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Abstract: Homogeneous catalysts (“mediators”) are frequently
employed in organic electrosynthesis to control selectivity.
Despite their advantages, they can have a negative influence
on the overall energy and mass balance if used only once or
recycled inefficiently. Polymediators are soluble redox-active
polymers applicable as electrocatalysts, enabling recovery by
dialysis or membrane filtration. Using anodic alcohol oxida-
tion as an example, we have demonstrated that TEMPO-
modified polymethacrylates (TPMA) can act as efficient and

recyclable catalysts. In the present work, the influence of the
molecular size on the redox properties and the catalytic
activity was carefully elaborated using a series of TPMAs with
well-defined molecular weight distributions. Cyclic voltamme-
try studies show that the polymer chain length has a
pronounced impact on the key-properties. Together with
preparative-scale electrolysis experiments, an optimum size
range was identified for polymediator-guided sustainable
reaction control.

Introduction

Indirect electrolysis using redox mediators is a frequently used
approach toward controlling selectivity and reducing energy
consumption of electro-organic transformations.[1] To address a
multitude of synthetic problems, a well-established portfolio of
mediators is available including organometallic compounds,[2]

metal ions,[3] halides,[4] triarylamines,[5] iodoarenes,[6] and N-oxyl
radicals.[7] Although the benefits of mediators are undisputed,
they may be offset by more difficult separation procedures,
increasing waste generation, and additional expenses, which is
why concepts to facilitate separation and recycling deserve

more attention.[8] The same applies to supporting electrolyte
additives, which have to be removed by additional purification
steps after completed reaction and, if not recycled, constitute a
further source of waste.

The main challenge in recovering mediators from reaction
mixtures is the similarity to the product in terms of polarity and
molecular size. For example, column chromatography is
required for separation of organic mediators such as iodoarenes
or 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO). In this regard,
changing the polarity of the mediator by tethering charged
groups (“ionic tags”) has proven to be a promising approach
that enables recovery by extraction while obviating the need
for supporting electrolyte additives.[9] Further investigations
focused on immobilization of mediators or supporting electro-
lytes on particles for electrolysis to be carried out in the
dispersed phase.[10,11] While this approach allows for recovery by
filtration or centrifugation, it is associated with drawbacks such
as poor ionic conductivity and difficult electron transfer
between electrode and immobilized mediator, respectively.
Noteworthy, activation of mediators that are attached to
suspended particles requires a homogeneous co-mediator,[10e,f]

partially nullifying the benefits achieved by immobilization.
In view of the difficulties caused by the dispersed-phase

approach, the installment of mediators on soluble polymer
backbones is an interesting alternative, since the resulting
polymediators can act as classic homogeneous electrocatalysts
that are activated at the electrode surface and react with the
substrates in solution. Simultaneously, the increased molecular
size allows the use of size exclusion membrane processes for
mediator recovery (i. e., dialysis and ultra-/nanofiltration).

Based on the TEMPO-catalyzed anodic alcohol oxidation, we
have shown for the first time that indirect electro-organic
reactions can efficiently be coupled to dialysis and ultrafiltration

[a] A. Prudlik, N. Mohebbati, L. Hildebrandt, Prof. Dr. R. Francke
Leibniz Institute for Catalysis
Albert-Einstein-Str. 29a, 18059 Rostock (Germany)
E-mail: Robert.francke@catalysis.de

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

[c] A. Heck, Prof. Dr. L. Nuhn
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)

[d] A. Heck, Prof. Dr. L. Nuhn
Chair of Macromolecular Chemistry
Faculty of Chemistry and Pharmacy
Julius-Maximilians-Universität Würzburg
Röntgenring 11, 97070 Würzburg (Germany)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202202730

© 2022 The Authors. Chemistry - A European Journal 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.

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202202730

Chem. Eur. J. 2023, 29, e202202730 (1 of 9) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 10.02.2023

2311 / 283688 [S. 79/87] 1

 15213765, 2023, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202202730 by M

PI 355 Polym
er R

esearch, W
iley O

nline L
ibrary on [07/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-4998-1829
https://doi.org/10.1002/chem.202202730
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202202730&domain=pdf&date_stamp=2023-01-24


when polymediators are employed (Figure 1A–C).[12] Trialkylam-
monium- and TEMPO-modified polymethacrylates (PTE and
TPMA, Figure 1B), which can both be easily prepared on a
decagram scale by free radical polymerization, served as
polymediators and polyelectrolytes, respectively. The resulting
polymer solutions turned out to be sufficiently conductive and
exhibited a high electrocatalytic activity toward conversion of
various alcohols to the corresponding carbonyl compounds.
Recycling tests showed that the polymer solution can be reused
multiple times.

In a subsequent electroanalytical study,[13] progress was
made in understanding the redox behavior and catalytic activity
of TEMPO-modified polymethacrylates using a sample with a
number average molecular weight (Mn) of 3.6 kDa and a
dispersity (Ð) of 1.29 (3.6-TPMA). First, it was found that the
polymer adsorbs on the carbon electrode surface, which
strongly influences the voltammetric profiles at low mediator
concentration and at high scan rates. However, the linear
relationship between catalytic current and concentration of
TEMPO units suggested that under electrolysis conditions,
TPMA-catalyzed alcohol conversion is predominantly a homo-
geneous process despite polymer adsorption. Second, TPMA
shows a significantly slower diffusion rate compared to low
molecular N-oxyls such as TEMPO and 4-acetoxy-TEMPO (ACT).
Third, on average, the achievable catalytic current densities jmax

are intermediate between those of TEMPO and ACT despite the
smaller diffusion coefficient. The homogeneous rate constants
kcat of TPMA and ACT that were extracted from jmax for five
tested substrates are similar to each other and exceed the ones

of TEMPO. This suggests i) that the redox potential of the
mediator unit has a stronger impact on the homogeneous rates
than steric effects of the polymer backbone and ii), that curbed
mass transfer can in part be compensated by tuning the redox
potential of the catalyst unit.

As mentioned above, the results provided by the previous
electroanalytical study were obtained from a single TPMA
sample with a defined Mn distribution, whereby the relationship
between the molecular weight and the electrocatalytic proper-
ties thus far remained unknown. Exploring this issue is of great
importance, since the molecular weight seems to exert a
significant impact on the catalysts diffusion, which is why an
impact on the catalytic rate can be expected. Thus, from an
electrocatalytic point of view, polymediators with rather small
molecular weights appear to be advantageous, whereas larger
polymers are desirable with respect to their recovery using size
exclusion membranes. In view of these two opposing trends,
optimization of the molecular weight appears to be of great
importance to find a reasonable compromise between catalytic
rates and recyclability. However, no study is yet available on the
relationship between the molecular weights of polymediators
and their electrocatalytic properties. In general, little is known
to date about the influence of molecular size on the behavior of
redox-active polymers, even though there is currently a high
interest in these materials from further ends, for example in the
fields of bioelectrochemistry[14] and electrochemical energy
storage.[15] In a seminal work by Bard et al., the influence of the
molecular weight on the electrochemical properties of dis-
solved poly(vinylferrocene) samples was investigated.[16] Later,
Rodríguez et al. characterized soluble viologen-modified poly-
styrenes with varying chain lengths with respect to their redox
activity and transport through porous membranes for potential
application in redox flow batteries.[17] TPMAs with varying
molecular weights have also been systematically characterized,
however, thus far exclusively in the solid state as part of
composite electrodes with regard to applications in organic
radical batteries.[18] Given the limited available knowledge, we
have carried out a detailed analysis of the relationship between
the key-properties of TPMA-based polymediators and their
molecular size, the results of which are presented herein.

Results and Discussion

In our initial feasibility study,[12] TPMA was synthesized via a free
radical polymerization of commercially available 2,2,6,6-
tetramethylpiperidin-4-yl-methacrylate (1), followed by oxida-
tive conversion of the piperidinyl units into N-oxyl radicals. The
polymerization step involved 2-mercaptoethanol as a modifier,
resulting in an Mn value of 1.45 kDa after the oxidation step.[19]

In terms of reaction conditions, this approach is very robust,
easy to perform, and well scalable. However, it provides only
limited control over the length of the polymer chain, which is
reflected by a broad molar mass distribution (Ð=1.89). For our
subsequent investigation,[13] the dispersity was reduced by RAFT
polymerization[20] to exclude possible influences of large
molecular weight differences (Mn =3.6 kDa, Ð=1.29). The same

Figure 1. Concept of indirect electrolysis using polymediators and
polyelectrolytes.[12,13] A) Preparative-scale anodic oxidation of alcohols using
polymediators (TPMA) and polyelectrolytes (PTE).[12] B) Polyelectrolyte and N-
oxyls under investigation in previous works. C) Schematic illustration of the
electrolysis and recycling procedure.
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approach has been used in this work to adjust the molecular
weights properly (see Scheme 1).

Polymerization of hydrochloride 1 ·HCl was achieved using
AIBN as a radical starter and dithioester 2 as a chain transfer
reagent, followed by oxidation of the resulting intermediate
PTM·HCl to yield the desired TPMAs. Since during oxidation

with H2O2/NaWO4 under alkaline conditions, the intermediate
precipitated prior to complete oxidation, the solid was filtered
off and dissolved in THF, where the conversion was brought to
completion by addition of mCPBA. UV-vis spectroscopic studies
confirmed that PTM·HCl initially contains intact thiobenzoylthio
end groups, which are cleaved off during reaction to TPMA.[13]

End group removal under alkaline and oxidative conditions is
also in agreement with literature reports on the stability of
thiobenzoylthio moieties.[21] Further details on preparation,
purification, and characterization of the polymers are provided
in the Supporting Information.

The molar mass of the polymers was adjusted by varying
the ratio between monomer and chain transfer agent, obtaining
a total of 15 samples with Mn values ranging from 2.5 to
126.0 kDa (see Table 1) in isolated yields between 48% and
94% calculated with respect to 1 ·HCl. All TPMA samples
exhibited a monomodal molecular weight distribution as
illustrated by the examples of Figure 2. While the Đ values
range from 1.16 to 1.45 for the TPMAs with Mn<111.3 kDa, the
two samples with highest Mn provided increased dispersities.
The latter is expectable, since low concentrations of RAFT
reagents frequently result in a decreased control over radical
polymerization.

The electrochemical properties of the TPMA samples were
studied by cyclic voltammetry (CV) using a glassy carbon
working electrode and a Ag/0.01 M AgNO3 reference electrode
(E0 = � 87 mV vs. Fc/Fc+ couple).[22] A 0.1 M solution of NBu4ClO4

in a mixture of CH3CN and water (8 :1 vol/vol) served as the
electrolyte, in which the polymer content was adjusted to an
effective concentration of polymer units (cTU) of 5 mM. To allow
a comparison between the TPMAs and low-molecular-weight
TEMPO species, 4-acetoxy TEMPO (ACT) and a TEMPO dimer
(BTM, see Figure 3A) were subjected to the same analysis. The
CVs of ACT, BTM, and four representative polymers (3.6-, 15.0-,
30.8-, and 126.0-TMPA) recorded at 100 mVs� 1 are shown in
Figure 3(B) (key-parameters are summarized in Table 2). Each
species exhibits a single reversible redox couple (R2N� O*/
R2N=O+), which suggests that there is no significant electronic
interaction between the TEMPO units along the polymer
backbone.[23] The voltammetric profiles show diffusive character,
high chemical reversibility (peak current ratio jp,c/jp,a close to
unity, see Table S2), and similar equilibrium redox potentials (E0,
situated in the range between 0.40 V and 0.43 V), suggesting
that at 100 mVs� 1, the behavior of ACT, BTM, and the PTMAs is
essentially the same. That redox-active polymers can exhibit the

Scheme 1. Preparation of TPMA from monomer 1 ·HCl.

Table 1. Results of the two-step polymer syntheses shown in Scheme 1.

Polymer sample 2 [mol-%] Mn [kDa] Đ

2.5-TPMA 3.89 2.5 1.16
3.6-TPMA 1.57 3.6 1.30
11.5-TPMA 1.40 11.5 1.38
14.9-TPMA 1.24 14.9 1.45
15.0-TPMA 0.93 15.0 1.32
16.0-TPMA 1.09 16.0 1.44
19.6-TPMA 0.62 19.6 1.31
26.6-TPMA 0.83 26.6 1.25
30.0-TPMA 0.32 30.0 1.30
30.8-TPMA 0.46 30.8 1.29
62.0-TPMA 0.18 62.0 1.26
71.3-TPMA 0.24 71.3 1.26
94.3-TPMA 0.12 94.3 1.34
111.3-TPMA 0.03 111.3 1.99
126.0-TPMA 0.06 126.0 1.68

Figure 2. Molecular weight distributions of representative TPMAs (for a
complete overview, see the Supporting Information).

Table 2. Parameters extracted from the CVs of the TEMPO species. The
shown values are mean values of two measurements.

Species E0 vs. Ag/AgNO3
[a] [V] jp,a

[a] [mA cm� 2] D [cm2 s� 1]

ACT 0.40[b] 1.76[b] 1.53×10� 5[b]

BTM 0.41 1.22 7.76×10� 6

3.6-TPMA 0.43 0.65 2.36×10� 6

15.0-TPMA 0.41 0.45 1.10×10� 6

30.8-TPMA 0.42 0.36 7.24×10� 7

126.0-TPMA 0.42 0.16 1.37×10� 7

[a] Estimated at 100 mVs� 1. [b] Values taken from Ref. [13].
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same form of current-potential responses as molecules with
only one corresponding center has already been observed in
other studies, for example, in the electrochemical analysis of
poly(vinylferrocene).[16]

Large differences are noticeable when comparing the
current densities (j) of the CVs, which, starting from ACT,
decrease with increasing molar weight. This trend suggests that
the availability of redox-active units at the electrode surface
decreases for the higher-molecular-weight TEMPOs, which may
result from curbed mass transfer. This behavior also becomes
evident upon varying the scan rate (Figure 3C). Furthermore,
with a stepwise increase of v, an additional peculiarity is
noticeable: While up to 250 mVs� 1, ACT, BTM, and the TPMAs
show a linear relationship between the anodic peak current
density (jp,a) and v0.5, a deviation from the square root depend-
ency occurs exclusively for the TPMAs above 250 mVs� 1. This
deviation results from a superposition of adsorptive and
diffusive processes, i. e., from charge transfer to both dissolved
and adsorbed polymer chains, and has been studied in detail in

our previous work.[13] Consequently, the square root depend-
ency of jp,a at low scan rates indicates that at large time scales,
the major part of the charge is transferred in diffusive
processes. On the other hand, the adsorptive fraction of jp,a that
increases linearly with v[24] becomes more pronounced at higher
scan rates.

To confirm that adsorption of TPMAs on the electrode
surface is responsible for the deviation from the square root
dependency, additional experiments were performed in which
CVs were first recorded in a TPMA solution (cTU =5 mM),
followed by careful rinsing of the electrode with acetonitrile,
immersion into a blank electrolyte solution, and repeated
cycling. The results are shown exemplarily for 16.0-TPMA: While
at 100 mVs� 1, voltammetry in the blank electrolyte shows only
an extremely weak signal (Figure 3D, black line), well-defined
and nearly symmetric features centered around 0.43 V become
apparent at high scan rates (Figure 3E). These features exhibit
only a small splitting between the oxidative and the reductive
peak (ΔEp ~15 mV), which is typical for independent and
identical redox-active species attached to the electrode
surface.[25] The apparent surface concentration of TEMPO units
(ΓTU) calculated from the charge obtained via integration of the
anodic peak of the CV recorded at 750 mVs� 1 corresponds to
1.42×10� 10 molcm� 2. This value is in the same order of
magnitude but well below sterically limited Γ values reported
for monolayers of other redox-active molecules (e.g., ferrocene)
covalently attached to smooth surfaces.[26] The profiles do not
change significantly over ten cycles, indicating high stability of
the TPMA layer on the experimental time scale (see Figure S3).
The same effect has already been observed in our previous
study on 3.6-TPMA.[13] Consequently, polymer adsorption seems
to be a general effect that occurs independently from the Mn

value of the polymer.
For a quantitative comparison between the transport

properties, the diffusion coefficients D of the different TEMPO
species were calculated from the slope of the jp vs. v0.5 plot
using Equation (1),[25]

(1)

where z corresponds to the number of transferred electrons per
TEMPO unit (z=1), F to the Faraday constant, R to the ideal gas
constant, and T to the temperature (the other parameters are
defined above). It should be noted that cTU is kept constant
(5 mM) and that for the polymer samples, the treatment renders
apparent diffusion coefficients that refer to individual TEMPO
units rather than to entire polymer chains.[12,13,17] To exclude
influences of adsorption, only the v range dominated by the
diffusive process is evaluated (5–250 mVs� 1, see Figure 3C). The
resulting D values are summarized in Table 2 for the selected
examples and in Figure 4 for all studied N-oxyl species.

In principle, smaller diffusion coefficients are observed with
increasing molecular weight of the polymer, with a rapid initial
drop that leads to a 95% decrease in D for 19.6-TPMA
compared to ACT (Figure 4A). The profile shown is well
explained when considering the relationship between D and

Figure 3. Cyclic voltammetry (CV) of selected N-oxyls in a solution of 0.1 M
NBu4ClO4 in CH3CN/H2O (8 :1, vol/vol). A) Structures of analyzed species.
B) CVs of ACT, BTM, 3.6-, 15.0-, 30.8-, and 126.0-TPMA recorded at 100 mVs� 1

(cTU =5 mM). C) Plot of the anodic peak current densities (jp,a) vs. v0.5. D) CV of
5 mM 16.0-TPMA (red line) recorded at 100 mVs� 1 and repeated scan after
replacing the solution with blank electrolyte (black line). E) CVs of adsorbed
16.0-TPMA recorded at various scan rates.
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the hydrodynamic radius r of a diffusing species according to
the Stokes-Einstein equation (D~ r� 1), and substituting r by Mn

a

using scaling theory with a being the Flory exponent (a=0.5
for ideal random polymer coils in a theta solvent and a=0.6 for
swollen coils in a good solvent).[27] In practice, the following
empirical relationship has proven useful,

(2)

which relates D to Mn, the (hypothetical) diffusion coefficient,
and the molecular weight of the monomer unit (Dmon and Mmon,
respectively).[16–17] In the context of the abovementioned
Stokes-Einstein equation and scaling relation, the exponent
0.55 would represent a scenario in which the polymer chain is
randomly coiled in a good solvent (0.5<a<0.6).

As can be seen from the plot in Figure 4(B), D varies linearly
with respect to the 0.55 power of the ratio between Mn and
Mmon. The slope of the linear fit corresponds to Dmon and with
1.49×10� 5 cm2 s� 1, it is well comparable to the diffusion

coefficient of the model monomer ACT (DACT =1.72×
10� 5 cm2 s� 1). Together with a negligible y-axis intercept
(� 3.52×10� 7 cm2 s� 1) and an R2 value of 0.97, the linear fit is in
good agreement with the behavior predicted by Equation (2).
Since Equation (2) originally refers to regular diffusion coef-
ficients of polymers, and the D values summarized in Figure 4
are to be considered as apparent diffusion coefficients of
individual TEMPO units, some caution must be exercised in
interpreting Figure 4(B). However, it seems reasonable to
conclude that the observed relationship reflects the impact of
the molecular weight on the rate of mass transfer and thereby
on the diffusion-limited peak current density. In other words,
the relationship between Mn and D follows the behavior
predicted by the Stokes–Einstein equation in the sense that
diffusion is curbed with increasing molecular size. In view of
applications in homogeneous electrocatalysis, the profile shown
in Figure 4(A) illustrates that polymers with Mn values smaller
than approx. 10 kDa exhibit promising diffusion behavior,
whereas diffusion coefficients of larger TPMAs appear rather
unfavorable.

The study was continued by analyzing the impact of the
molecular weight on the electrocatalytic behavior of the TPMAs.
For this purpose, 4-methoxybenzyl alcohol (4-MBA) was used as
a test substrate. A comparison between the voltammetric
profiles of four representative examples, ACT, BTM, 3.6-, and
26.6-TPMA, recorded at 100 mVs� 1 in the absence and presence
of the alcohol substrate is shown in Figure 5. N-Methylimidazole
(NMI) was added as a proton scavenger to enable electro-
catalytic alcohol oxidation. A control CV recorded without
mediator confirmed that direct (uncatalyzed) anodic substrate
conversion does not occur in the studied potential range (see
Figure S5). In all cases, a typical catalytic response is seen (solid
line), where indirect oxidation of the alcohol enhances the
anodic current compared to the non-catalytic CV (dashed line),
and where the cathodic peak disappears in the reverse scan.
Upon comparing the profiles, it becomes clear that i) significant
catalytic currents can be achieved both with ACT as well as with

Figure 4. Plot of the diffusion coefficients D derived from Randles-Sevcik
analysis vs. A) Mn and B) Mmon/Mn. The shown D values are mean values from
twofold estimations.

Figure 5. CVs of ACT, BTM, 3.6-TPMA, and 26.6-TPMA, recorded at 100 mV s� 1. Conditions: cTU =5 mM, 0.1 M NBu4ClO4 in CH3CN/H2O (8 :1, vol/vol) in the
absence (dashed) as well as in the presence of 0.1 M 4-MBA and 0.45 M NMI (solid line).
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higher molecular weight TEMPO species and ii), that the
catalytic peak current densities jcat decrease with increasing
molecular size. The latter occurs concomitantly with decreasing
jp,a values, whereby the current enhancements do not differ
greatly (jcat/jp,a between 8.2 and 9.6). This suggests that the
overall reaction rate decreases with increasing Mn due to a
curbed diffusion of the mediator.

The catalytic behavior was studied in more detail by
variation of the scan rate. In Figure 6(A), the progression of the
catalytic response is shown exemplarily for 15.0-TPMA. While
initially, an increase in v leads to a strong current enhancement,
the profiles remain nearly unchanged at higher scan rates.
Together with the canonical S-shape of the curves, this suggests
that at high scan rates und sufficiently high electrode potential,
only the kinetics of alcohol oxidation determine the current
response (’pure kinetic conditions’).[28] The same progression of
the catalytic profiles is observed for ACT and BTM as well as for
the other TPMAs (see the Supporting Information).

Figure 6(B) shows the plots of jcat vs. v for seven representa-
tive TEMPO species. Comparison between the plots highlights
the relationship between molecular weight and electrocatalytic
activity. In all cases studied, jcat reaches a plateau value (jmax) at
high scan rates. The plot of jmax against Mn (Figure 6C) initially
shows a sharp drop from 16.3 mAcm� 2 (ACT) to 6.1 mAcm� 2

(15.0-TPMA), whereas the decrease is significantly attenuated
toward higher Mn values. Interestingly, even polymers with Mn

>60 kDa achieve appreciable jmax values despite their extremely
low diffusion coefficients. For example, 126.0-TPMA as the
largest polymer with a D value of only 1.41×10� 7 cm� 2 (as
compared to 1.53×10� 5 cm� 2 for ACT) still achieves a jmax value
of 3.2 mAcm� 2.

Assuming pure homogeneous electrocatalysis, jmax is given
by the following equation,[28a,29]

(3)

with kcat as the homogeneous rate constant, n as the number of
catalyst units required per turnover, and csub as the substrate
concentration (the other parameters are defined above).
Regarding Equation (3), it appears tempting to determine kcat

values for the polymediators. However, in view of the polymer
adsorption described above (Figure 3D), caution should be
exercised in the kinetic analysis of TPMA-catalyzed reactions.
The influence of adsorbed TPMA on the catalytic response is
illustrated in Figure 6(D) using the catalytic responses of 2.5-
TPMA and 71.3-TPMA recorded at 1 Vs� 1 as examples. In both
cases, the measurement was carried out under the same
conditions as in Figure 6(A) (black solid lines), followed by
removal and rinsing of the electrode, and repeated scan after
replacing the electrolyte with a TPMA-free but substrate- and
base-containing solution (red dashed lines). A comparison of
the profiles recorded before and after change of the solution
shows that TPMAs attached to the electrode participate in
substrate oxidation, whereby the heterogeneous contribution
to jcat is much more pronounced for 71.3-TPMA (35%) than for
2.5-TPMA (15%).

Similar to homogeneous electrocatalysts, adsorbed molec-
ular catalysts exhibit S-shaped profiles under pure kinetic
conditions.[28c] An anodic process catalyzed only by adsorbed
TEMPO species would lead to plateau currents given by
Equation (4),[28b]

(4)

where ΓTU corresponds to the surface concentration [mol cm� 2]
of TEMPO units and the other parameters have been defined
above. Assuming that no interactions exist between the
homogeneously and heterogeneously electrocatalytic proc-
esses, the procedure shown on Figure 6(A and D) would in
principle allow separation of the contributions of dissolved and
adsorbed TPMAs (and thus determination of the homogeneous
and heterogeneous kcat values). However, since the catalytic
currents of adsorbed TPMAs in TPMA-free solutions are not
stable over several cycles, analysis of the individual contribu-
tions is not feasible. Still, the jmax values summarized in
Figure 6(C) are well-suited for characterization of the macro-
scopic kinetics since they reflect the overall reaction rate as an
interplay between catalyst diffusion and microscopic rate.

The previously discussed CV results have proven useful in
elucidating the influence of molecule size on redox behavior,
transport processes, and electrocatalytic properties. The knowl-
edge gained and intrinsic parameters determined are important
for the mechanistic understanding and for the comparison of

Figure 6. A) LSVs of 15.0-TPMA, recorded at various scan rates. Conditions:
cTU =5 mM, 0.1 M NBu4ClO4 in CH3CN/H2O (8 :1 vol/vol), 0.1 M 4-MBA, and
0.45 M NMI. B) Maximum achievable current densities (jcat) vs. the scan rate
for ACT, BTM, and five representative polymers. C) Plot of the plateau current
densities achieved under pure kinetic conditions (jmax) against Mn (the shown
jmax values are mean values from two measurements). D) LSVs of 5 mM 2.5-
TPMA and 71.3-TPMA recorded at 1 Vs� 1 in presence of 4-MBA and base
(black solid line); repeated scan after replacing the solution with TPMA-free,
substrate- and base-containing solution (red dashed line).
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the different N-oxyl species. However, it should also be
considered that the conditions in preparative-scale applications
are significantly more complex than in the CV experiments.
Particularly noteworthy are the change of the electrolyte
composition during electrolysis as well as forced convection for
improved mass transfer. To gain a better insight into the
behavior under preparative conditions, controlled potential
electrolyses (CPE) were carried out at E=0.55 V with different
TPMAs in the presence of 4-MBA (Figure 7A). A divided cell was
used in combination with a carbon roving anode[30] and a
platinum cathode. An inexpensive size exclusion membrane
made of regenerated cellulose served as a separator (for more
information see the Supporting Information). The correspond-
ing charge-time profiles are depicted in Figure 7(B). The time
periods required to pass 1.8 F per mole of substrate are
summarized in Table 3 along with the corresponding Faradaic
efficiencies (FE).

In all cases, FEs between 78% and 95% were achieved. A
comparison of the charge-time profiles demonstrates the effect
of the molecular weight on the reaction rate. While the
electrolysis time differed little between ACT (5.6 h) and 2.5-
TPMA (6.6 h), it increased dramatically upon using longer
polymer chains. When 71.3- and 126.0-TPMA were employed,
electrolysis was stopped after 20 h, achieving a charge transfer
of merely 1.77 F and 1.75 F, respectively. Taken together, the
CPE experiments show that smaller TPMAs render attractive

reaction times and FE values. Particularly with 2.5-TPMA, only
minimal changes in overall reaction rate can be observed
compared to ACT, a very encouraging result in view of future
synthetic applications. In contrast, the results obtained with the
larger TPMA’s are less promising. Especially for 71.3-TPMA and
126.0-TPMA, reactions with t >20 h are inacceptable. The
experiments thus highlight the outstanding significance of the
Mn distribution for the development of polymediator-guided
electrochemical syntheses.

Conclusion

In the present study, progress has been made in understanding
electrocatalysis involving TEMPO-modified polymethacrylates
(TPMA) as mediators. It was shown how the molecular weight
affects the key properties of the polymers, revealing that this
aspect plays an important role in the development of poly-
mediated processes. At this point, it is worth summarizing the
most important findings:
1. Cyclic voltammetry is shown to be a simple and effective

method for studying the key-properties of polymediators. At
low to medium scan rates, the non-catalytic voltammetric
profiles of the studied TPMAs are very similar to 4-acetoxy-
TEMPO (ACT) in terms of equilibrium potential, chemical
reversibility, and diffusive character, indicating a non-
interacting electron exchange between electrode and
TEMPO units attached to the polymer chain. Major differ-
ences between the TPMAs are observed for the achievable
redox currents, which is explained by a decrease of the
diffusion rate with increasing molecular size, following the
behavior predicted by the Stokes–Einstein equation. In other
words, short-chain TPMAs can be more rapidly charged than
the larger polymers.

2. To quantify the effect of number-average molecular weight
(Mn) on the diffusion rate, diffusion coefficients (D) conven-
iently estimated via CV turned out useful. For the TPMA
series, the relationship between D and Mn is in good
agreement with an empirical equation reported in the
literature representing random coil polymers in good
solvents.[16,27]

3. The affinity of the polymer to the electrode surface should
be taken into account when studying reactions involving
polymediators. In the present case, all TPMAs tend to adsorb
on the electrode surface regardless of molecular weight.
Polymer adsorption affects the non-catalytic voltammetric
response, especially at low TPMA concentrations and high
scan rates. Both dissolved and adsorbed TPMAs participate
in the catalytic process, whereby the relative heterogeneous
contribution is small for short-chain TPMAs and increases
with increasing Mn.

4. The catalytic currents diminish with increasing molecular
weight, which can be assigned to the decreasing diffusion
coefficients. The maximum achievable catalytic current
under pure kinetic conditions (jmax) is a parameter that can
be conveniently determined for all N-oxyl species and
reflects the interplay between catalyst diffusion, homoge-

Figure 7. A) TPMA-catalyzed anodic oxidation of 4-MBA to anisaldehyde (3)
under potentiostatic conditions. B) Corresponding charge-time profiles for
ACT and different TPMAs. Electrolyte: 0.1 M Bu4NClO4 in CH3CN/H2O (8 :1, v/
v), anode: carbon roving, divided cell, rt. E=0.55 V vs. Ag/AgNO3, 0.075 M 4-
MBA (batch size: 0.75 mmol), 0.11 M NMI.

Table 3. Summary of the results of the electrolysis experiments shown in
Figure 7.

Species q per mole 4-MBA [F] Electrolysis time [h] FE [%][a]

ACT 1.8 5.6 78
2.5-TPMA 1.8 6.6 79
3.6-TPMA 1.8 10.2 93
16.0-TPMA 1.8 15.4 95
71.3-TPMA 1.77 20.0 93
126.0-TPMA 1.75 20.0 80

[a] Faradaic efficiency determined via GC-FID analysis using an internal
standard.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202202730

Chem. Eur. J. 2023, 29, e202202730 (7 of 9) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 10.02.2023

2311 / 283688 [S. 85/87] 1

 15213765, 2023, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202202730 by M

PI 355 Polym
er R

esearch, W
iley O

nline L
ibrary on [07/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



neous rate, and catalysis by adsorbed TEMPO units. It can
therefore serve as a useful measure for comparing the
activity of the polymediators. Compared to ACT, the long-
chain TPMAs provide only about one-fifth of the jmax value.
In contrast, good results are achieved with shorter chains
(2.5 and 3.6 kDa).

5. The trends observed in the CV studies translate well to
controlled potential electrolysis. While all polymers provide
good to very good Faradaic efficiencies, the electrolysis time
prolongs with increasing molecular weight. Promising results
were obtained with short-chain polymers (2.5 and 3.6 kDa),
whereas the large TPMAs tend to give low currents and long
reaction times.
Together with our previous mechanistic work on the

subject,[13] it is now possible to assemble a coherent picture.
From the insights gained, important criteria and design
principles can be derived for future developments.

The current work clearly shows that short-chain polymedia-
tors are needed to achieve useful reaction rates, with
consequences for coupling between electrolysis and membrane
filtration (the latter serving to separate and recycle the
polymers). Preliminary recycling studies on short-chain TPMAs
using dialysis with commercially available porous size-exclusion
membranes (regenerated cellulose, molecular weight cut-off:
1 kDa) already yielded promising results.[12] However, in pres-
sure-driven ultrafiltration using the same membrane material,
short-chain TPMAs were not sufficiently retained to enable
multiple reuse with stable electrolysis performance. Thus, nano-
filtration with dense membranes seems more suitable for
quantitative recovery. However, more studies on polymer
recovery and recycling are needed before applying the concept
under industrially relevant conditions. For the latter, a continu-
ous process in which an electrochemical flow reactor is coupled
with a cross-flow membrane filtration cell appears particularly
promising. Efforts to advance polymediator-guided electrosyn-
thesis are ongoing in our laboratory.

Experimental Section
General remarks: All chemicals were purchased from Alfa Aesar,
Sigma Aldrich or TCI and used as received. The supporting
electrolyte (tetrabutylammonium perchlorate) was purchased from
Sigma Aldrich in electrochemical grade. Acetonitrile was purchased
in HPLC grade from Acros Organics and used as received. Synthesis
and spectroscopic characterization of the TEMPO catalysts is
described in the Supporting Information.

Size exclusion chromatography (SEC): The polymer samples were
dissolved in 1,1,1,3,3,3-hexaflouropropan-2-ol (HFIP) (Fluorochem,
Hadfield, UK) containing 3 gL� 1 of potassium trifluoroacetate. The
SEC instrument was equipped with a PU2080+ pump, an auto
sampler AS1555 and an RI-detector RI2080+ from JASCO. Columns
packed with modified silica were obtained from PSS (Mainz,
Germany): PFG columns, particle size 7 μm, porosity 100 Å and
1000 Å. The column was kept in an oven at constant temperature
of 40 °C. Calibration was carried out with poly(methyl methacrylate)
(PMMA) standards, purchased from PSS (Mainz, Germany). The
samples were prepared at 1–2 mg mL� 1 and filtered through PVDF
syringe filters (pore size 0.2 μm) prior to analysis.

Cyclic voltammetry (CV): The experiments were carried out in a
custom-made three-electrode cell using a PGSTAT 302N (Metrohm
Autolab) or a PGSTAT 128N (Metrohm Autolab). A glassy carbon
disk (diameter: 1.6 mm) served as the working electrode and a
platinum wire as the counter electrode. The glassy carbon disk was
polished using polishing alumina suspension (0.05 μm) prior to
each experiment. As reference, a Ag/AgNO3 electrode (silver wire in
0.1 M NBu4ClO4/CH3CN solution; c(AgNO3)=0.01 M; E0 = � 87 mV vs.
ferrocene/ferrocenium couple)[22] was used, and this compartment
was separated from the rest of the cell with a Vycor frit. NBu4ClO4

(0.1 M, electrochemical grade) was employed as supporting electro-
lyte in an acetonitrile-water mixture (8 : 1, vol./vol.). The electrolyte
was purged with Ar for at least 5 min prior to recording. In order to
account for the iR drop at high catalytic currents, positive feedback
iR compensation was used. The resistance R was determined by
electrochemical impedance spectroscopy prior to each experiment.
Background corrections were made by subtracting the blank
voltammograms from the CVs of the analytes.

Controlled potential electrolysis (CPE): The electrolyses were
carried out in an H-type divided cell using a Vionic Potentiostat
(Metrohm). A size exclusion membrane (regenerated cellulose, MW
cut-off: 1 kDa, Merck) was used as a separator, a carbon roving
wrapped around a PTFE sheet as a working electrode, and a Pt
sheet as a counter electrode. A solution of 0.1 M NBu4ClO4 in
CH3CN/H2O (8 :1) served as the electrolyte, whereby 75 mM 4-
methoxybenzyl alcohol, 110 mM 1-methylimidazol, and 5 mol-%
TPMA (with respect to starting material and TEMPO units) were
added to the anolyte. The anolyte and catholyte solutions (10 mL
each) were prepared separately and filled simultaneously into the
corresponding half-cells with syringes. During electrolysis, the
working electrode potential was maintained at 0.55 V vs. Ag/0.01 M
AgNO3 using the same reference electrode as described for the
cyclic voltammetry experiments. The yields were determined with a
calibrated GC-FID (Trace 1310, Thermo Fisher) equipped with a HP-
5 column (Agilent) using an internal standard (1,3,5-trimethoxy
benzene).
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