio”, is an indicator of the 

heterogeneous electron transfer rate; the greater the ratio, the greater the value of ks [28]. 

Applying an ac potential modulation Eac, we can selectively observe the viologen 

molecules undergoing the redox interconversion that gives the ac spectroscopic signal at 

the same frequency as Eac. The phase retardation may originate from the slow electron 

transfer kinetics as well as the nonzero cell time constant determined by the 

double-layer capacitance, the film resistance, and bulk solution resistance. Taken 

together, the ER method, namely potential-modulated UV-vis reflectance spectroscopic 

method, provides us with highly valuable information of the interfacial reaction of 

viologen molecules. Unless the redox reaction involves the surface-deposited dense 

phase of colored electroactive species, an ER spectrum representing the redox reaction 

shows a difference absorption spectrum: the absorption spectrum of reduced form from 

which that of the oxidized form is subtracted [28,32].  

 

Fig. 5 

 

In Fig. 5, the initial ER spectrum at 4 min in C4VC4 solution shows no redox 
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response of viologen but a weak and broad ER signal from the Au surface as a 

negative-going real part response with a maximum around 500 nm [28] (also seen in Fig. 

6-a). Growths of the ER signals of the redox reaction of viologens were obvious from 

18 min in C4VC4 solution and from 19 min in FC4VFC4 solution. Because V•+-forms 

have strong visible absorptions but V2+-form is colorless, the redox ER signals showed 

positive-going real parts and negative going imaginary parts. Because no surface 

deposition of V•+-forms took place, the spectral structure of the obtained redox ER 

signal was of the difference absorption spectral type. 

In C4VC4 solution, the response of V•+-monomer at ~603 nm was first built up 

exclusively, and a rapid growth of the dimer signal at ~537 nm followed. The dimer 

signal became predominant over the monomer one after ca. 190 min. The same trend 

occurred in FC4VFC4 solution from much earlier time (30 min) than that in C4VC4 

solution. These results confirmed that the ionic channel provides a volume for both 

C4VC4 and FC4VFC4 enough to find partner to form dimers. In addition, the 

concentration of V•+ became high enough to form its dimers by successive ingress of the 

viologens from the solution phase. In sharp contrast to the monotonical ER signal 

growth in C4VC4 solution for 500 min, the ER signal in FC4VFC4 solution decreased 

drastically after 163 min. After 4 h, the ER signal of FC4VFC4 redox almost 

disappeared.  

 

Fig. 6 

 

Fig. 6 shows typical ER spectra taken from Fig. 5. The zero-line is now added. 

Because the ER signal from the Au surface (Fig. 6-a) is relatively weak, provided that 

the cell time constant never affects the phase of redox ER signal, we can now discuss 

the r/i-ratio. In Fig. 6, with an increase in the ER signal of C4VC4, the r/i-ratio became 

smaller at both 537 nm and 603 nm. In contrast, ER spectra in FC4VFC4 solution 

exhibited a different r/i-ratio at 603 nm from that at 537 nm; for example, at t = 123 min 

the former was greater than the latter (Fig. 6-e). The ratio was also a function of t. We 
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can learn from Figs. 5 and 6: (i) The redox process of the monomer became sluggish 

with time for both C4VC4 and FC4VFC4, and (ii) The redox reaction of V•+-dimer/V2+ 

couple is relatively slower than that of V•+-monomer/V2+ couple. The following section 

is devoted to the discussion about the time-dependent features by combined use of CV 

and ER data. 

 

3.3. Time-dependent behavior observed by CV and ER. 

It is crucial to perceive the diffusion layer thickness of viologen in the Nafion film 

when measuring CV. Using a rotating-disk electrode (RDE) technique as follows, we 

confirmed that the diffusion layer thickness is thinner than the thickness of the hydrated 

Nafion film as far as v > 1 mV s-1 is used. First, RDE measurements in 0.5 mM MV 

solution were made for a hydrated Nafion film-coated Au-RDE. The film thickness was 

set as the same as that on the stationary Au electrode. We found that the CVs at v > 1 

mV s-1 were never affected by the on-off of the rotation. In contrast at v < 1 mV s-1, CV 

became smaller when stopping the rotation. The change of CV occurred when the tail 

end of the diffusion layer reached to the Nafion|solution interface. Second, recall that in 

the aqueous solution phase, the diffusion coefficients of C4VC4 and FC4VFC4 are 

63.4% and 54.1% of that of MV in aqueous solution [23]. This fact gives a rationale 

behind the assumption that the diffusion coefficients of C4VC4 and FC4VFC4 in 

Nafion are also smaller than MV. Taken together, as far as a sweep rate of 200 mV s-1 is 

used, the tail of the diffusion layer is well inside of the Nafion film.  

We should note the difference between a wide potential range CV and a smaller 

amplitude potential-modulated ER to gain comprehensive understanding of the 

spatiotemporal behavior. In CV measurements, the potential was scanned almost over 

the range of cathodic and anodic peaks, namely 0.0 to -1.0 V. When the CV current 

takes its peak, the diffusion layer is largely extended from the electrode surface to the 

interior of the Nafion film. On the other hands, in ER measurements, the electrode 

potential was repeatedly changed sinusoidally around Edc, set at the formal potential, 

with a peak-to-peak amplitude of 113 mV (Eq. 1). The concentration profiles of the 
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diffusion layer are of undulated waves decaying from the electrode surface to the 

direction of the film interior. The thickness of the undulated concentration profile is 

much smaller in ER measurements than the extended diffusion layer in the CV 

measurements. The ER method can detect the change of the concentration ratio V•+/V2+ 

at the close proximity of the Au surface. By the use of ER signals, the electron transfer 

kinetics is roughly represented by the r/i ratio. The magnitude of the redox ER signal is 

represented by 

 

IER = [(ΔR/R)real
2 + (ΔR/R)imag

2]1/2                                         (2) 

 

where IER reflects the amount of viologens interconverted between oxidized and reduced 

states in response to Eac; IER is greater when more viologens are reacted with faster 

kinetics [24]. 

 

Fig. 7 

 

In Fig. 7, we can find the correlation among the CV cathodic peak current ipc, CV 

peak separation Ep, ER signal magnitude IER, and the r/i ratios. As far as the region of t 

< 350 min is concerned in 50 M C4VC4 + 0.1 M KCl solution, the time dependence of 

IER was in line with ipc. The increase of IER at 537 nm was steeper than that at 602 nm, 

indicating a steeper increase of the amount of V•+-dimer than the increase of 

V•+-monomer. In the region of t > 300 min, Ep was almost constant, indicating that the 

electron transfer kinetics was unchanged and that iR drop caused by Ru was not 

substantial.  

Taking a look at the time region of t < 300 min in 50 M FC4VFC4 + 0.1 M KCl 

solution, we find sharply different time course behavior from that of C4VC4:  

(i) Initially, the increases of IER and ipc took place in parallel with keeping Ep 

constant 

(ii) Ep steeply increased after 163 min. 
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(iii) Before the increase of Ep started, IER started decreasing at 97 min, while ipc 

was still increasing 

(iv) ipc turned to decrease after IER reached to less than 30% of its maximum.  

(v) When Ep exceeded 400 mV, IER reached to less than 10% of its maximum. 

(vi) When the ER signal further decreased to be almost zero, the cathodic peak went 

out of the scanned potential range. 

The decrease in IER and the following increase in Ep indicate that the interfacial 

electron transfer kinetics became sluggish or an increase in Ru occurred. We did not see 

any signature of the surface deposition of FC4VFC4 in the ER spectra. The r/i ratios of 

FC4VFC4 indicated that the monomer redox process is always faster than dimer 

reaction (Fig. 7-f), and for C4VC4 as well (Fig. 7-c). 

If the decay of the redox response of FC4VFC4 is due to only the electron transfer 

kinetics, the increase of Ep and the decreases of ipc and r/i ratios should have occurred 

with the same time dependency. Because the observation is not in line, the time 

dependence originated from not only the slower kinetic but also slower diffusion and 

greater Ru but asynchronously. Therefore, a sudden change of the electron transfer 

kinetics alone is not likely.  

 

Fig. 8 

 

Fig. 8 shows dimer/monomer ratios calculated from Figs. 7-b and e applying Gao’s 

method [33]. The values of IER at absorption maxima of monomer at 603 nm and dimer 

at 537 nm were used to calculate the ratio. The dimer/monomer ratio of C4VC4 was as 

low as 0.05 at the initial stage. Then, it increased to reach a constant value around 0.4 at 

343 min, indicating that the concentration of the V•+-form of C4VC4 near the Au 

electrode surface attained saturation. In Fig. 1-d, it took much shorter time, 30 min, to 

reach saturation of the dimer content ratio in the solution of 500 M C4VC4. 

On the other hand, the dimer/monomer ratio for FC4VFC4 increased with time from t 

= 0 min to 163 min to be greater than 0.5. After ER signal of FC4VFC4 showed a rapid 
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decrease of the intensity, the dimer/monomer ratio value scattered. Note that the 

dimer/monomer ratios obtained from the ER spectra in 500 M viologen aqueous 

solution on a bare Au electrode were 0.06 for C4VC4 and 0.22 for FC4VFC4. The 

enhanced dimerization in the Nafion film indicates the occurrence of concentration of 

these viologens in the ionic channels, and the extent of concentration became greater 

with time. 

 

3.4. Additional messages delivered by the redox probe FC4VFC4.  

The results of several additional key experiments using FC4VFC4 were listed herein. 

(i) We examined whether the potential scan affected the results of the time course 

experiments. A newly prepared Nafion-coated Au electrode was dipped in 500 M 

FC4VFC4 solution, kept it at the open circuit for 1 h, and then subjected to an initial 

potential scan. We obtained irreversible response almost the same as the intermittent 

experiments (Fig. 2). Because viologen is not reduced at the open circuit potential,  

this fact indicates that the potential scanning condition is not the prerequisite of the time 

course phenomenon and that the increase in Ru takes place even when only V2+ 

permeated the Nafion film.   

(ii) We examined the redox reaction of ruthenium hexamine complex in the Nafion film. 

We observed a reversible, diffusion-controlled response of [Ru(NH3)6]
2+/3+ at a 

Nafion-coated Au electrode in the solution of 500 M [Ru(NH3)6]Cl3 in the absence of 

viologen. Because Nafion is a cation exchange membrane, abundantly incorporated 

[Ru(NH3)6]
2+/3+ underwent reversible redox reaction. When we changed the half of 

[Ru(NH3)6]Cl3 to FC4VFC4 in the solution composition, the response of 

[Ru(NH3)6]
2+/3+ was largely diminished. The peak current of [Ru(NH3)6]

2+/3+ decreased 

to less than half, and Ep became much greater, indicating a slower electron transfer 

rate of [Ru(NH3)6]
2+/3+. The final CV was of irreversible one. Note that no reduction of 

[Ru(NH3)6]
3+ mediated by viologen redox took place. When C4VC4 was used instead in 

the same experiment, apparent blocking of the redox of [Ru(NH3)6]
2+/3+ was not 

observed up to Cs of 500 M.  
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(iii) We also examined CV response in the mixed viologen solutions, 250 M MV + 250 

M FC4VFC4 and 250 M C4VC4 + 250 M FC4VFC4. In both solutions, the decay 

of the redox responses finally reached extremely irreversible ones as in Fig. 4-a. It is 

now clear that after the redox activity of FC4VFC4 is damped, even a coexistent smaller 

dialkylviologen cannot undergo quasi-reversible redox reaction. 

(iv) We further examined the effect of relatively hydrophobic water-soluble cations 

including a perfluoalkylated one in the solution phase on the behavior of MV in a 

Nafion film. First, a Nafion film on a Au electrode was equilibrated in 500 M MV + 

0.10 M KCl solution to obtained a steady-state CV. Then, in the solution, butyl 

trimethylammonium ((CH3)3N
+-C4H10) chloride or 1H,1H,2H,2H-perfluorobutyl 

trimethylammomium ((CH3)3N
+-C2H4-C2F5) chloride were added to make their 

concentrations be 2.0 mM. The peak current eventually decreased to 88% of initial 

value for the former, whereas it decreased to 80% for the latter. Importantly, more 

hydrophobic, perfluorinated tetraaklylammomium cation penetrated the Nafion through 

the ionic channels and more effectively displaced pre-incorporated MV. 

 

 

3.5. Discussion on the experimental results and presumable models.  

After the Nafion commenced to be used as a cation exchange and transport 

membrane of high performance following its invention in 1962, it has been long under 

debate how to understand the state and behavior of the cations in the ionic channels. The 

latest views can be found in literature. Wakai and co-workers discriminated three types 

of water in Nafion by using 1H NMR, infrared, and mass spectroscopies, namely, 

condensed water, hydrated water, and strongly bound water on the sulfonate group [34]. 

Interconversion among these three states may take place. Shia and co-workers discussed 

the interaction of the sulfonate group sites on the inner wall of the ionic channel with 

incorporated cations [26] in terms of the change of water content. They claimed that, 

large and multivalent cations such as Cs+ and Mg2+, being different from small 

monovalent cations such as Li+, Na+, and K+, tend to localize at the sulfonate site. If the 
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Nafion is not immersed in water but equilibrated in a low humidity atmosphere, the 

latter cations form cross-link structure together with sulfonate groups, because the 

localized interactive state behaves as an ion pair. But their discussion is limited to the 

case that electrostatic interaction is predominant. 

Keeping these reports in mind, we describe a scenario of the time change of the state 

of viologens in the ionic channel in the Nafion film and the origin of the sharp contrast 

between perfluorinated viologen (FC4VFC4) and its alkyl analog (C4VC4). We have 

experimentally confirmed that both viologens can penetrate deep into the Nafion film to 

the electrode surface. It should be emphasized that the ionic channel of the Nafion can 

provide enough space for the V•+-forms to dimerize. In fact, the ER signal tracked both 

electroactive V•+-monomer and dimer species for both viologens (Figs. 5-8). 

Because the total anionic charge of sulfonate groups in a Nafion film is constant, the 

increase of the incorporated amount of viologens leads to the decrease of K+ 

concentration resulting in the increase of Ru. Regardless of the extent, this process takes 

place inevitably for both FC4VFC4 and C4VC4, and for MV as well. The viologen 

moiety is divalent (V2+) or monovalent (V•+) cation being larger in size than the 

inorganic cations discussed in above mentioned work of Shia and coworkers [26]. Even 

when the Nafion film is hydrated in water, interaction between viologens and sulfonate 

groups should be significant. 

The sharpest contrast between the two viologens is the fact that, although the redox 

response onsets and increases initially after immersion of the Nafion film in the solution, 

a turndown of redox activity of FC4VFC4 takes place. Not only the redox reaction of 

FC4VFC4 itself but also the reactions of smaller-in-size cationic species [Ru(NH3)6]
2+/3+ 

and MV were damped. This never happened for C4VC4 up to Cs = 500 M. The redox 

activity is damped after CV curve becomes irreversible and ER signal disappears.  

An important observation is given in (iv) of the section 3.4. Even the partly 

perfluorinated butyl trimethylammonium can penetrate in the ionic channel and displace 

pre-saturated MV in the Nafion film. This activity with partly perfluorinated butyl 

trimethylammonium was greater than that with the alkyl analog butyl 
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trimethylammonium, indicating the contribution of the attractive interaction of the 

perfluorinated butyl with the perfluroalkyl-phase of Nafion following the penetration 

through the ionic channel. This process is in line with the penetration of FC4VFC4, 

resulting in the damping of the response of coexistent MV. 

In addition, a threshold solution concentration of FC4VFC4 is in between 5 and 10 

M. At lower concentrations of FC4VFC4 than 10 M, the CV does not become 

irreversible. The structural difference between the two viologens is whether the end 

ethyl groups are perfluorinated or not. Therefore, the significant difference in the redox 

behavior should originate from either or both intermolecular and FC4VFC4-Nafion 

perfluoro chain-chain interactions. The interactions do not work on C4VC4. Three 

possible models to describe the scenario can be proposed. 

 

Fig. 9 

 

Model I.  When the concentration of FC4VFC4 in the Nafion film is increased over 

a threshold, V•+ concentration as the reduction product reached its solubility limit in the 

ionic channels. We found in our previous work that FC4VFC4 has much lower aqueous 

solubility than C4VC4 because of intermolecular perfluoro chain-chain interaction [27]. 

This results in the precipitation in the film as C4VFC4-aggregates (Fig. 9) and a great 

extent of increase in Ru because of the narrowing of the ionic conductive pathways. 

Herein, predominant interaction is intermolecular perfluoro chain-chain interaction. 

Model II. Both V2+- and V•+-forms of FC4V2+FC4 are strongly immobilized on the 

inside-wall of the ionic channel through not only electrostatic cation-sulfate interaction 

but also perfluoro chain-chain interaction with Nafion perfluoroether side chains (Fig. 

9). Recall that the hydration state in the ionic channel is physically supported by mutual 

electrostatic repulsion between sulfonate groups on the inner wall of the channel. The 

neutralization of the negative charges on the inner wall by extensive accumulation of 

viologens at the wall reduces electrostatic repulsion between sulfonate groups, resulting 

in the loss of the driving force to keep the ionic channel in a well-swollen, expanded 



20 

 

state. Eventually, the ionic channels are narrowed and partially split, and Ru value 

becomes large. 

Model III. Both intermolecular and FC4VFC4-Nafion perfluoro chain-chain 

interactions work synergistically. Aggregates of FC4VFC4 are produced because of the 

solubility limits. The aggregates undergo electrostatic and perfluoro chain-chain 

interaction with Nafion perfluoroether side chains (Fig. 9). Then, the ion channel is 

blocked. 

Note that the Model I alone cannot explain the fact that, even when the electrode 

potential was kept at more positive potential of the formal potential of FC4VFC4, the 

CV became irreversible. To identify which model II or III is the most appropriate and to 

figure out which interaction is dominant or whether interactions are working 

synergistically or not, in-situ UV-visible and IR spectroelectrochemical measurements 

of the state of incorporated viologen are currently underway in our laboratory. The 

structure of ion channel in the presence of FC4VFC4 may be uncovered by using small 

angle X-ray Scattering and neutron reflection. Additionally, water uptake measurements 

in an aqueous solution should be needed.  

  In summary, FC4VFC4 gave us an unprecedented level of understanding of 

interaction of perfluoroalkyl cationic molecules with a Nafion film. Importantly, without 

the interactions brought about by the perfluoroalkyl chain, the electrostatic interaction 

alone does not induce apparent inhibition of the redox reaction. 

 

 

4. Conclusions  

Comparison of the redox behavior of FC4VFC4 and its alkyl analog C4VC4 was 

made in detail by a combined use of CV and ER. Because the difference between the 

two viologens was notable at the concentrations greater than 10 M, our focus was on 

the range of higher concentrations. The results of the time course measurements after 

immersion of a freshly prepared Au/Nafion electrode into the viologen solutions of 

various concentrations gave us detailed information. Except for low concentrations (< 5 
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M) of FC4VFC4, although the redox response onsets and initially increases, a 

turndown of redox activity of FC4VFC4 takes place. Not only the redox reaction of 

FC4VFC4 itself but also the reactions of [Ru(NH3)6]
2+/3+ and MV were damped. This 

never happened for C4VC4 up to Cs = 500 M. The redox activity is damped after CV 

curve becomes irreversible and ER signal disappears. Without the interactions brought 

about by perfluoroalkyl chain, the electrostatic interaction alone does not induce 

apparent inhibition of the redox reaction. All the present experimental results and 

considerations allowed us to propose possible models in reference to recent reports. 

Those are Model II and III in Fig. 9, to describe the phenomena observed in this work. 

In conclusion, the new perfluorinated viologen probe provides us an unprecedented 

opportunity to shed deeper light into the interactions between organic cations and a 

Nafion film. 
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Figure captions. 

 

Scheme 1. Molecular structures of FC4VFC4 and C4VC4. 

 

Scheme 2.  Program used for combined ER and CV time-course measurements, 

showing the applied potential as a function of time. The time zero corresponds to the 

immersion of the Nafion-coated electrode in 50 M viologen + 0.1 M KCl solution. For 

ER, Eac = 56.4 mV and f = 14 Hz. 

 

Fig. 1.  Time-course CVs for a Nafion-coated Au electrode (A = 0.201 cm2) recorded 

in a 500 M C4VC4 + 0.1 M KCl solution at v = 200 mV s-1 (a and subsequently b), 

and plots of peak currents (c) and peak potentials (d) versus time. 

 

Fig. 2.  Time-course CVs for a Nafion-coated Au electrode (A = 0.201 cm2) recorded 

in 500 M mM FC4VFC4 + 0.1 M KCl solution at v = 200 mV s-1 (a and subsequently 

b), and plots of peak currents (c) and peak potentials (d) versus time. The peak was 

distinctly observed until at the measurement of 240 min.  

 

Fig. 3.  Comparison of the steady-state CVs of a Nafion-coated Au electrode (A = 

0.201 cm2) at three concentrations of C4VC4 with the base electrolyte of 0.1 M KCl at v 

= 200 mV s-1 (a), and the time dependence of cathodic peak currents (b). 

 

Fig. 4.  Comparison of the steady-state CVs a Nafion-coated Au electrode (A = 0.201 

cm2) recorded at three concentrations of FC4VFC4 with the base electrolyte of 0.1 M 

KCl at v = 200 mV s-1 (a), and the time dependence of the values of their comparison of 

cathodic peak currents (b). 

 

Fig. 5.  Change of ER spectra with time after immersion of a Nafion-coated Au 

electrode in 50 M C4VC4 + 0.1 M KCl solution (a) or 50 M FC4VFC4 + 0.1 M KCl 

solution (b). Edc for the potential modulation (see Eq. [1]) was set at the Em in the latest 
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CV before the wavelength scan. Positive-going spectra (upper-going curves with red 

color) are of the real part, whereas negative-going spectra (lower-going curves with blue 

color) are of the imaginary part. 

 

Fig. 6.  Selected ER spectra obtained in 50 M C4VC4 + 0.1 M KCl solution (a-c) and 

in 50 M FC4VFC4 + 0.1 M KCl solution (d-f).  

 

Fig. 7.  Time dependence of the characteristic readout values from ER spectra and CVs 

in 50 M C4VC4 + 0.1 M KCl solution (a, b, c) and 50 M FC4VFC4 + 0.1 M KCl 

solution (d, e, f). (a) and (d): cathodic peak current ipc and peak separation Ep from 

CVs at 200 mV s-1; (b) and (e), IER values (see Eq. 2) at three wavelengths, 603 nm as a 

monomer maximum in pale blue color triangles, 537 nm as a dimer maximum in gray 

squares, 552 nm as the isosbestic point in purple diamonds. (c) and (f) r/i ratios from ER 

spectra at the same three wavelengths as in (b) and (e). 

 

Fig. 8.  Time-course dimer/monomer ratios calculated from ER spectra recorded in 50 

M C4VC4 + 0.1 M KCl solution (closed circle), in 50 M FC4VFC4 + 0.1 M KCl 

solution (closed diamond). 

 

Fig. 9.  Presumable models of the Nafion ion channel structure with saturated amount 

of FC4VFC4; Model I, FC4VFC4 aggregation model; Model II, Deposition on the 

inner wall surface model; Model III, Aggregation model including synergistically 

occurred deposition on the inner wall and FC4VFC4 aggregation. 
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