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Abstract

Organic electrosynthesis is an increasingly popular tool for driving and probing redox reactions.
Recent advances in this field often employ an electrocatalyst to enhance the selectivity and
efficiency of electrochemical reactions. A laboratory experiment was developed to introduce
students to relevant mechanistic techniques in electrochemistry for analysis of electrocatalytic
reactions using aminoxyl-catalyzed alcohol oxidation as a case study. This lab activity employs
cyclic voltammetry for qualitative assessment of catalytic turnover prior to introducing students to
chronoamperometry, an underutilized technique that facilitates quantitative determination of the
rate of catalysis. Students identify and rationalize the important features of reversible electron
transfer and a catalytic reaction in a cyclic voltammogram, probe the origin of scan rate effects on
these traces, and calculate turnover frequency using a series of chronoamperograms. The method
employs safe and readily available reagents: basic aqueous buffer solution, alcohol substrate, and
an inexpensive organic aminoxyl catalyst. Student data presented herein were obtained from a
course attended by undergraduate students, graduate students, and pharmaceutical chemists.
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INTRODUCTION

Electrochemistry is one of the oldest and most fundamental methods to promote and analyze
redox reactions.! Recent advances in the electrosynthesis of organic compounds demonstrate
that electrochemistry is a powerful tool to access unique reactivity and investigate complex
mechanisms.28 Investigation of these redox reactions and their coupled chemical reactions
can play a valuable role in improving electrochemical reactions and chemical reactions that
involve electron transfer and/or redox steps.8 Cyclic voltammetry (CV) is the most widely
used electrochemical technique for studying electrode processes.®-12 The flexible time
window and forward and reverse scans of CV make it a powerful technique to study the
mechanism of reactions that occur at an electrode surface; however, extracting quantitative
information from CV data can be complicated.1314 Chronoamperometry (CA) is another
standard electrochemical technique for understanding electrode reaction processes.1®
Although CA data contain less mechanistic information than CV data, the former can be
more straightforward to analyze than CV data to obtain quantitative information from
electrochemical processes.1® CA is comparatively underexplored in instructional
electrochemistry curricula and limited to theoretical discussions.1” The present article
outlines laboratory experiments to demonstrate how CA represents a versatile complement
to CV for analysis of electrochemical reactions.

In a CA experiment, the electrode potential steps from a potential where no electron transfer
occurs (£ijpjt) to one at which a faradaic process occurs (£gpp). The resulting current is
monitored as a function of time (Figure 1b).18 In the case of an oxidative electrochemical
reaction (Figure 1), £pp is sufficiently more positive than £° (large A£ is applied) where the
rate of electron transfer no longer influences the current.1® In the case of a reductive
reaction, Eypp would be more negative than £°.

The current is controlled (limited) by the flux of the redox-active species to the electrode
(Figure 1b) or the kinetics of the reaction that (re)generates the redox-active species.1520
Under these limiting conditions, extracting quantitative information from the CA for
electrode processes is straightforward. When the current is controlled by diffusion, the
diffusion coefficient of the electroactive species can be derived based on the Cottrell
equation (egn. 1).

1 1
I =nFAz'/2¢4D /% 2 (Ean. 1)
where /is current (amperes, A), nis the number of electrons transferred in the half reaction,
Fis the Faraday constant (96,485 C mol™1), A is the area of the electrode (in cm?), D4 and

C4 are the diffusion coefficient (cm? s71), and the initial (bulk) concentration of
electroactive species (mol cm=3), and ¢is time (s).1%21 When the current is reaction-
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controlled, quantitative information about the reaction kinetics can be derived by analysis of
the amperometric responses. The goal of this experiment is to introduce students to
electroorganic chemistry and teach students how to employ CV for mechanistic investigation
of catalysis and CA for quantitative analysis of catalytic turnover rates.

2,2,6,6-tetramethylpiperidin- A-oxyl (TEMPO) and its derivatives represent a class of
organic radicals (Scheme 1a) known as aminoxyl radicals that find widespread applications
as catalysts for the oxidation of organic molecules.22-24 Oxidation of aminoxyl compounds
results in formation of the corresponding oxoammonium species (Scheme 1a), which is the
reactive form of the catalysts. Oxoammonium oxidizes the substrate, herein alcohol, and
undergoes reduction to hydroxylamine (Scheme 1b). The turnover of these catalysts may be
accomplished by using stoichiometric oxidants such as oxygen or bleach (Scheme 1b).25:26
Aminoxyl radicals undergo facile redox reactions at electrode surfaces (Scheme 1a).2”
Aminoxyl-catalyzed electrochemical oxidation reactions generate hydrogen gas as the sole
byproduct of the oxidation reactions and avoid stoichiometric chemical oxidants altogether
(Scheme 1c).27-29 Moreover, the electrochemical activity of aminoxyl radicals provide
insights into the origin of their reactivity and structure-reactivity correlations.30-33

In this report we describe a study of electrochemical alcohol oxidation catalyzed by 4-
AcNH-TEMPO (ACT). This laboratory exercise introduces students to the interdisciplinary
concepts of electroorganic chemistry, electrocatalysis, organocatalysis, and kinetic analysis.
In contrast to many undergraduate education resources that focus only on examining direct
electron transfer to and from inorganic molecules using CV,12:34 this experiment teaches
students to conduct a mechanistic investigation of an electrocatalytic organic reaction. The
experiment is well suited for upper level undergraduate laboratory courses, including
physical chemistry, organic chemistry, instrumental analysis, and electrochemistry. The
procedure has been successfully completed by 16 graduate students and scientists from
pharmaceutical companies as part of the “Organic Electrochemistry Short Course” 3 lab
section held during summer 2019 and by 12 students in the University of Missouri - Kansas
City physical chemistry lab during spring 2020.

EXPERIMENTAL OVERVIEW

A variety of aminoxyl radicals, including TEMPO, are capable of catalyzing alcohol
oxidation under both chemical and electrochemical conditions. For this laboratory
experiment, the catalyst is the low-cost aminoxyl derivative ACT that has been shown to be
one of the most effective aminoxyls for electrochemical oxidation of alcohols.30 Sufficiently
basic conditions (pH 8 — 11) are required for fast oxidation of alcohols by oxoammonium.
Aqueous carbonate buffer is a suitable reaction medium and the pH can easily be adjusted by
changing the ratio of carbonate/bicarbonate. For this experiment, identical quantities of
carbonate and bicarbonate are used, resulting in a pH 10 solution29:30 This electrolyte
provides simple and safe reaction conditions that avoid the need for more costly organic
electrolytes and bases, making this experiment ideal for educational purposes. The substrate
1,2-isopropylideneglycerol (solketal) is a protected form of glycerol and is soluble in the
buffered aqueous solution conditions.36:37 The reversible electrode reaction for ACT and its
corresponding oxoammonium (ACT™) under these experimental conditions results in a well-
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defined voltammetric signal (Figure 2, trace a) that may be analyzed by students.38
Electrochemical oxidation of ACT also exhibits an ideal diffusion controlled
chronoamperometric response (Figure 2, trace c). The substantial changes in voltammetric
(Figure 2, trace b) and chronoamperometric responses (Figure 2, trace d) of ACT in the
presence of solketal match diagnostic criteria for electrocatalytic behavior.1> We will show
that the enhancement of the oxidative CA current and the additional charge during the CA
experiment can be used to derive the turnover frequency (TOF)3° of ACT-catalyzed
electrochemical oxidation of solketal. The experimental procedure outlined below was
readily completed by students within a three-hour laboratory period. All experiments were
performed at ambient temperature (ca. 25 °C).

A typical experiment was carried out in the following manner. After making the buffer
solutions, the students conducted an initial voltammetric experiment with a solution of ACT.
After observing the oxidation and reduction peaks, the potential range was adjusted for
further voltammetric experiments. For the CA experiment, the initial voltage (£;p;s cf.
Figure 1) should be a value at which no oxidation was observed for the CV experiment, or
approximately 200 mV less than oxidation peak potential of ACT. The applied potential to
measure the oxidation current (E,p;) should be 100 — 150 mV more positive than the
oxidation peak potential, which was determined by the students from the initial CV
experiment. CV data at various scan rates and CA data were collected for solutions
containing ACT in the absence and presence of various concentrations of solketal. The CA
experiment and one CV experiment were then conducted with a buffered solution containing
only solketal as a “blank” experiment. The same CA and CV experiments were also
performed for ACT in the presence of 4 mM of solketal in a NaCl solution, instead of
carbonate/bicarbonate buffer to examine the effect of basic conditions on this catalytic
reaction.

EXPERIMENTAL PROCEDURE

The students were given a 0.2 M stock solution of solketal and were asked to prepare the
following additional stock solutions: 10 mL of 20 mM ACT solution, 100 mL of 0.2 M
NaHCO3 solution, 100 mL of 0.2 M Na,COg3 solution, and 50 mL of 0.2 M NaCl solution.
The required solutions for electrochemical studies were prepared by mixing the required
volumes of solketal stock solution, 0.5 mL ACT, 4 mL stock solution of NaHCOs, and 4 mL
stock solution of Na,CO3 followed by dilution with deionized water in a 10 mL volumetric
flask. To study the effect of base, a separate solution was prepared with unbuffered
electrolyte as follows: 0.2 mL stock solution of solketal, 0.5 mL ACT, 8 mL stock solution
of NaCl, followed by dilution with deionized water in a 10 mL volumetric flask. The blank
solution where no ACT was added was prepared as follows: 0.2 mL stock solution of
solketal, 8 mL stock solution of NaCl, followed by dilution with deionized water in a 10 mL
volumetric flask. The entire contents of each solution were transferred and analyzed
independently in the electrochemical cell. A Pine Wavenow XV 100 Potentio/Galvano-Stat
and a Pine Low Volume Three Electrode Cell were used to perform the electrochemical
experiments.40-43 The cell was equipped with a Ag/AgCl (internal solution 3M KC1)
reference electrode, a Pt wire counter electrode, and a glassy carbon disk (2 mm) as the
working electrode.*4-4” The reference and working electrodes should be placed close
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together to minimize solution resistance. The working electrode was polished using alumina
powder on a polishing pad before each chronoamperometric experiment.*8

HAZARDS

Proper laboratory attire, gloves, and approved safety goggles should be worn in the
laboratory at all times. Sodium carbonate, bicarbonate, and solketal can cause eye irritation.
Solketal is flammable and should be kept away from heat or open flame. 4-Acetamido-
TEMPO (ACT) has oral toxicity. All chemicals should be handled carefully. Flush eyes or
skin with plenty of water for at least 15 minutes in the case of contact.

RESULTS AND DISCUSSION

We initiated the CV and CA study of ACT in the absence of solketal to examine an
electrochemically reversible redox reaction. The CV of ACT shows one anodic peak
corresponding to oxidation of ACT to the corresponding oxoammonium (ACT™*) and a
cathodic peak for the reduction of electrogenerated ACT* to ACT (Figure 3a). The potential
difference between the cathodic peeak and anodic peaks, also known as the peak to peak
separation, is 59 mV, and the anodic to cathodic peak current ratio is near unity. The peak
height of both the anodic and cathodic peaks, /, (A), is best described by the Randles-Sev¢ik
equation (at 25 °C),

I,=2.69% 10% /2AD\/2.C, . v'/2 (Ean. 2)

p== ACT ™~ ACT

where n is the number of electrons, A is the electrode surface area (cm?), Dacr is the
diffusion coefficient of ACT (cm? s71), Cacr is the concentration of ACT in the bulk
solution (mol cm™3), and v is the scan rate of voltammetric experiment (V s71).49 Plotting
the peak currents versus the square root of scan rate (Figure 3b) shows a linear correlation —
evidence of an electron transfer process involving freely diffusing redox species.>° These
CV features agree with the characteristics of a reversible, one-electron reaction at the
electrode. The CA of ACT in the absence of solketal shows that the current-time profile
follows the diffusion-controlled correlation described by the Cottrell equation (Figure 2c).52

CVs of ACT in the presence of solketal were then considered to show the characteristics of
an electrocatalytic mechanism (Figure 4). Compared to the CV of ACT alone, two
significant differences were observed for the CV of ACT in the presence of solketal. First,
the cathodic peak disappears, indicating that ACT™ reacts with solketal and doesn’t persist as
the oxidized form. Therefore, it is not present and able to be reduced at the electrode in the
reverse scan. Second, the anodic peak current exhibits an increase in magnitude. This
increase indicates that the reduced form of ACT (/.e., the hydroxylamine form, ACTH),
generated upon reaction of oxoammonium with substrate, can be oxidized again at the
electrode surface on the time scale of the CV scan. It should be noted that solketal does not
undergo direct electron transfer within this potential range (Figure 3a black dashed trace).
Thus, the enhancement in oxidation current does not arise from direct oxidation of solketal
at the electrode. If the reaction between excess solketal and ACT* continuously generates
ACTH, the CV traces will exhibit a plateau current instead of peak. Under these conditions,
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the current is controlled by the kinetics of the reaction between solketal and ACT* and is
called reaction-controlled current. The scan rate shows minimal influence on the current
(Figure 4a). Instead, these reaction-controlled currents now depend on solketal concentration
as demonstrated in Figure 4b.52

After collecting information about the electrochemical reaction mechanism using CV, CA
analysis was performed for the quantitative analysis of the reaction kinetics. The CAs of
ACT in the presence of various concentrations of solketal are shown in Figure 5a. The total
consumed charge (Q) for each CA experiment was derived by integrating the current-time
trace.>3 For the “ACT-only” solution, the consumed charge (Qp) is related to the number of
ACT molecules in the electrode diffusion layer that are oxidized to ACT*. In the presence of
solketal, ACT™ reacts with solketal to generate the corresponding carbonyl product and
ACTH (see Figure 5b), and the latter is re-oxidized at the electrode surface via a two-
electron, one-proton oxidation process.>*

The total consumed charge (Q) contains the initial charge required for ACT oxidation (Qa)
plus the charge consumed as a result of catalytic turnover of ACTH at the electrode surface,
Qc, such that Q1 = Q¢ + Qa. The ratio of Q¢ to Q4 is proportional to the turnover numbers
(TONSs) of ACT under these conditions. To precisely determine TOFs, the consumed
charged for a blank solution (Qg) needs to be subtracted from Qa to account for non-
faradaic charging of the electrode.>® Considering the number of electrons corresponding to
one turnover (n = 2) and conversion factor of the time unit for turnover frequency (one hour
or 3600 s) over the CA experiment time (t), the TOF can be calculated as shown in equation
3:

_ (Qr—Qa) x 3600
~ (Qa—-Qp)xnxt

TOF Eq.3

The unit of the resulting TOF value is per hour (h™1). The TOFs derived from the CA
experiments in Fig. 5a are shown in Table 1. The voltammetric and chronoamperometric
studies of the reaction under neutral conditions were performed to demonstrate the effect of
base on the reaction kinetics. As demonstrated in entry 5 of Table 1, the catalytic activity of
ACT in the absence of base is negligible.>® The presence of base favors formation of the
alkoxide adduct between ACT* and solketal and favors the electrochemical oxidation of
ACTH.3037

The CA and CV experiments demonstrated here form the basis for several inquiry labs or an
undergraduate research project. For example, CV analysis of ACT under a range of basic
buffers pH 8-11 visually demonstrates the basicity-reactivity relationship. CA analysis of the
reaction between ACT and diverse substrates, such as secondary benzylic alcohols and
primary and secondary aliphatic alcohols, is a simple and quantitative way to explore
substrate structure-reactivity relationships. Experimenting with electronically/structurally
distinct aminoxyl catalysts, such as commercially available TEMPO or 9-
azabicyclo-[3.3.1]nonane N-oxyl (ABNO), allows a research student to begin making
connections between catalyst structure and activity.30
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CONCLUSION

This lab allows students to explore the concepts of chronoamperometry, cyclic voltammetry,
and electrocatalysis. The operationally simple experiments give students experience in
voltammetric and chronoamperometric analysis of both direct and mediated (catalytic)
electron transfer reactions. The emphasis on chronoamperometry provides students with an
example of how a simple electrochemical technique can be used for quantitative analysis of
a catalytic reaction and for deriving the turnover frequency (TOF). The pedagogically rich
protocol reported herein is an example of an interdisciplinary experiment that is well suited
for incorporation into various upper level undergraduate laboratory courses, including
instrumental analysis, physical chemistry, organic chemistry, and electrochemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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for Teaching Electrochemistry and Instrumentation. J. Chem. Educ 2016, 93, 1320-1322.

Li YC; Melenbrink EL; Cordonier GJ; Boggs C; Khan A; Isaac MK; Nkhonjera LK; Bahati D;
Billinge SJ; Haile SM; Kreuter RA; Crable RM; Mallouk TE An Easily Fabricated Low-Cost
Potentiostat Coupled with User-Friendly Software for Introducing Students to Electrochemical
Reactions and Electroanalytical Techniques. J. Chem. Educ 2018, 95, 1658-1661.

Glasscott MW, Verber MD; Hall JR; Pendergast AD; McKinney CJ; Dick JE SweepStat: A Build-
It-Yourself, Two-Electrode Potentiostat for Macroelectrode and Ultramicroelectrode Studies. J.
Chem. Educ 2020, 97, 265-270.
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The three required electrodes are also commercially available from different vendors. The more
cost-effective options for educational purpose are homemade electrodes. For examples, see Refs
45-47.

King D; Friend J; Kariuki J, Measuring Vitamin C Content of Commercial Orange Juice Using a
Pencil Lead Electrode. J. Chem. Educ 2010, 87, 507-509.

Masse RC; Gerken JB Assembly of a Robust and Economical MnO»-Based Reference Electrode. J.
Chem. Educ 2015, 92, 110-115.

Schmidt B; King D; Kariuki J Designing and Using 3D-Printed Components that Allow Students
to Fabricate Low-Cost, Adaptable, Disposable, and Reliable Ag/AgCl Reference Electrodes. J.
Chem. Educ 2018, 95, 2076-2080.

For details of polishing and other experimental conditions, see the Supporting Information. Based
on the observed results, polishing the electrode once is enough to perform all the CV and CA
experiments for each solution. Discarding the data for the first experiment conducted after
polishing and repeating it without polishing results in more reproducible responses.

The voltammetric currents normalized by square root of the scan rate should be identical to a
reversible electron transfer at various scan rates. The students were asked to normalize the CV
currents and compare them: see Student’s Handout in Supporting Information.

The plot of peak current (/) as a function of the square root of scan rate should be linear. The
slope of the line is proportional to the diffusion coefficient of electroactive species. See Supporting
Information, Section 6, and Figure S4.

When the current is diffusion-controlled it should be inversely proportional to Y2 An example of
a linear correlation was plotted by students and is shown in Figure S2 and S3 (Supporting
Information). The diffusion coefficient derived from amperometric results, based on the Cottrell
equation, is in good agreement with the value derived from voltammetric analysis, See Supporting
Information, Section 6 and Figure S3.

Based on the proposed mechanism, the height of the anodic peak is proportional to the
concentration of solketal and the number of catalytic cycles. The slope of the linear plot for the
anodic plateau current versus the square root of the solketal concentration is proportional to the
rate constant of the chemical reaction between ACT™ and solketal. See Ref. 36 and Figure S5 and
Figure S6 (Supporting Information).

All the chronoamperometric measurements must be taken in exactly the same timeframe to enable
subtraction and division of the consumed charge for different chronoamperograms. To derive the
consumed charge for each plot, see Section 8 of Supporting Information and the Supporting
Information Excel file. The optimal time for a chronoamperometry experiment is 15-20 sec. See
Ref. 15.

Taitt BJ; Bender MT; Choi K-S Impacts of the Regeneration Pathways of the Oxoammonium
Cation on Electrochemical Nitroxyl Radical-Mediated Alcohol Oxidation. ACS Catal. 2020, 10,
265-275.

Since solketal is not electroactive at this potential range (e.g. Figure 3a), the blank experiment can
be a solution consisting only of supporting electrolyte/buffer or may include solketal.

Examples of more results by students are presented in Tables S2 and Table S3 of the Supporting
Information.
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Figure 1.

The applied potential waveform (a) and the resulting current-time trace (b) for a
chronoamperometric experiment of a general oxidation reaction.
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Electrochemical Reaction coupled with Catalytic Reaction
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Figure 2.
Cyclic voltammograms (left) and chronoamperograms (right) of 1.0 mM ACT in the absence

(red traces, a and c) and presence of 4 mM solketal (blue traces, b and d). Solution
conditions: aqueous solution with NaHCO3/Na,COs electrolyte (0.1/0.1 M, pH 10), scan
rate for cyclic voltammetry 10 mV s~1, and applied potential for chronoamperometry 0.8 \/
vs Ag/AgCl.
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Figure 3.
Cyclic voltammograms (a) of 1.0 mM ACT at different scan rates; scan rates (mV s™1) are

depicted for each CV. The blank CV (black dashed trace) is the CV of 4 mM solketal
substrate in the absence of ACT at a scan rate of 80 mV s~1. The plot of anodic and cathodic
peak currents versus square root of scan rate (b). Solution conditions: aqueous solution with
NaHCO43/Na,COj3 electrolyte 0.1/0.1 M, and pH 10.
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Figure 4.
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Cyclic voltammograms of 1.0 mM ACT in the absence (dotted line) and presence of 9 mM
solketal at different scan rates (25-120 mV s™1) (a), and cyclic voltammograms of 1.0 mM
ACT in the presence of various concentrations of solketal (b). Scan rate for dotted trace is 80
mV s~1 and for traces in (b) is 25 mV s~1. Solution conditions: aqueous solution with
NaHCO43/Na,COg3 electrolyte 0.1/0.1 M, and pH 10.
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Chronoamperograms for a blank solution and ACT in the absence and presence of various
concentrations of solketal (a) with applied chronoamperometry potential of 0.8 V vs Ag/
AgCl, the consumed charges are shown on each chronoamperogram, the consumed charge
for blank solution is 12 uC (not depicted on its plot). Proposed mechanism for ACT

catalyzed electrochemical solketal oxidation (b).
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Structures and oxidation reaction of ACT and TEMPO (a). Anelli-Montonari oxidation (b)
and TEMPO-catalyzed electrochemical alcohol oxidation (c) with blue arrows showing the

catalytic turnover.
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Table 1.

TOF (h~1) of ACT for different concentrations on solketal in the absence and presence of base

Entry  Solketal concentration TQoF (h—l)C

1 2 mm? 346
2 4 mm? 548
3 9mm? 802
4 16 mm? 1024
5 amm? 36

aReaction Conditions: aqueous solution with NaHCO3/Na2CO3 electrolyte 0.1/0.1 M, pH 10, 1.0 mM ACT, applied potential 0.8 V, experiment
duration 20 sec.

bReaction Conditions: aqueous solution with NaCl electrolyte 0.2 M, pH 6.7, 1.0 mM ACT.

G ] L
"Turnover Frequency", defined as the molecules of solketal converted per molecule of catalyst per hour. The standard deviation of reported TOFs

(h_l) for four groups of students were (8-14%).
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