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Electrochemical studies of the newly synthesized bis(triphenyl phosphine) ruthenium(II)
complex, cis-[RuCly(L)(PPh3),] (1, with L =2-(2'-pyridyl)quinoxaline, C;3N3;Hy), were
performed in acetonitrile (ACN). For this purpose, cyclic voltammograms (CVs) as well as
electrochemical impedance spectra (EIS) were recorded on either glassy carbon (GC), platinum
(Pt), gold (Au), or multi-walled carbon nanotube (MWCNT) electrodes. Qualitative
examination of solutions of 1 in ACN was performed on the basis of conductivity
measurements and electrospray ionization mass spectrometry (ESI-MS). The conductivity
data suggest that 1is a 1:1 type electrolyte in ACN. The ESI spectra further demonstrate that
upon dissolution of 1 in ACN progressive replacement of chloro- and PPhs-ligands by ACN
occurs, leading to formation of [RuCI(L)(PPh;)(CH3;CN),]"CI~, [2*Cl~]. The CVs recorded
for [2*C17] on various working electrodes demonstrate that the reversibility of the redox
couple 2>*/* enhances with the order: Au<Pt<MWCNT <GC. The EI spectra verify that
GC and MWCNT electrodes provide insignificant barrier for interfacial electron transfer since
they afford less charge-transfer resistance.

Keywords: Conductivity; Cyclic voltammetry; Electrochemical impedance spectrometry;
Electrospray ionization mass spectrometry; Ruthenium(II) complex

1. Introduction

Coordination chemistry of ruthenium receives considerable interest from a large
number of scientists with spectroscopic and electrochemical studies on either
mononuclear or binuclear ruthenium complexes with a large variety of ligands
performed [1-10]. In these studies, however, most attention was focused on
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pyridine-type complexes, which are chemically stable and exhibit interesting redox
properties as well as photophysical characteristics. Consequently, a large variety of such
complexes were synthesized and used as photosensitizers in several intermolecular
photochemical processes [11-16]. Also, fullerene polypyridine ligands were synthesized
and their coordination to ruthenium(Il) was investigated [17]. Furthermore, some
ferrocenoyl-pyridine arene ruthenium complexes were recently synthesized and
extensively studied due to their anticancer properties [18]. In addition to the
pyridine-type complexes, ruthenium complexes having phosphine ligands have also
attracted significant interest, since they are efficient catalysts in homogeneous catalyzed
hydrogenation reactions [19-21]. For example, one of the most important mechanisms
for hydrogenation of imines and ketones, which was recently proposed, involved mixed
ruthenium phosphine and diamine complexes [22]. In addition, ruthenium complexes
with anionic phosphine ligands were found to be efficient in the catalytic
cyclopropanation reaction of olefins with ethyl diazoacetate [23]. Furthermore, some
aqua ruthenium(Il) complexes containing phosphine- and polypyridine-ligands were
used for electrocatalytic oxidation of various alcohols [24]. Considering the importance
of the phosphine-type complexes of ruthenium, we report, in this article, an extensive
electrochemical study, in acetonitrile (ACN), on the newly synthesized Ru(Il) complex
bis(triphenyl phosphine) ruthenium(Il), cis-[RuCl,(L)(PPhs),] (1), where L stands for
the chelate ligand 2-(2'-pyridyl)quinoxaline (C;3N3;Hg) (Supplementary material,
figure S1). Conductivity, cyclic voltammetry (CV), electrochemical impedance spectro-
metry (EIS), and electrospray ionization mass spectrometry (ESI-MS) were used. In the
electrochemical experiments, four different working electrodes were tested, glassy
carbon (GC), platinum (Pt), gold (Au), and a film consisting of multi-walled carbon
nanotubes (MWCNTSs) grown on oxidized silicon wafer (SiO,/Si), recently prepared
and characterized in our laboratory.

2. Experimental
2.1. Materials

2.1.1. Solvents and reagents. ACN (Merck, puriss grade), was pre-dried over
anhydrous potassium carbonate and distilled over phosphorus pentoxide. The dried
ACN was stored over 0.4 nm molecular sieve under argon and degassed under vacuum
prior to all measurements. The electrolyte, n-tetrabutylammonium hexafluoropho-
sphate, NBuyPFy (Fluka, purum grade), was recrystallized twice from absolute ethanol
and dried under reduced pressure at room temperature [25], while potassium chloride,
KCI (Merck, puriss grade), was dried at 100°C.

2.1.2. Synthesis of cis-[RuCly(L)(PPh3z),;]. The synthesis of cis-[RuCly(L)(PPhs),] (1)
was carried out under argon using standard Schlenk techniques. The schematic
presentation of the reaction for the synthesis of 1 is shown in figure S2 (Supplementary
material). The starting materials, 2-(2’-pyridyl)quinoxaline (L) and [RuCl,(PPhs)s],
were prepared according to procedures reported in the literature [26, 27]. Experimental
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details for the synthesis of 1, as well as spectroscopic data, were reported in a previous
paper [28].

2.2. Solutions

For conductivity measurements, a stock solution of 1 (1.5 x 10~*mol L™") in ACN was
prepared, from which 10 different solutions in the concentration range from 3.0 x 107>
to 1.3 x 10~*mol L™! were obtained by dilution. For the CV and EIS experiments, the
supporting electrolyte NBuyPFs (0.10mol L") was used in conjunction with dilute
solutions of 1 (1.0 x 10~*mol L") in ACN. Likewise, the ESI-MS experiments were
performed with 1.5 x 10~*mol L™! solution of 1 in ACN. In all cases, the solutions were
prepared by mass with an uncertainty of £0.0001 g (Sartorius, AG 204). The conversion
of molonity (m, molkg™") to molarity (¢, mol L™") was done using the density values of
the solvent. All solutions were prepared under argon using Schlenk techniques.

2.3. Apparatus and procedures

2.3.1. Conductivity. The conductance measurements were carried out with a digital
bridge-type conductivity meter (Metrohm 712). A conductance cell (dipping type) with
platinum black electrode was used. The cell constant (0.81cm™") was determined by
measuring aqueous solutions of KCI in the concentration range from 1.0 x 107° to
0.10mol L™" [29]. The electrode was cleaned first with a nitric acid solution and then
with distilled water, and finally dried with acetone. The cell was thermostated at 21.0°C
using a water bath, while its temperature was controlled with a digital thermometer. All
conductivity data were corrected with the specific conductivity of ACN, as detailed
elsewhere [30, 31].

2.3.2. Cyclic voltammetry. Cyclic voltammograms (CVs) were recorded using a
computer-controlled system Zahner/IM6/6EX and analyzed using the Thales software
(version 4.15). The effect of uncompensated resistance was reduced by using the positive
feedback technique. For this purpose, each CV was recorded several times using an
experimental setup, in which the uncompensated resistance was gradually compensated.
The measurements were carried out using a three-electrode cell configuration. The
working electrodes used were either GC wire (9 mm length), Pt wire (7mm length),
Au disk (2.8 mm diameter), or MWCNT film (geometrical area 0.5cm?); the counter
electrode was a Pt plate (1.0cm?). All potentials were recorded relative to Ag/AgCl
(KCI sat.) reference electrode. The MWCNT film was synthesized on SiO,/Si substrate
in a furnace at 900°C by catalytic chemical vapor deposition (CVD) using ferrocene
(1% w/w) as catalyst and benzene as carbon source [32-34]. Representative scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) images of the
synthesized MWCNT film are shown in figure S3 (Supplementary material). A
three-compartment electrochemical cell designed to minimize the distances between the
electrodes with a total solution volume of ~20 mL was used. The CVs were recorded in
the potential region from —1.5 to 0V versus Ag/AgCl with scan rates (v) ranging from
0.02 to 0.12Vs~'. All measurements were carried out at room temperature, 21.0°C.
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2.3.3. Electrochemical impedance spectroscopy. Electrochemical impedance spectra
(EIS) were recorded using the computer-controlled system Zahner/IM6/6EX by
applying small ac amplitude (10mV) in a wide frequency range (from 0.1 Hz to
50kHz) at 21.0°C. All measurements were performed on ecither GC, Pt, Au, or
MWCNT working electrodes against the reference electrode Ag/AgCl (KCl sat.), while
a Pt plate served as counter electrode. In all cases the EIS were recorded in a potential
which corresponds to the half-wave potential (£,,) of the investigated 22+ redox
couple. The EIS were analyzed using the Thales software (version 4.15). For analysis of
the recorded EIS, the electrical circuits shown in figures S8 and S9 were applied.

2.3.4. Electrospray ionization mass spectrometry. ESI-MS experiments were per-
formed with a TSQ Classic mass spectrometer, which consists of an ESI source followed
by a tandem mass spectrometer of QOQ configuration (where Q stands for quadrupole
and O for octopole) [35, 36]. In the experiments, a solution of 1 in ACN was introduced
via a syringe pump (flow rate of 5uLmin~") to the fused-silica capillary of the ESI
source. The temperature of the heated capillary was maintained at 200°C. Nitrogen was
used as nebulizing gas. Mass spectra of the ions formed were obtained at unit mass
resolution by scanning the first quadrupole. The size of the solvated gaseous ions
generated in ESI depends on the source conditions, which can be varied from very soft
to quite hard [37, 38]. It has to be mentioned, however, that soft conditions were applied
in this study. For collision-induced dissociation (CID) experiments, the gaseous ions of
interest were mass-selected in the first quadrupole, interacted with xenon at pressures
between 0.5-3.0 x 10~*mbar in the octopole collision chamber at various collision
energies (Ey ., = 0-24¢V), while the resulting ionic fragments were detected by means of
the second quadrupole.

3. Results and discussion

3.1. Conductance data and ESI-MS

The measured specific conductivity (k) values of solutions of 1 in ACN, in the
concentration range from 3.0 x 107> to 1.3 x 10~*mol L™, are rather large and show a
linear dependence on solute concentration (Supplementary material, figure S4).
Hence, it can be concluded that dissolved 1 behaves as a strong electrolyte in ACN.
The determined molar conductivities (A) in ACN were in the range
A =120-160Scm?mol ™', which is within the range suggested for simple 1:1
electrolytes [39-42] and their complex ions in ACN [43, 44]. This conductivity can be
explained by replacement of a chloro ligand by solvent, which leads to the formation of
the 1:1 electrolyte [RuCIl(L)(PPhs),(CH5CN)]TCl~. According to the experimental
conductivity values, the second chloro ligand does not undergo exchange by another
ACN molecule, because this would lead to a 2:1 type electrolyte for which the
resulting A would be much larger (the suggested range for 2: 1 electrolytes in ACN is
A =220-300 S cm”mol ") [44].

Unfortunately, the conductivity data do not provide further information for possible
replacement of the neutral ligands, such as L and PPhs, since such substitutions would
not modify the type of the electrolyte, and thus would have no influence on net
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conductivity of the solution. In order to obtain qualitative information regarding the
type of species present, a solution of 1 in ACN was analyzed by ESI-MS. The ESI-MS
method was chosen because the ions formed upon ESI under soft ionization conditions
correlate with the species that exist in solution [45—48]. Representative ESI-MS spectra
recorded for 1 in ACN under soft ionization conditions at different time periods are
shown in figure 1. The main peaks observed in the ESI spectra correspond, according to
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Figure 1. ESI-MS spectra recorded for 1 in ACN under soft ionization conditions in various time periods.
The ESI-MS spectra are denoted as follows: (a) ESI-MS spectrum recorded initially, (b) after 7h, and
(c) after 24h. The observed signals at m/z 688 and m/z 909 correspond to the gaseous ions
[RuCI(L)(PPh3)(CH3;CN),]* and [RuCl(L)(PPh3)>,(CH3CN)]*, respectively. The ESI-MS spectra indicate
the progressive formation of [RuCIl(L)(PPh;)(CH;CN),]" and breakdown of [RuCI(L)(PPh3)>,(CH;CN)]*.
The insets exhibit their simulated isotope profiles.
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their ion masses and their isotope patterns, to the ruthenium(Il) gaseous monocations
[RuCI(L)(PPh3)(CH;CN),]* (m/z 688) and [RuCI(L)(PPh3),(CH;CN)|" (m/z 908).
Surprisingly, the intensities of the observed peaks in the ESI spectrum vary significantly
with time. Namely, the ESI spectrum recorded immediately after the preparation of the
solution yields [RuCI(L)(PPh3)>,(CH;CN)]" as the dominant species, while the ESI
spectrum obtained several hours later is dominated by [RuCl(L)(PPhs;)(CH;CN),]".
These findings are fully consistent with the above conclusion that during the dissolution
of 1 in ACN, one chloride is replaced by ACN (reaction 1). However, along with the
replacement of the chloride, a slow exchange of one of the PPhs-ligands is observed
(reaction 2). Notably, no further exchange of the second chlorine or PPh; by ACN is
observed.

[RuCly(L)(PPh;),] + CH;CN — [RuCl(L)(PPhs),(CH;CN)J* + CI™ (1)

[RuCl(L)(PPh;),(CH;CN)]" + CH3CN — [RuCl(L)(PPh3),(CH;CN,)]* + PPh; (2)

The CID spectra of either [RuCIl(L)(PPhs)>,(CH5CN)]T or [RuCI(L)(PPh;)
(CH5CN),]*, recorded in the collision-energy range 0-24eV, reveal eliminations of
neutral CH3CN, PPhs, and HCI as the main fragmentation processes. As an example,
the CID breakdown diagram of [RuCIl(L)(PPhs),(CH5CN)]" is shown in figure S5
(Supplementary material). The loss of CH3CN already occurs at about Ej,,=4¢V,
whereas the onset of the loss of PPhjs lies at about Ej ., =8¢eV. The HCI elimination
takes place at enhanced collision energies (at about Ey ., =16¢V).

The electrospray spectra imply that during the dissolution of 1 in ACN, one
chloro- and one PPh; ligand are progressively replaced by ACN, and consequently the
1:1 type electrolyte [RuCl(L)(PPh;)(CH;CN),|Cl (further referred as [2¥Cl7)), is
formed. Similar behavior was observed in dimethyl sulfoxide (DMSO) solutions,
namely, upon dissolution of 1 in DMSO formation of [RuCI(L)(PPh3)(DMSO),]Cl was
observed [28]. Given that ACN supports the dissociation of electrolytes, since it is a
polar medium with high dielectric constant (u=3.48 D, ¢=235.95 at 25°C) [49], it is
expected that [2*C17] dissociates into 2* and Cl~ ions and thereby significantly
contributes to the total conductivity of the solution. Further analysis of the obtained
conductivity data using the Lee—Wheaton model [50, 51] demonstrates that the limiting
molar conductivity (A,) of [2¥CI7] in ACN is A,=165.3Scm’mol™!, while its
association constant (K,) appears to be quite low (Ko =2.3mol~'L). The degree of
dissociation (aq) of [2¥Cl7] in ACN in the investigated concentration range was
determined to be nearly equal to unity (0.9996 <aq<0.9999), which indicates that
[2*Cl7] can be considered as non-associated in ACN. Furthermore, the difference
between the A, value of [2¥CI7] in ACN (A,=165.3Scm?mol™") reported in this
study, and the A, value measured in DMSO and reported in a previous article
(Ay=29.8Scm?mol ™", at 25°C) [28] can be attributed to the differences in the viscosity
(n) of the solvent media (npmso =1.948 mPas, nacn=0.361 mPas at 25°C) [52].

Displacement of Cl~ and PPh; by ACN was also observed by *'P-NMR
spectroscopy. The *'P{'H}-NMR spectrum of 1 recorded in deuterated chloroform
CDCl; reveals one single resonance at §=17.5ppm, which is characteristic for
PPh;s-containing complexes in which the PPh; ligands are bound to metal in trans
configuration. However, upon addition of dry ACN to 1 dissolved in CDCl;, four new
resonances appear in >'P{'"H}-NMR spectrum. One of these signals, at § = —4.85 ppm,
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is attributed to “‘free” PPh; and the other three singlets at §=20.92, 22.70, and
42.04 ppm correspond to phosphorus-containing species. The ratios of the integrated
SP{'H}-NMR peaks at §=—4.85, 20.92, 22.70, and 42.04 ppm were 0.5/0.9/0.7/1.0,
respectively.

3.2. Cyclic voltammetry

Representative CVs recorded for [2*CI7] in ACN on GC, Pt, Au, and MWCNT
electrodes are shown in figure 2. In those CVs, [2¥Cl] exhibits a single wave at all
investigated electrodes, which seems to be either quasi-reversible or irreversible
depending on the working electrode material. In detail, the well-shaped CVs recorded
on GC (figure 2a) were found to be symmetric with equal cathodic (i;ed) and anodic
(i) peak currents (thus, the ratio i /il;ed approaches unity) over the whole scan rate
(v) range. Furthermore, variation of the anodic peak current (i;*) with the square root
of the scan rate was linear (inset figure 2a) with a slope proportional to the square root
of the diffusion coefﬁclent (D) From the slope of the plot (i7™) versus v!2, the diffusion
coefficient D=1.3x 10 2cm?s~! was determined for the 1nvest1gated electro active
compound in ACN. These findings indicate that concentrations of the oxidized and the
reduced forms are equal and not consumed in a coupled chemical reaction, suggesting,
therefore, that the charge-transfer process occurring on GC electrode is sufficiently fast
to be classified as reversible or quasi-reversible. CVs recorded at different time periods
are identical, indicating that the voltammetric responses of the initially dissolved 1 and
its dissolution product [2¥Cl7] are similar. The oxidation peak, which corresponds to
the one electron oxidation process, 2% 22" 4¢7, lies at the potential EX*=—0.733V
versus Ag/AgCl (at v=0.02Vs~") and coexists Wlth the reduction peak, correspondmg
to the inverse process (the reduction of 2** to 2%), and occurs at the potential
E;ed: —0.903 V versus Ag/AgCl (at v=0.02 Vs™'). Since the ligands used in this study
are not reversibly reduced or oxidized within the potential limit +2.5 to —2.5V
(Supplementary material, figure S6), we believe that the redox process observed for
[2*Cl7] is metal-centered, and it is accordingly ascribed to the redox couple Ru*/**
[53, 54]. The half-wave potential (£} /,) of 22*+/* on GC, taken as the average value of
the E* and Ered potentials [55], was determined as El/z_—O 818V versus Ag/AgCl
(the half -wave potentlal with respect to the Cp,Fe'° couple is E, p=—1.238V versus
Cp>Fe*'%) (Supplementary material, figure S7), and it was found to be independent of v.
The anodic and cathodic peak separations, AE. _Eg" E;ed, determined on the GC
electrode, appears to be higher than the expected theoretical value for one electron-
transfer process (0.060V at 25°C) [56], and tends to increase with increased scan rate.
Briefly, in the investigated v range of 0.02-0.12Vs™', the determined AE, varies from
0.170 to 0.245 V. It is well known that large AE,, values can be attributed either to slow
electron-transfer kinetics (quasi-reversible or irreversible process), or to the effect of the
uncompensated resistance which is rather significant in solutions of organic solvent
media [57]. However, considering that the large amount of uncompensated resistance
was already compensated during the measuring process, the obtained large AL, values
can be mainly attributed to slow electron kinetics, and thus, the electron transfer
process, which occurs on GC, can be interpreted to be quasi-reversible. The AE,, values
obtained for GC can be used for determination of the heterogeneous electron transfer
rate constants (ks) on this electrode, according to the procedure described in the
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Figure 2.
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literature [58]. The determined k, values on GC, ranging from 1.4x107° to
0.9x 10 ecms™" (for 0.170 <AE,<0.245), seem to be significantly lower compared
to the k, value obtained for the reversible Cp,Fe'’® couple on GC in ACN
(ks=1.16 x 10">cm s~ ") [59]; but obviously, GC electrode supports faster electron
transfer kinetics compared to Pt and Au electrodes. From the CVs shown in figure 2, it
can be observed that when GC is replaced with Pt or Au, a noticeable decrease in peak
current as well as an increase in the splitting of the peak potentials occur. However,
among Pt and Au electrodes, the greatest decrease in the peak current occurs on Au
electrode. In detail, the half-wave potential of the 2>*/* redox couple seems to be
independent of the working electrode material, and consequently, somehow similar £ >
value for the 22*/* couple was determined on Pt (E;,=—0.814V versus Ag/AgCl).
However, despite both oxidation and reduction peaks being observable in CVs recorded
on Pt, rather “disturbed” and not symmetric CVs were obtained, demonstrating that
the 2*/*+ couple does not illustrate ideal electrochemical behavior on this electrode
(figure 2b). Thus, the anodic and cathodic peak current ratios (ig™/ ig"d) determined on
Pt electrode are much less than unity i/ ige‘j =0.1 at v=0.04 Vs "), indicating that the
oxidized form of the investigated electro-active compound is probably consumed in a
coupled chemical reaction, therefore disturbing the reversibility of the 2**/* couple.
It is, thus, not surprising that significantly greater AE, values were obtained on Pt
electrode compared to those determined on GC electrode. Specifically, in the
investigated v range 0.02-0.12Vs™', AE, values in the range 0.286-0.380V were
determined for Pt, leading to kg values from 0.4 x 1073 t0 0.3 x 103 cms™!. It is clear
that among the electrodes tested in this study, the 22*/* couple demonstrates the
greatest deviation from reversibility on Au electrode. On this electrode, the investigated
redox couple exhibits the slowest kinetics (k< 0.1 x 10>cms™"), and thus, the
electron transfer process can be characterized as irreversible on Au. As observed in CVs
shown in figure 2¢, the reduction wave, which corresponds to one electron reduction,
2t e~ — 2%, and appears at the potential Ege" =—1.050V versus Ag/AgCl (at v=
0.10Vs™"), was found to be electrochemically irreversible with no anodic reversal
current associated with it. In order to test the quality of electrodes used in this study,
Cp,Fe was initially measured under the same experimental conditions. In all cases,
Cp,Fe exhibited reversible oxidation confirming the high quality of the electrodes used.
Additional electrochemical experiments performed on a film of MWCNTs demonstrate
that this electrode provides fairly fast charge-transfer kinetics for the investigated redox
process, which can be compared with that observed on GC (figure 2d). Briefly, from the
CVs recorded for [27Cl"] on MWCNT (geometrical area 0.5cm?), peak potential
separations in the range from 0.182 to 0.248V (0.02Vs™'<v<0.12Vs™') were
obtained, which result in &, values from 1.1 x 1072 to 0.6 x 10 *cms™ ..

The extracted CV data indicate that within the working electrodes tested both GC
and MWCNT electrodes fulfill the conditions to be used for detection of the
investigated 22*/* couple, since the charge transfer process appears to be quasi-
reversible on these electrodes. The different electrochemical behaviors observed on Pt
and Au electrodes can be attributed to the formation of passive film on electrode
surface (chemisorption of electro-active compound on electrode surface), which
disturbs the electrochemical reversibility of the redox process. However, further
information concerning the sensitivity and thus the quality of the electrodes used can be
obtained from EIS experiments.
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It would be very interesting to compare the results obtained in this study for Ru**/**

in [2*C17] with those reported in the literature for other ruthenium complexes.
Srivastava et al. [60] investigated the electrochemical behavior of mer-[RuCl;(DMSO-
S)(DMSO-O)(py)] (where py=pyridine) in DMSO in the scan rate range 0.10-
3.0 Vs~'. In contrast to the quasi-reversible behavior which displays Ru***" in [2+CI7]
in ACN solutions (0.170V<AE,<0.245V), the Ru’**" couple in mer-[RuCls
(DMSO-S)(DMSO-0O)(py)] exhibits reversible behavior in DMSO solutions
(0.061 V<AE,<0.096V). Furthermore, the half-wave potential of E,,=0.04V
versus SCE, reported for Ru**?* in mer-[RuCl;(DMSO-S)(DMSO-O)(py)] in
DMSO, can be converted to E,»=—0.41V versus szFeHO [61], which seems to be
less cathodic compared to the E)j, obtained in this study for Ru*™*" in [2+CI7] in
ACN (E,»,=-1.238V versus Cp,Fe™”). However, the electrochemical behavior of
Ru**?* in [2¥CI"] seems to be analogous with that of Ru**?* in
[Ru(DMSO)(bpp)Cl,] (where bpp = 2,6-bis(pyrazol-1-yl)pyridine) and
[Ru(DMSO)(bdmpp)Cl,] (where bdmpp = 2,6-bis(3,5-dimethylpyrazol-1-yl)pyridine)
complexes in dichloromethane (DCM), reported by Chakrabarty et al. [62]. Thus,
similar to [2*Cl7], in [Ru(DMSO)(bpp)Cl,] and [Ru(DMSO)(bdmpp)Cl,] complexes,
the redox couple Ru**/** exhibits quasi-reversible behavior with peak potential
separations of AE=0.160V and AE=0.100V, respectively.

3.3. Electrochemical impedance spectroscopy

The Nyquist plots recorded for [2*Cl7] in ACN on GC, Pt, Au, and MWCNT
electrodes are shown in figure 3. In these plots, the complex impedance is presented as a
sum of the real (Z,.) and imaginary (Z;,,) components that originate mainly from the
resistance and capacitance of the cell, respectively. In general, EIS recorded on GC, Pt,
and Au electrodes (figures 3a—3c) include a semicircle portion, observed at higher
frequencies, that corresponds to the electron-transfer limited process, followed by a
linear part, the Warburg impedance response, appearing at the lower frequency region,
which can be attributed to diffusion-limited mass transfer [63]. The respective semicircle
diameter, obtained by extrapolation of the semicircle on the Z .-axis, corresponds to the
electron transfer resistance (R.) at the electrode surface, a parameter which is
attributed to the electrochemical reaction and provides an estimation not only of the
response of the electron transfer but also of the sensitivity of the working electrode [64].
The top of the semicircle corresponds to the frequency (w): @ =1/(R.Cq)), where Cy; is
the double-layer capacity. According to the theory of electrode kinetics [65],
development of such semicircles indicates a barrier for the interfacial electron transfer
and it can be attributed to an increase of the passivity of the surface of the electrode
through formation of a coating. The formation of a surface layer on the electrode is
expected to slow down the interfacial charge transfer kinetics, which is reflected by an
increase of R.. The EIS parameters of [27Cl7] on GC, Pt, and Au electrodes were
determined by fitting the experimental impedance spectra with the Randles electrical
circuit (Rs+ (Cq)/ Rt + Zy)) (Supplementary material, figure S8) [66, 67]. This circuit
includes a resistance in series with a parallel combination of a capacitive path and
charge- and mass-transfer paths [68]. The elements of the circuit (Rs+ (Cqi/Ret + Zw))
are explained as follows: R is the electrolyte resistance, Cg4 the double-layer
capacitance, R. the charge-transfer resistance, and Zy the Warburg impedance,
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Figure 3. EI spectra recorded for [2CI™] in ACN on (a) GC, (b) Pt, (¢) Au, and (d) MWCNT electrodes in
the frequency range from 0.1 Hz to 50 kHz. The EI spectra were recorded at the formal potential of the 22*/*
redox couple (E;,=—0.818V vs. Ag/AgCl). The electrolyte resistance was subtracted from Z.-axis. The
electrical equivalent circuits used for fitting the recorded EI spectra are reported in ““Supplementary material”
(figures S8 and S9).

which is connected with the parameter o through the relation Zy = o/(iw)'/?, where w
represents the frequency [69]. The Warburg parameter o is strongly dependent on the
diffusion ability of the electro-active species, namely o is inversely analogous to the
diffusion coefficients of the oxidized and reduced species. The solution resistances were
found to be about R;~35+5%Q in all experiments. The R values indicate that the
resistance for the electron transfer process increases in the following order: GC
(Rt =0.19kQ) <Pt (R, = 1.82kQ) < Au (R, = 10.08 k). Furthermore, the Warburg o
parameters reveal that the diffusion ability of the reactants is enhanced on GC
electrode, while their ability for diffusion is rather small on Au electrode: GC
(6=0.16kQs ?) <Pt (6=0.29kQ2s "*) < Au (0 =3.86k2s~'/?). The decrease of the
Warburg o coefficient is associated with increase of diffusion of the electro-active
species [70]. The obtained impedance results are in accordance with those extracted
from the CV studies. Consequently, on GC electrode, which is characterized by the
smallest R., and the lowest Warburg parameter o, fast electron-transfer kinetics (either
reversible or quasi-reversible process) would be expected, while on Au electrode, with
the maximal values of R, and o, an irreversible electron transfer would occur. The large
R values obtained for Pt and Au electrodes verify the formation of coating on their
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surface leading, therefore, to an increase of their passivity. It is also interesting that the
Cq values were found to increase in the following order: Au (Cq =0.471 uF)<Pt
(Cq1=4.108 pF) < GC (C4;=9.766 uF), indicating that the GC electrode is the “best”
double-layer capacitor. Considering that the ability of a capacitor to store electric
charge is strongly dependent on its available area, the findings demonstrate that the GC
electrode has greater active surface area compared to that of Pt and Au electrodes.
From the Warburg coefficients determined, the active surface areas of the electrodes
GC (0.124cm?), Pt (0.068 cm?), and Au (0.005 cm?) were estimated. The findings verify
once more that the Au and Pt electrodes exhibit enhanced passivity.

The EI spectrum obtained on MWCNT differs from those recorded on GC, Pt, and
Au clectrodes. Thus, the main characteristics of the Nyquist plot are two semicircles
over the entire frequency range (the low frequency linear-mass-transfer portion is not
observable; figure 3d). The presence of two semicircles in the impedance spectrum
indicates that the system MWOCNT/[2" Cl ]/TBAPF; is non-ideal and this can be
explained by incorporating additional circuit elements in the Randles circuit.
Consequently, for fitting the EIS data obtained on MWCNT, the equivalent electrical
circuit (Rs + (C¢/Re+ (Cqi/ Ret + Zy))) was applied (Supplementary material, figure S9).
The occurrence of the high-frequency semicircle in the EI spectrum is explained by an
additional resistance Ry (0.08 k2) and capacitance C; (0.37 uF), which can be associated
with the surface of the MWCNT film [71]. The charge transfer resistance of [2*Cl7] on
MWCNT film (R, =0.28k2) is slightly higher than that obtained on GC
(R.:=0.19k€) and significantly slower to those estimated on either Pt (R, =1.82k<)
or Au (R.=10.08 k<) electrodes. The impedance results are in very good agreement
with the recorded CVs. Thus, the charge-transfer resistance of [2*Cl7] on various
electrodes decreases with the order Au>Pt>MWCNT >GC, implying that both GC
and MWCNT provide an insignificant barrier toward charge transfer and consequently
faster electrode kinetics, while Pt, and much more Au, prevent the charge-transfer
process.

4. Conclusions

The aim of this study was the electrochemical investigation of 1 in ACN on various
working electrodes. For this purpose, conductivity, CV, EIS, and ESI-MS were
applied. For the electrochemical experiments, conventional electrodes such as GC, Pt,
and Au were used. Furthermore, a film of MWCNT was also used as a working
electrode. Qualitative examination of the 1/ACN system by means of conductance and
ESI-MS demonstrates that upon dissolution of 1 in ACN replacement of one chloro-
and one PPhj; ligand by ACN occurs, resulting in formation of the 1:1 type electrolyte
[2*CI7]. The CV findings suggest that the redox couple 2**/* is quasi-reversible on
either GC or MWCNT electrodes and irreversible on Au electrode. The rate of the
electron transfer diminishes in the following order: GC (ks~1.5x 107°)> MWCNT
(ks~0.9 x 10 ems™ ) >Pt(k;~ 0.4 x 10 ems ) >Au(ks < 0.1 x 10 3ecms™").  The
impedance data obtained for GC, Pt, and Au can be described by means of
Randles electrical circuit, while for analysis of the impedance response of MWCNT an
additional resistance and capacitance, associated with the film surface, must be
considered. The findings reveal that the rate of electron transfer on either GC or
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MWCNT is enhanced due to the small charge-transfer resistance and thus to the
insignificant barrier for interfacial electron transfer, which is provided from these
particular electrodes.
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