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Abstract: The electrochemical behavior of aqueous crystal violet in the presence of a nonionic surfactant, Triton X-
100 (TX-100), was investigated using cyclic voltammetry. The cyclic voltammogram of crystal violet at a platinum
electrode in an aqueous solution using 0.16 M NaCl as the supporting electrolyte was very sensitive to solution pH.
In the pH range of 1.76 to 2.29, a well-defined voltammogram with one cathodic reduction peak and one anodic
oxidation peak indicates unusual electrochemical reactions of crystal violet to yield the diquinoid of N,N,N’,N’-
tetramethyl benzidine (TMBOX) upon oxidation, which is reduced through a two-electron process to N,N,N’,N’-
tetramethyl benzidine (TMB). The cyclic voltammetric behavior of crystal violet in the presence of TX-100 surfactant,
both below and above the critical micelle concentration, depends on the dissolved states of the surfactant. The
electrochemical properties of crystal violet have been found to be diffusion controlled and dependent on TX-100
concentration. The electrochemical reaction is coupled with a preceding and a following chemical reaction and follows
a CEC (chemical-electrochemical-chemical) mechanism. Interestingly, the unusual electrochemical reaction also
occurs in the micellar system, and overall electrochemical behavior is dictated by the structure of crystal violet
depending on the solution pH as well as the dissolved state of the surfactant. The findings of the present study may be
useful to understand the host-guest chemistry of crystal violet and TX-100 at the molecular level.
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1. Introduction

Crystal violet, an organic dye, belongs to a class commonly known as triphenylmethane (TPM) dyes. The
members of the TPM dyes, such as malachite green (MG), crystal violet [1], ethyl violet [2], and victoria blue B [3],
are electrochemically active. Crystal violet and other TPM dyes have been widely used as antibacterial, antiseptic,
and animal feeds, as well as in the industries such as textile, silk, and paper [4]. They are regarded as environmental
hazards, and significant research efforts have been devoted to exploring their physiochemical properties aiming to
find ways to minimize their environmental impacts [5, 6]. However, in recent years TPM dyes have drawn much
attention due to their prospect for versatile uses other than traditional ones, including developing switchable molecular
devices by controlling their electrochemical properties [7-10]. It is also worth investigating whether the unusual
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electrochemical behavior is retained in organized media such as micellar systems and electrochemical responses
correlate with the dissolved states of the surfactant in the presence of TPM dyes.

To gain further knowledge and find conditions to control the electrochemical properties of TMP dyes, researchers
have been studying them under various electrolytic conditions. For instance, Perekotii et al. investigated the
electrochemical behavior of crystal violet in potassium chloride, nitrate, and iodide supporting electrolytes using a
glassy carbon electrode and found that crystal violet formed an electroactive complex with iodide adsorbed on the
electrode while in a KI solution [1]. Galus and Adams reported that the electrochemical behavior of crystal violet in
acidic aqueous media is complex. In the acidic solution, the ejection of the central carbon residue from the
triphenylmethyl moiety followed by intramolecular coupling of the two phenyl fragments yields a diquinoid of
N,N,N’,N-tetramethyl benzidine (TMBOX) in the system, which proceeds via a two-electron redox process forms
N,N,N’,N-tetramethyl benzidine (TMB) [11, 12]. Hall et al. studied the electrochemical oxidation-reduction behavior
of TMP dyes in liquid sulfur dioxide. The oxidation of the dyes in liquid sulfur dioxide was quite different from that
observed in the acidic aqueous solution. Upon analysis of the voltammogram of crystal violet, they suggested that the
redox couple generating the voltammogram on scanning from 0.50 to 1.50 V involved the carbonium ion and the
formation of a free radical [13].

The interest in exploring the properties of electroactive compounds, including TPM dyes in surfactant-based
organized media, has surged as their electrochemical behavior of redox-active probes has been found to be controllable
by changing the concentration of surfactants [14, 15]. Saji et al. [16, 17] and Gokel and coworkers [18, 19] established
the principle of electrochemical switching of redox-active amphiphiles. Saji er al. extensively studied the
electrochemical properties of redox-active surfactants containing different electro-active groups aiming to form
organic thin films on various electrode surfaces [16, 17]. They demonstrated that micelles formed by the surfactants
could be dissociated into monomers by electrochemical oxidation, and this property could be used to form thin organic
films. The investigation of the correlation of the electrochemical responses with the dissolved states of a nonionic
ferrocenyl amphiphile was reported by Takeoka et al. [15, 20]. The authors showed that the characteristics of the cyclic
voltammograms of the surfactant solutions depend on the dissolved states of the surfactants and the oxidation state of
the redox-active moiety. Kozlecki et al. reported that adding an azo group to the hydrophobic tail of linear alkane
sulfonates and alkane carboxylates promotes adsorption and micellization and improves surfactant solubility in water
[21]. Susan et al. worked extensively on the electrochemical behavior of a series of redox-active nonionic surfactants
containing anthraquinone and phenothiazine groups [22-25] and showed that surfactants respond interestingly to
electrochemical changes and electrochemical behavior was found to be controllable by changing the concentration,
structure, pH, and electrochemical potential of the redox-active surfactants. Various surfactants have also been tested
in synthesizing compounds, such as electrolytic MnO». For instance, Minakshi and coworkers showed that electrolytic
MnO, with an increased surface area could be prepared in the presence of TX-100 and Tween-20 [26]. Earlier studies
on the electrochemical behavior of redox probes in electro-inactive surfactants have been reviewed by Rusling [27].
Redox-active ferrocene, anthraquinone, and phenothiazine have been used by Susan and coworkers as probes to study
the electrochemical behavior in aqueous solutions in the presence of different surfactants to reveal that the concept of
electrochemical switching is also applicable for redox probes solubilized in organized media of electro-inactive
surfactants [28-32]. Yeh also estimated the diffusion coefficient of the micelles of an electro-inactive surfactant,
Tween 20, using a probe molecule, ferrocene, which is solubilized in the micelles [33]. Recently, Rahman et al. [34]
investigated the electrochemical behavior of malachite green (MG) oxalate in the aqueous solution in the presence of
a cationic surfactant, cetyltrimethylammonium bromide (CTAB), and an anionic surfactant, sodium dodecyl sulfate
(SDS) at a glassy carbon electrode using cyclic voltammetry. The authors have reported significant interaction of MG
with different surfactants. Their investigation also revealed that the electrochemical oxidation of MG is an irreversible
diffusion-controlled process under ambient conditions. Despite numerous studies on electrochemically switchable
systems, the electrochemical study of TPM dyes in the presence of a surfactant system is still in the rudimentary stage,
and in particular, a study of crystal violet is yet to be reported. With a view to understanding the electrochemical
behavior of crystal violet in an aqueous solution in the presence of TX-100, we aimed at a systematic study of the
cyclic voltammetric behavior in a wide range of TX-100 concentrations. The ultimate goal is to correlate the unusual
electrochemical reaction of crystal violet with the dissolved states of the surfactants.
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2. Experiments

Crystal violet and sodium chloride (NaCl) were purchased from BDH and used as received. Polyoxyethylene ter-
octylphenyl ether, [(H3C)sCH>C(CH3),CsHs-(OCH2CHb»)o5-OH], known as TX-100, was obtained from BDH and
used without further purification. All the stock solutions were prepared with Puric-S grade deionized water (Specific
resistance = 2.00 MQ cm, Organo Co., Tokyo). While investigating the electrochemistry of crystal violet in the
presence of TX-100, the crystal violet concentration was maintained at 8.80x10® M; otherwise, it was kept constant
at 1.00x10° M for other experiments. Glassware used for preparing micellar solutions of TX-100 was first washed
with NaOH solution and then with a large excess of deionized water. TX-100 solutions of varying concentrations were
prepared using the stock solution by proper dilution.

A pH meter (HM-26S, TOA electronics Ltd., Japan) was used to measure the pH of the solutions. The solutions
were bubbled with nitrogen to avoid any contribution in the measured pH from CO; dissolved from the atmosphere.
For the cyclic voltammetric measurements, a computer-controlled electrochemical analyzer (Model HQ 2040 by
Advanced Analytics, USA) was employed. A single-compartment three-electrode cell was used for electrochemical
measurements. The three electrodes used in the cell are as follows: a platinum electrode (BAS) with a geometric area
of 0.021 cm? as a working electrode, an Ag/AgCl as the reference electrode, and a Pt-wire as a counter electrode. The
working electrode surface was mirror-polished and cleaned by polishing with 0.05 ym alumina (Buehler) at each
measurement. Before the electrochemical experiments, the solutions were purged with N>, and the inert atmosphere
was kept during the experiments. The measurements were carried out using a 0.16 M NaCl aqueous solution as the
supporting electrolyte. The potential sweep rate (v) was between 10 and 500 mVs!. All the measurements were
conducted at 25.0 °C.

3. Results and Discussion

Electrochemistry of aqueous crystal violet in the absence of TX-100 and its pH dependence: Cyclic voltammetric
behavior of crystal violet was investigated at different pH values in the range from 1.54 to 11.75 in the presence of
NaCl (0.16 M) as the supporting electrolyte. The profiles of five representative experimental voltammograms are
presented in Fig. 1.
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Fig. 1: Cyclic voltammograms of 1.00x10°M of crystal violet in 0.160 M NaCl acidic aqueous solution at pH= (a) 1.54 (b) 1.86 (c) 2.29 (d) 4.96
and (e) 11.75. The potential was scanned from 300 to -800 mV, followed by a reverse scan from -800 to 300 mV (v =10 mVs™).
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As shown in Fig. 1(a-e), the electrochemical behavior of aqueous crystal violet depends on the pH of the solution
medium. The pH range of 1.76 to 2.29 provides crystal violet with the condition to produce a well-shaped
voltammogram with one cathodic and one anodic peak (Fig. 1(b) and (c)). At a very low pH (<1.76), crystal violet
loses reversibility, and no well-defined anodic peak could be observed (Fig. 1(a)). At the pH of 4.96 (pH of the aqueous
solution of crystal violet with no added H*), no significant current signals could be detected (Fig. 1(d)). On the other
hand, at high pH (e.g., pH=11.75), the cyclic voltammogram attains a new shape indicating the possibility of a different
electrochemical reaction (Fig. 1(e)). The observed characteristics of the voltammograms are supported by the
published literature [11, 12]. According to the literature, in solution, crystal violet could exist in different forms
depending on the pH of the medium (Scheme 1)
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Scheme 1: Probable structures of crystal violet and their interconversion with the change in pH of the aqueous medium [11].
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Scheme 2: Redox reaction of TMBOx and TMB. Structure II (Scheme I) could break down to give rise to TMBOXx.

As presented in Scheme 1, at very low pH (e.g., pH ~ 1.54), crystal violet exists in a form with three positive
charges on three nitrogens (structure III) and gives rise to the voltammogram described in Fig. 1(a). Similarly, at pH
4.96, structure I produces the voltammogram shown in box Fig. 1(d). Around pH 2.29, crystal violet exists in the
stable protonated dication form (Structure II). As reported in the literature, triphenylmethane dyes in acidic aqueous
buffered solution show unusual electrochemical reactions. The ejection of the central carbon residue from the
triphenylmethyl moiety followed by intramolecular coupling of the two phenyl fragments leads to the formation of
compounds of TMBOx. Cyclic voltammetry in acidic buffers revealed that the hydrated and protonated form of the
dye upon oxidation results in the intramolecular coupling reaction to yield TMBOx. This dication could form TMBOX,
which in turn could participate in a two-electron transfer process, depicted in Scheme 2, to form TMB [11]. Hence,
we predict that the cyclic voltammogram shown in Fig. 1(b) corresponds to the electrochemical reaction of the redox
couple, TMBOx/TMB. To confirm, lead peroxide in sulfuric acid was used to oxidize crystal violet, and the product
was isolated and subjected to cyclic voltammetric measurements in solution. The cyclic voltammogram (Figure not
shown) agreed well with the TMB-TMBOx redox system formed by the electrochemical method under applied
potential. This is in excellent agreement with our previous observations on another TPM dye, Malachite green [34].
However, the newly established electrochemical process may give rise to a complex voltammogram with multiple
anodic peaks if the electrode is not cleaned after each cycle and the voltammogram is recorded at a different potential
range and scan direction [11].

At high pH (basic range), the voltammogram has a different shape, as the formation of TMBOX is not possible
in the basic solution. Rather the carbocationic form (Scheme 1) of crystal violet undergoes an electrochemical
reduction reaction to form leucocrystal violet, followed by its oxidation to crystal violet, thereby producing the
voltammogram shown in Fig. 1(d).
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Fig. 2: Cyclic voltammograms of 8.80x10* M crystal violet in various concentrations of TX-100 at a scan rate of 10 mVs™ (0.160 M NaCl aqueous

solution is used as a supporting electrolyte).

Electrochemistry of Crystal Violet in the presence of TX-100 in Aqueous Solution: The cyclic voltammograms
of crystal violet were acquired in the presence of TX-100 at pH 2.16 and well-defined voltammograms could be
obtained at this pH. In addition, the concentration of crystal violet was chosen 8.80x10®M (instead of 1.00x10° M
used for the analysis of the pH dependence) for this experiment to minimize the effect of crystal violet on the critical
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micelle concentration (CMC) of TX-100 (8.75x10* M at 25 °C). Generally, adding electrolytes or electro-active
substances (e.g., crystal violet) lowers the CMC value [24]. Therefore, the CMC of aqueous TX-100 in the presence
of NaCl and crystal violet is likely to be slightly lower than 8.75x10“#M at 25 °C. To evaluate the effect of TX-100
on the electrochemical behavior of crystal violet, the voltammograms of crystal violet were recorded at a scan rate of
10 mVs! at a wide range of TX-100 concentrations in the range of 0.00288- 50.0 mM. Nevertheless, for clarity, the
representative voltammograms recorded at three TX-100 concentrations (0.0576, 3.00, and 50.0 mM) are shown in
Fig. 2. It is noticeable that the general shape characteristics of the voltammograms obtained at various concentrations
of TX-100 are similar to those produced in the absence of TX-100 at pH 2.29. The peak potentials also have a similar
pattern and remain virtually constant over the experimental range of TX-100 concentrations (figure not shown).
However, the variation of the peak currents with TX-100 concentration implies that the electrochemical responses
depend on the concentration of TX-100.
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Fig. 3: Peak current profile of 8.80x10"* M crystal violet in various TX-100 concentrations; (a) Anodic and cathodic current profiles as a function
of TX-100 concentration (v=10 mVs™), (b) The anodic and cathodic current ratio (ip/iy) as a function of TX-100 concentration (v=10 mVs™), (c)

The anodic and cathodic current ratio (iy/iy) as a function of scan rate.

Fig. 3(a) depicts the dependence of the anodic peak current (ip.) and the cathodic peak current (ip.) with the
concentration of TX-100. It is evident that both i, and i,c show almost similar behavior with the change in TX-100
concentration. As the concentration of TX-100 increases, initially, the cathodic peak current decreases slightly, and
when it reaches the CMC, it decreases sharply. Below the CMC, surfactant species exist as free monomers; therefore,
crystal violet diffuses freely to the electrode interface. This gives rise to a relatively high peak current at low surfactant
concentrations because of the presence of reducible TMBOx at this pH under the applied potential. At the CMC,
surfactant species aggregate to form thermodynamically stable oriented aggregates of colloidal dimension, i.e.,
micelles. Crystal violet is easily solubilized inside the core of the micelle. Consequently, the diffusion of crystal violet
to the electrode interface is slower, causing the reduction in cathodic peak current. Similarly, as the concentration of
TX-100 reaches just above the CMC, the cathodic peak current decreases drastically since practically all the
electroactive species have been trapped inside the core of the micelles.

Fig. 3(b) illustrates the change in the ratio of anodic peak current to cathodic peak current (ip./ip) with TX-100
concentration. The iyy/i,c shows an abrupt decrease with increasing concentration of TX-100 at the beginning; then, a
gradual decrease occurs up to the CMC. Above and beyond the CMC, ipa/ic increases slightly as TX-100 concentration
is increased. It is apparent that the i,2/ipc has a value less than 1 irrespective of the presence of TX-100, suggesting that
the electrochemical reaction might be coupled with a following chemical process. As the ratio decreases with the
increase of TX-100 concentration, the kinetics of the following processes are influenced by the presence of TX-100.

To determine whether the electrochemical reaction is also coupled with a preceding chemical reaction, ipa/ipc iS
plotted as a function of the scan rate (Fig. 3(c)). As depicted in Fig. 3(c), the ip./i,c decreases with the scan rate, but
the values of the i/, in the presence of TX-100 are always higher than that in the absence of TX-100. The decrease
in the ip/ipe with the scan rate coincides with the behavior of a reversible electrochemical reaction coupled with a
preceding chemical reaction, which resembles the behavior in the absence of TX-100. In the present case, the most
probable preceding reaction is the formation of TMBOx from crystal violet and the protonation of the carbocationic
dye to form the protonated form at low pH, even in the presence of TX-100. The higher values of the ip/ipc in the
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presence of TX-100 at any scan rate further indicate that the rate of the following chemical process in the presence of
the TX-100 solution is slower compared to that in the absence of TX-100.

The cathodic peak current for crystal violet was further analyzed to find whether the change in TX-100
concentration causes a change in adsorption at the electrode surface or diffusion to dominate the overall
electrochemical process. Fig. 4(a-b) describes the scan rate dependence of the i, and the cathodic peak potential (Ej.)
for different TX-100 concentrations. It shows that the E. is shifting negatively in response to the increase in the scan
rate, suggesting that the system might be a quasi-reversible one (Fig. 4(a)).
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Fig. 4: A plot of (a) cathodic peak potential and (b) cathodic peak current (i,) versus scan rate at different TX-100 concentrations for an aqueous

solution of 8.80x10* M crystal violet in 0.160 M NaCl.

It is also evident from Fig. 4(b) that i, increases nonlinearly with the scan rate. The nonlinear increase of iy
further supports the notion of a quasi-reversible process. In addition, the non-linearity of the i, vs. v plots, as shown
in Fig. 4(b), confirms that rather than adsorption, some other processes are dominating the electrochemical process.

For further evaluation - whether the electrochemical behavior of crystal violet in TX-100 is adsorption- or
diffusion-controlled, the peak current data was further analyzed. The value of the slope of the logiyc vs. logv plots at
all TX-100 concentrations is below 0.5, indicating that the process is a diffusion-controlled one [35]. Since the value
of the slope is slightly lower than 0.5, the reaction is likely to be preceded by a chemical reaction. In the present case,
it is the formation of TMBOx from crystal violet and the protonation of the carbocationic dye to form the protonated
form even in the presence of TX-100.

In the case of a freely diffusing redox species, the Randles-Sevcik equation describes the cathodic peak current
of an electrochemically reversible process at 25°C as

ipe = (2.69%10%) 1> ADuypp v ' C (1)

where i is the cathodic peak current in amperes, 7 is the number of electrons taking part in the electrochemical
reaction, A is the geometric area of the electrode surface m?, D, is the apparent diffusion coefficient of
electroactive species in m?s™!, v is the potential scan rate in Vs~ and C is the concentration (mol m™) of the reactive
species in the bulk of the solution.

The apparent diffusion coefficient, D, of crystal violet has been approximated using equation 1, and the values
at different concentrations of TX-100 are presented in Fig. 5.
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The D, value, exhibited in Fig. 5, decreases with increasing TX-100 concentration, passes through a minimum,
and then increases. At TX-100 concentrations abovethe CMC, it is believed that crystal violet is solubilized inside the
core of micelles, and diffusion of crystal violet or TMBOx to the electrode interface is lowered. At higher
concentrations, the number of micellar TX-100 aggregates increases, which reduces the concentration of TMBOX in
the micellar pseudo phase. As a result, the distance between the electrode surface and TMBOX inside the core of the
micelle is too long to undergo the electron-transfer reaction. It is, therefore, reasonable to consider that the
electrochemical reaction occurs in the monomeric form, and the diffusivity increases above the CMC.

4. Conclusion

The electrochemical properties of crystal violet in the aqueous medium are pH-dependent, producing well-
defined cyclic voltammograms in the pH range of 1.76 to 2.29. The presence of Triton X-100 does not influence the
shape of the voltammograms in the same range. The electrochemical reaction at a platinum electrode in an aqueous
solution has been complex and unusual, and it is retained even in the presence of Triton X-100, both below and above
critical micelle concentration. However, the electrochemical behavior of crystal violet depends on the concentration
of Triton X-100 and the dissolved states of the surfactant. The peak current, peak potential, and diffusivity changed
depending on the concentration of the surfactants since a change in concentration caused a transition from monomeric
surfactant to self-assembled micellar species. The voltammograms recorded around pH 2.0 are attributed largely to
diquinoid of N,N,N’,N’- tetramethyl benzidine (TMBOx)/ N,N,N’,N’-tetramethyl benzidine (TMB) redox couple, and
the redox process appears to be diffusion controlled. The data analysis of peak currents suggests that the electron
transfer between TMBOx and TMB might be coupled with the preceding chemical reaction and a following chemical
process.
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