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Dedicated to the memory of Jean-Michel Savéant.

Homogeneous catalysts (“mediators”) are useful for tuning
selectivity in organic electrosynthesis. However, they can have a
negative impact on the overall mass and energy balance if used
only once or recycled inefficiently. In a previous work, we
introduced the polymediator concept, in which soluble redox-
active polymers catalyze the electrochemical reaction, allowing
for recovery by dialysis or pressure-driven membrane filtration.
Using anodic alcohol oxidation as a test case, it was shown that
TEMPO-modified polymethacrylates (TPMA) can serve as effi-
cient and reusable mediators. In the present study, the proper-
ties of a TPMA sample with well-defined molecular weight

In organic electrochemistry, indirect electrolysis using homoge-
neous catalysts (“mediators”) is a useful tool for shaping the
course of the reaction and for reducing the energy
consumption. Consequently, mediators are widely used and
find application both in in-cell processes (homogeneous electro-
catalysis) and in ex-cell protocols (transformations with electro-
generated reagents).”” Another key advantage is that a variety
of synthetic challenges can be addressed with a broad range of
well-established mediators including organometallic
compounds,” halide salts,” triarylamines,” iodoarenes,” and N-
oxyl radicals.”’ However, these positive features may be offset
by additional costs, a more complex separation procedure, and
increased waste generation, which is why concepts to improve
separability and recyclability deserve more attention.®

The main cause of separation problems in indirect electro-
synthesis is the similarity between mediator and product in

[a]l N. Mohebbati, A. Prudlik, Dr. R. Francke
Leibniz Institute for Catalysis
Albert-Einstein-Str. 29a, 18059 Rostock, Germany
E-mail: robert.francke@catalysis.de

[b] N. Mohebbati, A. Prudlik, A. Scherkus, A. Gudkova, Dr. R. Francke
Institute of Chemistry
Rostock University
Albert-Einstein-Str. 3a, 18059 Rostock, Germany

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202100768

An invited contribution to a joint Special Collection in memory of Prof. Jean-
Michel Savéant.

N © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

ChemElectroChem 2021, 8,3837-3843 Wi iley Online Library

3837

distribution were studied using cyclic voltammetry and com-
pared to low-molecular TEMPO species. The non-catalytic
profiles of TPMA are shaped by diffusive and adsorptive
processes, whereby the latter only become pronounced at low
mediator concentrations and high scan rates. Electrocatalytic
studies suggest that under the applied conditions, TPMA-
catalyzed alcohol oxidation is a predominantly homogeneous
process. The homogeneous kinetics are determined rather by
the mediator potential than by steric influences of the polymer
backbone.

terms of polarity and molecular size. For example, column
chromatography is necessary in protocols involving organo-
mediators such as iodoarenes or 2,2,6,6-tetramethylpiperidinyl-
1-oxyl (TEMPO). While this is not a particular problem on a
laboratory scale, more straightforward methods such as extrac-
tion and filtration are required when scaling up. In this context,
tuning of the mediator polarity by attaching charged groups
(“ionic tags”) has turned out as a promising approach,
facilitating recovery by extraction while eliminating the need
for supporting electrolyte additives.”’ In further studies, media-
tor immobilization on suspended particles was attempted.
Using poly(styrene)-supported phenyl iodide™” and TEMPO
attached to silica gel,"" a straightforward recovery via simple
filtration was achieved. However, the use of halide salts as co-
mediators was necessary for activation of the immobilized
mediator units, which is symptomatic for poor kinetics of the
electron exchange between electrode and immobilized phenyl
iodide units.

Compared to the dispersed-phase strategy, the attachment
of a mediator to soluble polymer backbones (polymediators)
leading to homogeneous electrolyte systems represents a
promising approach. Such systems do not require a co-mediator
and allow for recovery via size exclusion membrane processes
(ultra-/ nanofiltration and dialysis)."? Using the example of
TEMPO-catalyzed alcohol oxidation as a test case, we have
demonstrated for the first time that indirect electrosynthesis
can be efficiently coupled to dialysis and ultrafiltration using
polyelectrolyte HP-1 and polymediator HP-2 (see Figure 1). The
polymer solutions are sufficiently conductive and exhibit a high
electrocatalytic activity toward oxidation of various alcohols.
Electrolysis on the preparative scale showed that various
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Figure 1. Summary of our previous study on the use of soluble polymedia-
tors and polyelectrolytes using the TEMPO-catalyzed oxidation of alcohols as
a test case (Faradaic efficiencies determined after passing 1.8-2.0 charge
equivalents)."?

benzylic, allylic and aliphatic alcohols can be selectively
converted to the corresponding carbonyl compounds, and that
the electrolyte solution can be reused multiple times.

Initial cyclic voltammetry (CV) studies on a glassy carbon
electrode showed that compared to “regular” TEMPO, the peak
currents obtained for HP-2 under non-catalytic conditions are
smaller, whereas the catalytic currents are significantly higher.
Furthermore, the voltammetric response of the polymer
exhibited some distinctive features, such as a peak-to-peak
separation (AE,) of 35 mV (at a scan rate of v=50 mVs "), which
is atypical both for adsorptive and diffusive behavior."® We
believe that a better understanding of the voltammetry of
polymediators is of high importance for future developments in
the area of polymediated electrosynthesis. We have therefore
carried out a detailed electroanalytical study on redox behavior
and electrocatalytic properties of TEMPO-modified polymetha-
crylates, the results of which are presented herein.

1. Results and Discussion
1.1. Polymer Synthesis

In our previous work™ we employed a free radical polymer-
ization of commercially available 2,2,6,6-tetramethylpiperidin-4-
yl-methacrylate (1) for the synthesis of precursor polymer 2a
(see Scheme 1, route 1)." 2-Mercaptoethanol was used as a
modifier to lower the molar mass, to reduce the dispersity, and
ultimately to guarantee sufficient solubility for electrochemical
studies. A subsequent two-step oxidation with H,0,/Na,WO,
(step 1) and MCPBA (step2) yielded the desired TEMPO-
modified polymer HP-2 with a mass average molecular weight
(M,,) of 2.74 kDa."™™ A simple experimental procedure and good
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scalability are among the advantages of the method. However,
the method features only a limited control over the length of
the polymer chain, which is reflected by a relatively high
dispersity (D= 1.89).

For the present study, we intended to reduce the dispersity
to exclude possible influences of large molar mass differences.
We achieved this goal by RAFT polymerization™ of
hydrochloride 1-HCI using dithioester 3 as a chain transfer
reagent (route 2). This approach, followed by oxidation of
intermediate 2b using the abovementioned two-step protocol,
rendered the TEMPO-modified polymethacrylate (TPMA) in 87 %
yield with a higher molecular weight (M,,=4.67 kDa) compared
to HP-2 and to our delight, a much smaller dispersity (D=
1.29).'7 UV vis spectroscopic analysis indicates that intermedi-
ate 2b contains intact thiobenzoylthio end groups, which are
removed during conversion to TPMA. Cleavage under these
reaction conditions is also in agreement with literature reports
on the stability of thiobenzoylthio moieties."® Further details
regarding synthesis and characterization are summarized in the
supporting information (SI).

1.2. Redox Behavior Under Non-Catalytic Conditions

For the electrochemical characterization of TPMA, cyclic
voltammetry (CV) was carried out in a 0.1 M solution of
NBu,CIO, in CH;CN/H,O (8:1 vol/vol) using a glassy carbon
working electrode and a Ag/0.01 MAgNO; reference electrode
(E,=—87 mV vs. Fc/Fct couple).™ The polymer content was
adjusted to a concentration of TEMPO units (cry) of 5 mM.2% To
contrast the voltammetric behavior of TPMA against other N-
oxyl radicals, we chose TEMPO as well as 4-acetoxy-TEMPO
(ACT, Figure 2, top) for our studies. The CVs recorded at v=
100 mVs™' are shown in Figure2 (bottom, for extracted
parameters see Table 1). For each species, the scan reveals a
single reversible redox couple (R,N-O°/R,N=07) with a typical
diffusive profile. With respect to TPMA, this is well worth
mentioning, as it suggests that there is no significant electronic
coupling between the TEMPO motifs across the polymer chain,
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Figure 2. Top: Structures of the investigated mediators. Bottom: Back-
ground-corrected cyclic voltammetry (CV) of TEMPO, 4-acetoxy-TEMPO (ACT)
and TEMPO-modified polymethacrylate (TPMA) normalized vs. the anodic
peak current density j,,. Conditions: 0.1 MNBu,CIO, in acetonitrile/water
(8:1), cry=5mM, v=100 mVs~".

Table 1. Summary of equilibrium redox potentials E,, peak-to-peak separa-
tions AE,, anodic peak current densities j,,, and peak current ratios |j,/j,.a|
obtained from the CVs shown in Figure 2 (bottom).

Compound EO AEp jp,a Up,c/jp,a‘
V] [mV] [mA cm™]

TEMPO 0.30 69 1.94 1.0

ACT 0.40 67 1.73 1.0

TPMA 0.42 46 0.74 1.0

and that the redox characteristics at 100 mVs™'

the same as those displayed by the monomer.?"

For TPMA (blue line), the redox couple is centered around
E,=0.42V with an anodic shift of 120 mV compared to free
TEMPO (green line). The shift can be assigned to the presence
of the acyloxy linker,”? which is confirmed by comparison to
the CV of structurally similar ACT (red line, E,=0.40 V). There
are also significant differences between the peak intensities:
While ACT and TEMPO show comparable anodic peak current
densities (j,.), TPMA achieves only about 40% of these values.
The latter indicates that the availability of TEMPO units at the
electrode surface is lower, which may be attributed to slower
mass transfer (vide infra). Full chemical reversibility on the
voltammetry timescale is confirmed for TPMA, ACT and TEMPO
by calculation of the ratio between the cathodic and the anodic
peak current density |j,/j,.| according to the method reported
by Nicholson and Shain (for details see the SI).?*

For TPMA, the presence of only one redox couple and the
magnitude of the j, values suggest that each polymer chain can
be oxidized multiple times at the same potential, which is
confirmed by a controlled potential coulometry experiment
carried out at E=0.6V in a divided cell (for details see the SI).
The results show that at least 89% of the available TEMPO units

are essentially
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are oxidized before the current drops from the initial value of
1.6 mA to the baseline.*”

Further differences between TPMA and ACT become
apparent upon variation of v (Figure 3A and Figure 3B). While
ACT exhibits a good linear correlation between j,, and v** in
the entire range, indicating a diffusive process,”*” for TPMA this
is only the case between 5 and approx. 250 mVs™' (Figure 3E).
A possible explanation for the deviation of TPMA above
250 mVs™' is a superposition of adsorptive and diffusive
processes, i.e., charge transfer to both dissolved and adsorbed
polymer chains. Thus, the square root dependency of j, at low
scan rates would indicate that at long time scales, the majority
of the charge is transferred via diffusive processes. As the scan
rate increases, the adsorptive fraction of j, that increases linearly
with v/'¥ would become more pronounced. At this point, the v
range dominated by the diffusive process is evaluated first to
allow a comparison between the transport properties of the
different N-oxyl species, while the unusual behavior of TPMA at
high v will be discussed in detail below. The diffusion
coefficients D were calculated from the slope of j, versus v*°
from Eq. 1,

6
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Figure 3. Top: Background-corrected voltammetry of ACT (A) and TPMA (B)
at ¢ry=5 mM and varying v. Middle: Background-corrected CVs of ACT (C)
and TPMA (D) at 100 mVs™" and varying c. Bottom: Comparison between the
peak current densities (j,) of ACT and TPMA at varying v (E) and ¢y (F).
Electrolyte: 0.1 M NBu,ClO, in acetonitrile/water (8:1).
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where z is the number of transferred electrons (z=1), F the
Faraday constant, R the gas constant, and T the temperature
(the other parameters are defined above). The results are
summarized in Table 2 and more details are provided in the SI.

For TPMA, only the range between 5 and 250 mVs™' was
analyzed, whereas the full range was used for ACT and TEMPO.
With 2.35-107° cm?s™", Dipya is one order of magnitude lower
than Digypo and approximately seven times smaller than Dpcr.
The decrease in D follows the pattern predicted by the Stokes-
Einstein equation in the sense that diffusion is curbed with
increasing molecular size. The same effect is observed upon
increasing ¢y (Figure 3C and Figure 3D), which also leads to a
slower increase of j, for TPMA as compared to ACT (Figure 3F).

To verify the assumption that adsorption of TPMA causes a
deviation of j, from the square root dependency, another
experiment was performed in which CVs were first recorded at

Table 2. Summary of the slopes of the linear fits in Figure 3E and the
calculated diffusion coefficients D (for analysis of TEMPO see the SI).
Compound slope D
[MA s> cm =2 mV~7] [cm?*s™]
TEMPO 0.202 2.26-107°
ACT 0.166 1.53-10°°
TPMA 0.065 235-10°°
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Figure 4. A) CV of 1 mM TPMA (dashed blue line) recorded at 100 mVs™,
repeated scan after replacing the solution with blank electrolyte (solid

blue line), and repeated scan after polishing the electrode (solid black line).
B) CV of the TPMA film at various scan rates. C) CV of 1T mM TPMA recorded
at 1Vs™' (dashed blue line), repeated scan in blank electrolyte (solid blue
line), and CV of 1 mM TPMA after subtraction of adsorption contributions
(solid orange line). D) Plot of ji, vs. v** for 1 mM TPMA (hollow circles) and
the TPMA film (filled circles). Electrolyte: 0.1 M NBu,CIO, in acetonitrile/water
(8:1).
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¢ru=1 mM (see Figure 4A, dashed blue line), followed by careful
rinsing of the glassy carbon electrode with acetonitrile, transfer
to a blank electrolyte solution, and repeated cycling (Figure 4A,
solid blue line). At 100 mVs™', the appearance of a redox couple
with weak intensity and without peak-to-peak separation
confirms irreversible adsorption of TPMA on the electrode
surface. Increasing v leads to well-defined and nearly symmetric
features centered around 0.43V with very small splitting
between the oxidative and the reductive peak (AE,<10 mV),
which is characteristic for identical and independent redox-
active species attached to the electrode surface (Figure 4B).*
At constant scan rate, the profiles do not significantly change
over ten cycles (see Figure S7), indicating a good stability of the
TPMA film on the voltammetry time scale. A control experiment
in which the electrode was immersed into the TPMA-containing
solution without applying a potential, followed by transfer to a
blank electrolyte and cycling, gave similar results. This indicates
that the adsorption process is not electrochemically induced
but more likely due to a mixture of physisorption and low
solubility of the polymer. Similar adsorption behavior was
previously observed for other soluble redox-active polymers
tested for energy storage applications.”®

A comparison between the CVs of 1 mM TPMA and of the
TPMA film at 1Vs™' confirms that at higher scan rates, the
contribution of the TPMA film to the overall current response
becomes more pronounced (Figure 4C), thus underlining the
abovementioned responsibility of the adsorptive process for
the deviations from the square root dependency. As expected,
the deviation also increases with decreasing ¢y, (compare ¢y =
1 mM in Figure 4D with ¢;y=>5 mM in Figure 3E).

The key parameters extracted from the film CV recorded at
1Vs™' are summarized in Table 3. Both analysis of the anodic
and cathodic peak charges (g, and g, and calculation of the
peak current ratio indicates a high chemical reversibility of the
adsorbed redox couple (9./q,=1.03, j, /j,.=0.94). The apparent
surface concentration of TEMPO units calculated from g,
corresponds to I'yy=1.44-10""" mol cm™, which is in the same
order of magnitude but well below sterically limited I values
reported for monolayers of other redox-active molecules (e.qg.
ferrocene) covalently attached to smooth surfaces.”” The peak
widths at half of the maximum heights (W,,,) are significantly
smaller than the ideal value of 90 mV.*

By subtracting the film voltammogram from the one
measured in TPMA solution, a correction for adsorption
contributions was attempted (Figure 4C, orange line). The
resulting profile exhibits a AE, of 34mV. This value is
significantly higher than the AE, of the uncorrected CV (20 mV),
but still well below the 57 mV expected for a purely diffusive
process. Considering that for other redox-active polymers, e.qg.

3840

Table 3. Analysis of the TPMA film CV recorded at v=1Vs™' (see
Figure 4CQ).
Peak E, q Jo W,
\Y] [107’cl [mA cm™] [mV]
anodic 0.44 2.79 0.35 46
cathodic 0.43 2.86 0.33 49
© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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(dialkylamino)cyclopropenium units, AE, values of 60 mV and
higher have been reported,”® the behavior of TPMA is quite
unusual. While investigations of the unusual peak-to-peak
separation are ongoing, it can already be concluded from the
results presented in this section that i) the high molecular
weight of TPMA reduces the diffusion-controlled current
compared to TEMPO and ACT, ii) TPMA forms a redox-active
film by irreversible adsorption on the glassy carbon surface,
iii) the voltammetric profiles of TPMA are shaped both by
diffusive and adsorptive processes, and iv) the influence of
adsorbed TPMA becomes negligible at low v and high cq.

1.3. Electrocatalytic Studies

We continued our investigations by characterizing the electro-
catalytic behavior of TPMA. A comparison between the
voltammetric profiles of TPMA, ACT, and TEMPO recorded at
100 mVs™" in the absence and presence of 4-methoxybenzyl
alcohol (4-MBA) is depicted in Figure 5. To facilitate alcohol
oxidation, N-methylimidazole (NMI) was added as a proton
scavenger. A separate CV recorded in absence of any mediator
confirmed that direct alcohol oxidation does not proceed in the
studied potential regime (see Figure S24). Interestingly, the
catalytic peak current density (j...) for TPMA is slightly higher
than for TEMPO, but well below the value of ACT. Moreover, the
ratio j./j, that reflects the rate of the homogeneous reaction, is
significantly higher for TPMA (9.6) as compared to TEMPO (2.5).
In our previous work,"? we attributed this observation to the
electron-withdrawing acyloxy linker in position 4 of the piper-
idinyl ring, the resulting increase of the redox potential and
thereby to a higher driving force for alcohol oxidation. This
conjecture is supported by the similar magnitude of the j./j,
values of TPMA and ACT (9.6 and 7.8), which would also be in
line with a previous report by Rafiee, Stahl et al. that highlights
the strong influence of the redox potential on the electro-
catalytic activity of N-oxyl radicals.*?

TPMA

TEMPO

-2

J/ mA cm

v n Yy

03 04 05 06 03 04 05 O.ESI 0.2 03 04 05
E (vs. Ag/AgNO,) / V

Figure 5. Comparison between background-corrected CVs of ACT (left),
TPMA (middle), and TEMPO (right) under non-catalytic and catalytic
conditions (cry=5 mM, v=100 mVs™"). Electrolyte: 0.1 M NBu,CIO, in
acetonitrile/water (8:1). Substrate: 0.1 M 4-methoxybenzyl alcohol (4-MBA).
Base: 0.45 MNMI.
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process, v was systematically increased to achieve “no substrate
consumption — pure kinetic conditions”®**® with S-shaped
voltammetric profiles (for details see the SI). For homogeneous
electrocatalysts, the corresponding plateau current densities
(jmax) @re given by Eq. 2,

jmax = ZFCTU V nchatCsub (2)

where k., is the homogeneous rate constant, n the number of
catalyst units required per turnover, and c,, the substrate
concentration (the other parameters are defined above).
A comparison between the catalytic responses of ACT and
TPMA is shown in Figure 6A and B. Linear correlations between
Jmax @nd cqy as well as between j,,, and /¢, (Figure 6C and D)
suggests that i) the TPMA-catalyzed process is at least to a large
extent a homogeneous one" i) ACT- and TPMA-catalyzed
alcohol oxidation is first order both in catalyst and substrate,
and iii), ACT renders higher j., values over the entire v and
c regimes.

The homogeneous rate constants k., calculated from the
Jjmax Values (for details see the SI) amount to 397 Lmol™'s™' for
TPMA and 330 Lmol™"'s™" for ACT. In comparison, the value for
TEMPO (24 Lmol™"s™") turns out to be much lower, confirming
that the homogeneous rate of alcohol oxidation is determined
by the redox potential of the TEMPO unit rather than by its
attachment to the polymer backbone. To generalize the
comparison between the polymediator and the low-molecular
weight benchmark systems, the catalytic study was extended to
5-(hydroxymethyl)furfural (HMF), glycerol, methanol and prop-
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Figure 6. Top: Background-corrected catalytic profiles of 5 mM ACT (A) and
5 mM TPMA (B) in presence of 0.1 M 4-MBA and 0.45 M N-methylimidazole
(NMI) at varying scan rates. Bottom: Comparison between the achievable ji, .,
values of ACT and TPMA at varying substrate concentrations (C) and varying
concentrations of TEMPO units (D). Electrolyte: 0.1 MNBu,CIO, in
acetonitrile/water (8:1).
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an-2-ol (see Figure 7 and the SI). In all of these cases, ACT and
TPMA exhibit similar rate constants, whereas TEMPO shows
comparatively low k., values (Figure 7B).

Considering the similarity between ACT and TPMA, the
impression that the homogeneous kinetics are not strongly
affected by the active centers being attached to the polymer
backbone thus seems to be strengthened. In other words, the
TEMPO units on the polymer appear to be well accessible for
the substrate and thus available for catalysis. Furthermore, it is
worth mentioning that in the cases of 4-MBA, HMF, methanol
and glycerol, despite the much lower diffusion coefficient, the
Jjmax Values of TPMA are significantly higher than the ones of
TEMPO. Thus, in these cases, the higher driving force trumps
the curbed mediator transport, leading to more efficient overall
kinetics.

2. Conclusions

In the present study, progress was made in understanding the
redox behavior and catalytic activity of TEMPO-modified
polymethacrylates in view of their application as mediators in
electrosynthesis. It was found that the polymer tends to
irreversibly adsorb on glassy carbon, thus forming a redox-

25
A) Bl TPVA
B AcT
20t I TEMPO

=
o

0.01

o

AN\QP\ ‘\’? (O\’\

NS

Figure 7. Comparison between the catalytic activities of TPMA, ACT and
TEMPO for various substrates. Top: Plateau current densities (j..,) achieved
under “no substrate consumption - pure kinetic conditions” (¢c;y =5 mM,
Cop,=0.1 M). Bottom: Rate constants k, calculated from the j,,, values.
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active layer on the electrode surface. These layers have a
pronounced influence on the voltammetric profiles at high scan
rates and low mediator concentrations. Electrocatalytic studies
at varying concentrations of alcohol substrate and TEMPO units
suggest that TPMA-catalyzed alcohol oxidation is a predom-
inantly homogeneous process.

Although TPMA shows significantly slower diffusive behav-
ior compared to TEMPO and ACT, the catalytic current densities
achievable with the polymer are intermediate between those of
the two low molecular weight mediators for the majority of
substrates. Since the homogeneous rate constants of TPMA and
ACT resemble each other, being well above the ones of TEMPO
for the tested substrates, it can be concluded that the redox
potential of the N-oxyl unit has a more pronounced effect on
the rate of the homogeneous reaction than the active centers
being attached to the polymer backbone. This means that
curbed mass transfer can be compensated by tuning the redox
potential of the catalyst unit, which should be considered as an
important design principle for the development of new
polymediator generations. Tuning the molecular weight distri-
bution may represent a further possibility for optimization of
the overall reaction rate, which is currently under investigation
in our laboratory.
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