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ABSTRACT: Water-soluble redox-active polymers (RAPs) have
emerged as attractive electroactive materials for aqueous redox flow
batteries because these systems rely on readily available size-exclusion
membranes rather than expensive ion-selective membranes. While
incorporating ionic units is the most effective strategy for forming
water-soluble redox polyelectrolytes, little is known about how charges
dictate their electrochemical behavior. Here, we design a series of
water-soluble TEMPO (2,2,6,6-tetramethylpiperidyl-1-oxy) radical
polyelectrolytes with identical radical distribution but various ionic
groups through a sequential postmodification method. Physical and
electrochemical characterizations show disparate diffusion coefficients
(D) and charge transfer kinetics (k0) of these radical polyelectrolytes at
various pH. Particularly, pH exerts a strong impact on k0 of the negatively charged polymer (i.e., with carboxylic acid groups). The
bimolecular reaction rate kex determined from redox-induced polymer films shows electrostatic interactions between charged
segments can enhance the electron self-exchange reaction rate by ten folds. The results suggest that charge effects are of great
importance when designing water-soluble redox polymers for electrochemical applications.

■ INTRODUCTION

Aqueous redox flow batteries (ARFBs) have emerged as large-
scale and safe energy storage systems that are ideal for storing
renewable energy from solar or wind farms.1−5 However, when
traditional inorganic and small organic redox-active com-
pounds are employed as electroactive materials, ARFBs require
the use of expensive ion-selective membranes (i.e., Nafion),
which account for up to 40% of the total cost.6,7 In contrast,
redox-active polymers (RAPs) possess high molecular weights
and large hydrodynamic volumes,8 which enable polymer-
based ARFBs to use more cost-effective semipermeable
membranes, such as dialysis membrane. The controlled pore
size of the membrane prevents polymers from crossing over
while allowing rapid ion diffusion.9−11 Since many organic
redox-active molecules are hydrophobic, the corresponding
polymers are often water-insoluble or have very low water
solubility. Therefore, incorporating hydrophilic units to make
redox-active copolymers water-soluble is essential for polymer-
based ARFBs.11

Polyelectrolytes are generally water-soluble, forming charged
polymer chains surrounded by dissociated counterions.12,13 In
many cases, their chain conformations and charge states vary
with pH,14 ionic strength,15 and electrostatic interactions.16

One interesting behavior of polyelectrolytes is their movement
driven by an external electric field, which is the basis of the
well-known gel electrophoresis techniques for analyzing

charged biopolymers, such as DNA and proteins. In the past
two decades, polyelectrolytes have emerged as functional
materials for antifouling coatings,17 ultrafast responsive
electronics,18 and solid polyelectrolyte membranes in high-
capacity batteries and fuel cells.19 Inspired by polyelectrolytes,
ionic monomers can be incorporated into RAPs to form a class
of water-soluble, redox-active polyelectrolytes. The first
example of using this type of polymers in an ARFB was
demonstrated by Schubert and co-workers who exemplified the
synthesis of positively charged RAPs as catholyte and
anolyte.11 Recent work from the same group reported another
water-soluble RAP by incorporating a zwitterionic comono-
mer.20 The water solubility of RAPs could also be improved
through the addition of water-soluble neutral monomers, such
as oligopoly(ethylene glycol) acrylate.21 Evaluation of ARFBs
consisting of these materials has shown great promise with the
benefit of using low-cost, semipermeative membranes.
It is known that electric fields can dictate the migration,

deposition, desorption, and multilayer formation on electrode
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surfaces.22,23 Early theoretical studies by Netz16 using dynamic
simulations determined a critical electric field required for
unfolding a collapsed polyelectrolyte chain. The work also
revealed that the electric field controlled the movement of
polyelectrolyte chains and associated counterions. When
incorporating redox-active groups, the resulting polyelectro-
lytes under certain potential bias will show a Faradaic
electrochemical activity and could still experience an electro-
static force (even the electric field strength would be weaker
than the electrophoresis). Although there is great interest in
the electrochemical reactivity of redox-active polyelectrolytes,
studies on their electrochemical kinetics, however, are mostly
carried out in organic solvents for nonaqueous RFBs.10,24 For
example, Rodriguez-Lopez and co-workers studied the electro-
chemical kinetics of RAPs in organic electrolytes with a
particular interest in the effect of ionic strength and salt
concentration.25 Using positively charged viologen-based RAPs
as examples, the authors found that the increased salt
concentration in an acetonitrile electrolyte can drive chain
collapse and RAP adsorption on the electrode surface. The
change of hydrodynamic radii of polyelectrolytes resulted in
the change of solution viscosity hence the diffusion and charge
transfer even at 10:1 ratio of supporting electrolytes to active
species. These seminar work suggest a very different behavior
of redox-active polyelectrolytes to those small molecular
counterparts. Nevertheless, little is known about how different
charges on redox-active polyelectrolytes dictate their redox
performance in an aqueous media at various pH, which is of
great significance to their application in ARFBs.
To this end, we have designed a library of redox-active

polyelectrolytes containing pendant 2,2,6,6-tetramethylpiper-
idyl-1-oxy (TEMPO) groupsstable radical species with well-
defined redox activity and widespread use in polymer-based
energy storage.26 The postpolymerization modification method
was used to convert poly(t-butyl acrylate) (PtBA) to a panel of
radical polyelectrolytes containing negatively charged, pos-
itively charged, or zwitterionic groups (Scheme 1). The
sequential modification method affords these polymers with
the same proportion and distribution of TEMPO groups, but
different ions. This strategy was designed to understand the
constitutional impact of charges on electrochemical behavior of
these radical polyelectrolytes. We applied dynamic light

scattering (DLS), cyclic voltammetry (CV), and linear sweep
voltammetry (LSV) with rotating disk electrode (RDE)
techniques to extrapolate the diffusion, adsorption, and
electron transfer kinetics of these polymers. We discovered
that the ionic states strongly influence the electrochemical
redox behaviors of these radical polyelectrolytes, suggesting the
critical importance of ions in designing and applying RAPs for
ARFBs.

■ EXPERIMENTAL SECTION
Materials. The inhibitor in tert-butyl acrylate (tBA, Aldrich,

>99%) was removed before use by passing through a basic alumina
column. The following reagents were used as received: alumina,
activated basic (Aldrich, rockmann I, standard grade, ∼150 mesh, 58
Å), triethylamine (TEA, Fluka, 98%), trifluoroacetic acid (TFA,
Aldrich, ≥99.0%) silica gel 60 (230−400 mesh) ATM (SDS), TLC
plates (silica gel 60 F254), sodium chloride (Univar, 99.9%),
hydrogen peroxide 30% w/w (Univar, AR grade), N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC·
HCl, Aldrich, 97%), 4-amino-2,2,6,6-tetramethylpiperidine (Aldrich,
98%), N,N-dimethylethylenediamine (Aldrich 95%), iodomethane
(Aldrich, 99%), and acetic anhydride (Chem Supply). All the
common solvents were AR grade and used as received. The following
initiators, ligands, and metals for polymerizations were used as
received unless otherwise stated. Methyl-2-bromopropionate (MBP,
Aldrich, 98%), copper(II) bromide (CuBr2, Aldrich, 99%), fresh
polished copper wire (d = 0.5 mm). Buffer solutions used in this work
were 0.1 M PBS (pH 5.8 and 7.3) and carbonate buffer (pH 9.0). pH
values of all buffer solutions were measured by a Hanna pH meter.

Synthesis of Radical Polyelectrolytes. Synthesis of Negatively
Charge Radical Polyelectrolyte P1. PAA (2.0 g, 27.75 mmol
carboxylic acid) was weighed to a 250 mL flask and dissolved with
DMF (50 mL). EDC·HCl (3.99 g, 20.71 mmol) was added to the
above solution, which was cooled with an ice-bath. 4-Amino-TEMPO
(2.85 g, 16.65 mmol, 0.6 equiv to carboxylic acid) was dissolved in
DMF (50 mL) and, then, was added to the above PAA/DMF solution
dropwise by a constant pressure funnel within 30 min. Two days later,
the reaction solution was concentrated by airflow to remove most of
DMF and then dialyzed against ethanol to remove remaining DMF.
After dialysis, the solution was concentrated, precipitated in diethyl
ether, and filtered to obtain the product as a pink powder, which was
dried under a high vacuum at 25 °C (3.8 g, yield = 84%).

Synthesis of Tertiary Amine Functional Radical Polymer P2. The
polymer P1 (1.98 g) was added to a 50 mL flask and dissolved in 20
mL of DMF. EDC·HCl (3.51 g, 18.32 mmol) was added to the above
solution and cooled with an ice-bath. N,N′-dimethylethylenediamine

Scheme 1. Synthesis of Radical Polyelectrolytes with Different Charges through a Sequential Post-polymerization Modification

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00519
Macromolecules 2022, 55, 5733−5743

5734

https://pubs.acs.org/doi/10.1021/acs.macromol.2c00519?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00519?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(1.29 g, 14.63 mmol) was dissolved in 10 mL DMF and, then, was
added to the above solution using a dropping funnel. Forty-eight
hours later, the reaction solution was dialyzed against MeOH/H2O
(v/v = 20/80) and then dialyzed against EtOH. Finally, the solution
was concentrated and precipitated in diethyl ether to obtain the
product as a pink powder, which was dried under a high vacuum at 25
°C (2.23 g, yield = 74%).
Synthesis of Positively Charged Radical Polyelectrolyte P3. The

polymer P2 (0.3 g) was dissolved with 3 mL of DCM in a 20 mL vial.
Iodomethane (0.13 g) in 1 mL of DCM solution was added to the
above polymer solution dropwise. Four hours later, the polymer
precipitated out, and the solvent was removed under airflow. The
polymer was dissolved in 3 mL of H2O, and the Amberlite IRA-900
chloride form was added to replace the iodide ion with the chloride
ion. The solution was filtered through the cotton and then freeze-
dried to obtain the product (0.265 g).
Synthesis of Zwitterionic Radical Polyelectrolyte P4. The

polymer P2 (0.4 g) was dissolved in 5 mL of MeOH, and Na2WO4

(0.05 g, 0.17 mmol) was added. Then, hydrogen peroxide (30%
solution, 0.3 mL) was slowly added, and the reaction was allowed to
proceed for 24 h. The reaction solution was dialyzed against DI water
and freeze-dried to obtain red powder (0.32 g).
Structure Characterizations. Size Exclusion Chromatography

(SEC). PtBA was dissolved in THF and filtered by using a 0.45 μm
PTFE syringe filter. Analysis of the molecular weight distributions of
the polymers was accomplished using a Waters 2695 separations
module, fitted with a Waters 410 refractive index detector at 25 °C.
All samples were eluted in THF at a flow rate of 0.2 mL min−1.
Calibration was performed using narrow distribution polystyrene
standards (Đ < 1.1) ranging from 500 to 2 million g mol−1.

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spectra
were recorded on Thermo Nicolet Nexus 870 ESP FT-IR/NIR
Spectrometer. Spectra were recorded between 4000 and 500 cm−1 by
acquiring 64 scans at 4 cm−1 resolution. Without further sample
preparation, solid power samples were pressed directly onto the
diamond internal reflection element for measurements.

Nuclear Magnetic Resonance (NMR) Spectroscopy. All 1H NMR
spectra were recorded on a Bruker 500 MHz at 25 °C using an
external lock (methanol-d4) and referenced to the residual non-
deuterated solvent.

Dynamic Light Scattering (DLS). Characterizations of polymer
solutions were carried out on a Malvern ZetaSizer NS. Radical
polyelectrolytes were dissolved in 0.1 M buffer at 10 mg/mL and
filtered through 0.2 μm syringe filter to remove dust. The solution was
transferred to a DTS1070 cell for size and zeta potential measure-
ments. The detection angle was 173° backscatter. Data were averaged
based on three measurements.

Electrochemical Methods. Electrochemical characterization,
including cyclic voltammetry (CV), linear scan voltammetry (LSV)
at a rotating disk electrode (RDE), and chronoamperometry (CA),
were carried out on a Gamry Interface 1010E potentiostat
(Warminster, PA, USA) using a standard three-electrode cell
equipped with an ALS RRDE-3 rotating disk working electrode
(BAS Inc. Tokyo, Japan). A platinum wire was used as a counter
electrode and a Ag/AgCl as a reference electrode. The glassy carbon
working electrode with a diameter of 3 mm was polished with Al2O3
power (0.05 μm) and rinsed with Mini-Q water and acetone before
use. Radical polyelectrolytes (15−18 mg) were dissolved in 1 mL of
water, out of which 200 μL was taken and diluted in 10 mL of 0.1 M
PBS buffer solution at pH of 5.8, 7.3 and carbonate buffer pH of 9.0,
resulting in a TEMPO radical concentration of 1 mM. The ionic

Figure 1. 1H NMR spectra of radical polyelectrolytes (a−d, P1−P4) in methanol-d4 in the presence of a catalytic amount of Pd/C and ammonium
formate.
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strength of these buffers was 0.22, 0.33, and 0.22 mol/L for pH of 5.8,
7.3, and 9.0, respectively. For RDE measurement, the rotating speed
varied from 400 to 2000 rpm.
For adsorption experiments, a freshly polished GC working

electrode was used to run a CV experiment of radical polyelectrolyte
solution (1 mg/mL in 0.1 M pH 9.0 buffer) at a scan rate of 50 mV
s−1 for 10 cycles. The electrode was then carefully rinsed with Milli-Q
water and immersed in a blank pH 9.0 buffer to run the CV and CA
experiments. When switching between different polymers, the
working electrode was polished with Al2O3 power (0.05 μm), rinsed
with Mini-Q water, and a CV was run to ensure no bound polymers
were leftover before the next measurement.
The absorbed thin layer undergoes a reversible redox reaction. The

observed peak current is symmetrical with a very small peak-to-peak
gap. The electroactive coverage, Γ (mol cm−2), can be calculated

according to the equation = υΓI n F A
RTp 4

2 2
, where n is the number of

electrons, F is the Faradaic constant, A is the electrode surface area
(cm2), ν is potential scan rate (V s−1), R is the gas constant, and T is
the temperature (298 K). From the slopes in d−e, surface
concentration Γ (mol cm−2) can be calculated. Charge density (μC
cm−2) = 103*F*Γ.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterizations of Radical
Polyelectrolytes. Radical polyelectrolytes with pendant
TEMPO groups were synthesized through a sequential,
postpolymerization modification method. First, PtBA100 with
100 repeating units was obtained by Cu(0)-mediated single-
electron transfer radical polymerization (SET-LRP),27 a living
polymerization technique that can control the chain length
with narrow dispersity (Đ). Size exclusion chromatography
(SEC) showed a number-average molecular weight of 16 160
g/mol and Đ of 1.06 (Figure S1). PtBA100 was readily
converted to poly(acrylic acid) (PAA100) in the presence of
trifluoroacetic acid (Figure S2). PAA was then used as a parent
polymer to couple with 4-amino-TEMPO (see Supporting
Information) and convert 60% of the carboxylic acid groups to
TEMPO functional amide. The unmodified carboxylate groups

impart negative charges to the radical polyelectrolyte (P1)
(Scheme 1). 1H NMR spectra (Figure 1) of all radical
polymers were recorded in deuterated methanol in the
presence of Pt/C and ammonium formate to reduce the
radical to its hydroxylamine form. From the 1H NMR
spectrum of P1, the new peak at 4.15 ppm compared to
PAA indicated the successful conjugation of TEMPO radicals
(Figures 1a and S2). The calculated grafting efficiency was
92%, providing 55 TEMPO radicals per polymer chain. The
rest 45 carboxylic acid groups on P1 were then coupled with
N,N′-dimethylaminoethyl amine (DMEA) to afford polymer
P2. Compared to P1, new peaks at 2.3−2.6 and 3.3 ppm were
ascribed to the tertiary amine groups, indicating a 93%
conversion or 42 tertiary amine groups per polymer chain
(Figure 1b). P2 was then converted into positively charged
polyelectrolyte P3 through quaternization of the tertiary
amines with iodomethane (Scheme 1). To avoid the
interference of I− ions in electrochemical reactions, P3 was
treated with an anion-exchange resin to replace iodide with
chloride ions. The broad peak at 2.3−2.6 ppm in P2 shifted to
3.2−3.5 ppm in P3, suggesting the quantitative conversion of
tertiary amines to ammonium ions, providing 42 positively
charged units in P3 (Figure 1c). In parallel, the tertiary amines
on P2 were also converted to trimethylamine N-oxide
groups,17 resulting in the zwitterionic radical polyelectrolytes
P4. Overoxidation was avoided by using Na2WO4 and H2O2

instead of m-chloroperoxybenzoic acid (mCPBA), as the latter
could convert a TEMPO radical to an oxoammonium
cation.28,29 Consistent with this selective oxidation, no
noticeable oxoammonium peak was observed between 1550
and 1650 cm−1 in ATR-IR spectra, suggesting that the radicals
in P4 remained intact (Figure S3).29 The enhancement of the
peak at 3.3 ppm in P4 was consistent with the formation of the
target N-oxide. The oxidation efficiency was nearly quantita-
tive, providing 42 N-oxide units per polymer chain in P4
(Figure 1d).

Figure 2. Solution characterization of radical polyelectrolytes in different buffer solutions using ZetaSizer, (a) Diffusion coefficient (DDLS), (b) zeta
potentials, and (c) electrophoresis mobility of P1−P4 at the concentration of 1 mg mL−1. Buffer solution: 0.1 M PBS buffer at pH 5.8, 7.3, and 0.1
M carbonate buffer pH 9.0.
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Colloidal Properties of Radical Polyelectrolytes. Since
the carboxylic acid and tertiary amine groups in P1 and P2 are
weak acids and weak bases, respectively, we next conducted
colloidal characterizations of P1 to P4 in buffer solutions with
0.1 M of NaCl. The acidic phosphate buffer at pH 5.8 was
close to the pKa of PAA but not very acidic to avoid the
possible disproportionation of nitroxide radicals.30 The basic
carbonate buffer at pH 9.0 is well above the pKa of the tertiary
amine groups (approximately 7.5).31 Previous studies showed
that the diffusion coefficient of sodium polyacrylate (PAANa)
decreased with increasing pH, as the electrostatic repulsion of
charged chain segments is strong enough to stretch the
polymer chains.32 Here, we did not observe such a trend for P1
because, at the lower pH, P1 (with 55% of hydrophobic
TEMPO groups) started to aggregate (Figure S4). When the
pH increased above the pKa of PAA (i.e., 5−6),33 P1 was well
solubilized in water and the polymer chains may not stretch
out as PAA due to the randomly distributed TEMPO units
weakening the intramolecular repulsion. As such, the diffusion
coefficient of P1 measured by DLS (DDLS) at different pH were
very similar (Figure 2a). In fact, DDLS for all polymers were
relatively close except for P2, which showed the smallest DDLS
at pH 9.0 due to large aggregations formed above its pKa
(Figure S4). This ionic effect on the diffusion coefficient
(DDLS) of P1−P4 is consistent with their zeta potentials
illustrated in Figure 2b. P1 showed a zeta potential of −15 mV
at pH 5.8 and became slightly more negative to −16 mV in pH
7.3 and 9.0 buffer solution, due to nearly quantitative
dissociation of PAA units. P3, with permanent positive
charges, had a zeta potential of about +11 mV, and P4, with
N-oxide groups, showed slightly negative potentials of −1.4 to
−6.4 mV at pH values of 5.8 and 9.0, respectively. While the
results agreed with previous reports of zwitterionic polymers,34

we believe that the slightly decreased zeta potentials of P4
could result from a small proportion of unreacted PAA units,

which would be ionized at elevated pH. This explanation also
agreed with changes in zeta potentials of P2 from +12.4 to +8.0
to −5.0 mV at pH values of 5.8, 7.3, and 9.0, due to the
deprotonation of both tertiary amines and carboxylic acids at
the highest pH.35 While the zeta potentials are derived from
mobility, the latter more directly reflects the electrophoretic
behavior. P1 and P3 displayed mobility of approximately 1.0 ×
10−8 m2 V−1 s−1, showing a trend similar to their zeta
potentials. Notably, the mobility for P4 was also 0.5−1.0 ×
10−8 m2 V−1 s−1 and close to P3, even though their absolute
zeta potentials were much smaller. This result suggests that
fewer electrostatic interactions between polyelectrolytes and
counterions in zwitterionic P4 exert a small dragging effect on
the polymer colloids, thus large mobility.16 The absolute zeta
potentials of these polyelectrolytes were less than 30 mV,
indicating a propensity for weak colloidal stability. Therefore,
subsequent electrochemical experiments were carried out in a
dilute solution at a TEMPO concentration of 1 mM,
equivalent to a polymer concentration of approximately 0.3 g
L−1.

Electrochemistry Behavior of Radical Polyelectro-
lytes in Aqueous Media. Postpolymerization modification of
PAA with 4-amino-TEMPO created amide linkages between
TEMPO radicals and the polymer backbone. Electrochemical
studies of these polymers were compared with their small
molecule analogue, 4-acetyl-TEMPO (ACT). Since both ACT
and polymers possess the same amide group at the 4-position
on the six-membered ring of the TEMPO radical, it eliminated
the substitution effect.36 Cyclic voltammetry (CV) was used to
determine their formal redox potentials (E0 ≈ E1/2 =
(Epa+Epc)/2)) (Table S1). Figure 3a displays a typical
comparison of CVs at pH 7.3 with the TEMPO concentration
at 1 mM. While P1, P3, and P4 show similar cathodic and
anodic peaks as ACT, P2 presents a smaller cathodic current
than the anodic one due to the oxidation of tertiary amine

Figure 3. Cyclic voltammetry characterization radical polyelectrolytes P1−P4 and ACT in buffers. (a) Typical comparison of cyclic
voltammograms of P1−P4 with ACT at pH 7.3. (b) Average redox potentials based on Table S1 (c) Randles−Sevcik plot of P1, P3, and P4 at pH
7.3. (d) Diffusion coefficient (DCV) of P1, P3, and P4 derived from CV measurement at different pH (solid, based anodic current; open, based on
cathodic current). The TEMPO radical concentration for all polymers was 1.0 mM in 0.1 M NaCl at pH 7.3.
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groups catalyzed by the oxoammonium group, the oxidized
form of TEMPO.37,38 Such an electrochemical-chemical
reaction is further evidenced by the gradual disappearance of
cathodic peaks when decreasing the scan rate from 50 to 10
mV s−1 (Figure S5). When comparing the redox potential of all
polymers, there was only a mild difference for a specific radical
polyelectrolyte at different pH (Table S1). However, the
polymer backbone and ions moderately increase the redox
potential of polymers compared with ACT (0.67 V) (Figure
3B). Previous work by Frontana and Cardoso has demon-
strated the presence of different microstructures (i.e., tactical
arrangement of TEMPO groups) in radical polymers altered
their redox potential.39 They also found that with the oxidation
of TEMPO radicals to oxoammonium cations, the polymer
chain with more positively charged groups showed an
increased redox potential owing to the electron-withdrawing
effect from oxoammonium groups. Therefore, we propose that
the increase of redox potentials could result from a
combinational effect of the polyacrylamide backbone and
ionic effect, both of which dictate the redox process. The
former contributes to the higher redox potential of polymers
than ACT. While the latter leads to the discrepancy between
P1−P4 through long-distance electronic inductive effect from
ionic units, the negatively charged P1 experienced an electron-
donating effect showing slightly lower E1/2 of 0.70 V than that
of P2 and P3 (i.e., 0.73 V) an electron-withdrawing effect.
Additionally, the electrostatic repulsion or attraction between
ionic groups and oxoammonium cations could alter polymer
conformations and affect the orientation of the TEMPO
radicals for electron transfer.40 Because of the side reaction and
low solubility of P2 in pH 9.0 buffer solution, we could not
reliably obtain its electrochemical parameters (Figure S6);
therefore, the following electrochemical studies focused on P1,
P3, and P4.

The diffusion coefficients (DCV) measured by CV were
derived from the Randles−Sevcik equation (eq 1) through the
plot of peak currents, ip, (A) versus the square roots of scan
rates, v, (V s−1) (Figure 3c) and illustrated in Figure 3d.

ν= ×i n AD C2.69 10p
5 3/2

CV
1/2 1/2

(1)

where n = 1 is the electron transfer number, A is the electrode
area (0.07 cm2), and 3.0−3.6 mg radical polyelectrolytes were
dissolved in 10 mL of buffer to make the TEMPO radical
concentration of C of 1.0 × 10−6 mol cm−3. For a given radical
polyelectrolyte at a defined condition (i.e., pH and ion
strength), DCV for the anodic and cathodic processes were
similar in value, suggesting a quasi-reversible redox reaction
(Table S1). In fact, the measured diffusion of radical
polyelectrolytes under an applied potential bias (DCV) is a
combined effect of the Brownian diffusion (DDLS) and
migration through a field-induced directed motion (FIDM).
For charged small molecule analytes, migration could be
suppressed by adding excess inert electrolytes. As to ionic
RAPs, such as radical polyelectrolytes, migration under electric
field, that is, FIDM, could remain significant.25 It is expected
that DCV for radical polyelectrolytes consisting of different ions
could be drastically disparate. When measured under the same
condition, DCV of P1, P3, and P4 at various pH were mostly
higher than those DDLS, suggesting possible migration
contributions exerted by the FIDM to the total mass transport
(Table S1). This is particularly the case for P1 as DDLS values
were 4−6 × 10−8 cm2 s−1 and relatively constant at three pH
values (Figure 2a), but DCV values were one order of
magnitude greater than DDLS. Moreover, DCV of P1 increased
significantly from ∼2.0 × 10−7 to ∼1.0 × 10−6 cm2 s−1 with pH
increasing from 5.8 to 9.0 (Figure 3d), primarily because of
increased ionization of carboxylic acids resulting in polymers
that are more attractive to the electrode. While DCV values for

Figure 4. RDE measurements of P1 in a pH 7.3 buffer with 0.1 M NaCl and analysis. (a) Linear scan voltammograms of P1 (TEMPO radical
concentration at 1.0 mM) at 10 mV s−1 at various rotation speeds from 400 to 2000 rpm. (b) The Levich plot of limiting currents (adopted at 0.9 V
vs Ag/AgCl) vs the square roots of rotation rates. (c) The Koutecky-́Levich plot for different overpotentials η to obtain the kinetic current ik (when
ω−1/2 approaches zero). (d) The Tafel plot of kinetic currents ik vs overpotentials η to obtain the heterogeneous electron transfer rate constant k0.
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positively charged P3 were relatively close to those DDLS, those
of zwitterionic P4 were four to six times higher than DDLS
because of their comparable electrophoretic mobility illustrated
in Figure 2c. Notably, DCV for both P3 and P4 were relatively
constant at three different pHs because of their less sensitivity.
Such electrostatic attraction or repulsion effects found in P1
and P3 were more prominent than in zwitterionic P4,
explaining that the redox potential E1/2 and DCV of P4 were
somewhere between negatively charged P1 and positively
charged P3 at elevated pH (i.e., 7.3 and 9.0). Although this
long-range electrostatic force that influences the diffusion of
radical polyelectrolytes is based on the charge types and ionic
strength (not too much different here, 0.22−0.33 mol/L), CV
measurements could overestimate the results due to the
electrical double layer (EDL) effect, which could also
complicate the determination of electron transfer kinetics.
Electron transfer kinetics of RAPs are vitally important for

battery applications. Therefore, we next tried to understand
how the charges on radical polyelectrolytes influence their
electron transfer kinetics. Linear sweep voltammetry (LSV) at
a rotating disk electrode (RDE) was carried out to (i) provide
a defined thickness of the hydrodynamic boundary layer, which
does not change with time, and (ii) minimize the EDL effect
during the potential sweeping. The convection flow brings
charged polymer chains from bulk solution into the boundary
layer at the electrode surface to reach a steady state, known as
the stagnant layer (Figure 4a). This hydrodynamic boundary
layer δH has a thickness between 250 and 500 μm depending
on the rotating rates. The diffusion layer thickness, δD, is much
smaller than the stagnant layer, inside which polymer chains
remain diffuse to the close proximity of the electrode for the
electron transfer reaction (Figure S7). Notably, the rotating
speed could change the chain conformation of radical
polyelectrolytes, thereby influencing the charge transfer at

the electrode surface and charge self-exchange. While increased
rotating speed can induce large conformational changes, the
polymer chains could be rapidly swept away from the
electrode. At the low rotating rate, polymer chains stay longer
at the electrode surface, but the conformational changes would
be also minor. We, therefore, suppose that the overall impact
of RDE on the electron transfer at the electrode surface could
be relatively constant. LSV combined with RDE provides a
more reliable means to obtain the diffusion coefficient, DRDE,
and heterogeneous electron transfer rate constant, k0, of RAPs,
enabling us to elucidate a more accurate impact of charges on
the electrochemical behaviors. LSV with an RDE of P1, P3,
and P4 were tested in three buffer solutions at a TEMPO
radical concentration of 1 mM. Figure 4a showed typical LSV
curves at different rotating speeds, from which limiting
currents (iL) were taken at a potential of 0.9 V vs Ag/AgCl.
From the Levich plot, we can derive the diffusion coefficients
(DRDE) through the Levich equation (eq 2)

υ ω= −i nFAD C0.62L RDE
2/3 1/6 1/2

(2)

where n = 1 is the number of electron transfer, F is the Faraday
constant (96485 C s−1), A is the electrode area (0.07 cm2), υ is
kinematic viscosity (1.01 × 10−2 cm2 s−1 for the 0.1 M buffer
solution), C is the TEMPO radical concentration (10−6 mol
cm−3), and ω is the angular rotation rate of the electrode (rad
s−1). From the CV of radical polymers in buffers, we
determined their E1/2 at 10 mV s−1, and then used it to
obtain the measured currents (im) at different overpotentials
(η) from LSV curves. Figure 4c illustrated a typical Koutecky−́
Levich plot (eq 3) with the overpotential η from 10 to 80 mV.
The kinetic currents (ik) were obtained when ω−1/2

approached zero (i.e., very high rotating speed to reach
maximum mass transfer) through their intercepts of each linear
fit.

Figure 5. LSV curves normalized to their E1/2 for (a) P1 in buffer solution at different pH and (b) P1, P3, and P4 at pH 7.3 buffer solution; all
voltammograms were recorded at a rotating rate of 2000 rpm. A comparison of (c) diffusion coefficient (DLSV) obtained from the Levich plots (eq
2) and (d) heterogeneous electron transfer rate constants (k0) obtained from the Koutecky−́Levich equation (eq 3), the Tafel plots, and the
Butler−Volmer equation (eq 4) for P1, P2, and P3 at three different pH buffer solutions. The TEMPO radical concentration was 1.0 mM.
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= +
i i i
1 1 1

m k L (3)

The Tafel plot was then achieved by plotting the log(ik)
against the corresponding overpotentials. The exchange
current i0 was derived by extrapolating the linear fit to get
the intercept, that is, η = 0 (Figure 4d). The heterogeneous
electron transfer rate constant k0 was obtained through the
Butler−Volmer equation (eq 4)

=i nFACk0
0

(4)

All three polymers P1, P3, and P4, were tested in three pH
buffer solutions (Figure S8−S16). The diffusion coefficients
from LSV (DLSV) and rate constant k0 were listed in Table S1.
Figure 5a showed the LSV curves of P1 recorded at a

rotating speed of 2000 rpm in different pH buffer solutions and
corrected according to their redox potential E1/2. At η = 0, a
significant increase of exchange current was observed when
increasing pH, suggesting an inherent increase of k0. Whereas
at a large overpotential (η > 0.2 V), the increasing currents
indicated an increased diffusion coefficient (DLSV) when P1
was largely ionized at a higher pH. A similar trend was
observed when comparing P1, P3, and P4 in the same buffer
(i.e., pH = 7.3) at the same rotating speed (2000 rpm). P1
displayed a much higher exchange current than P4, followed by
P3, because of the nearly full ionization of carboxylates being
more attractive to the electrode surface. When the three
polymers were tested in three different buffer solutions, we
obtained a full spectrum of DLSV and k0 (Figures 5c and 5d).
Since RDE measurements minimize the influence of mass
transfer, DLSV thus reflects how different charges on these
radical polyelectrolytes diffuse at the electrode surface. P3 and
P4 demonstrated diffusion coefficients of ∼5 × 10−8 cm2 s−1

and 1 × 10−7 cm2 s−1, respectively, close to previous
reports.11,20 Notably, the pH of the buffer only exerted a

small influence on the diffusion and electron transfer of
permanently charged P3 and P4. Still, it altered DLSV and k0 of
P1 through its pH-responsive carboxylic acid groups. At pH
9.0, P1 diffused three to five times faster (2.69 × 10−7 cm2 s−1)
than P3 and P4, and the electron transfer rate constants k0

(2.35 × 10−3 cm s−1) were five to ten times higher than P3 and
P4 (Figure 5c and 5d). Presumably, the negatively charged
chain segments in P1 coordinate the fast reorganization of
TEMPO units at the positively charged anode surface.
Together with the contribution of anion self-doping,41 a
rapid electron transfer process is achieved.

Electrochemistry of Surface-Adsorbed Radical Poly-
electrolyte Films. Physisorption of RAPs on the electrode
surface has been observed in previous research.9,24,25 If the
adsorption occurs, the electron transfer is then mediated by the
self-exchange between the adsorbed polymer layer and
solubilized polymer chains. Physical adsorption of these
polyelectrolytes may occur even prior to charge transfer by
an adsorbate-induced electric double layer, a phenomenon of
the electrode that is characteristic with the potential of zero
charge (Epzc).

42 To investigate the Epzc effect, we carried out
potential-impedance experiments to find out the Epzc
corresponding to the minimum differential capacitance Cdiff
for both glassy carbon and platinum electrodes in all three
buffer solutions with or without P1 (Figure S17).43 It was
found that there were no noticeable changes in Epzc values,
even when increasing the concentration of buffer solution from
0.1 to 1.0 M. Moreover, switching the working electrode from
glassy carbon to Pt did not induce a noticeable shift of peak
potentials (Figure S18), suggesting a minor or undetectable
Epzc effect on polymer adsorption. However, the adsorption
could occur before the redox reaction takes place and might be
different for radical polyelectrolytes with different ions. We
then carried out CV experiments in a P1 solution with different
potential windows to test the adsorption behavior. It was found

Figure 6. (a) CV curves of adsorption films of P1, P3, P4, and blank electrode in pH 9.0 at 50 mV s−1. (b) Calculated surface concentration of
adsorption films according to Figure S20. (c) Cottrell plots π=i nFACD t/( )et

1/2 1/2 of adsorption films of P1, P3 and P4 with a potential step from 0
to 0.8 V vs Ag/AgCl, and (d) the calculated kex according to the Dahms−Ruffs equation.
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that the adsorption predominately occurs during the redox
reaction (i.e., 0.4 to 0.9 V vs Ag/AgCl), and only minor
adsorption was observed prior to the electron transfer (i.e.,
−0.4 to 0.4 V vs Ag/AgCl) (Figure S19). Therefore, the
adsorption experiments were carried out during the redox
reaction to investigate the interactions between polymers and
electrode surfaces. It is noted that the adsorbed film also acts as
an active layer that mediates the electrolysis of radical
polyelectrolytes in the solution through a bimolecular self-
exchange reaction.
Rodriguez-Lopez9 reported adsorption of positively charged

viologen polymer on the electrode surface during the reduction
process. The adsorption is believed to form a film as the
surface charge density was more than 100 μC cm−2, a value
much higher than the monolayer (i.e., 10 μC cm−2). Here, a
GC working electrode was exposed to radical polyelectrolyte
solutions of P1, P3, and P4 at 1 mg mL−1 in pH 9.0 buffer. The
electrode was subjected to five cycles of CV scanning at 50 mV
s−1. The electrode was carefully rinsed with Milli-Q water and
immersed in a blank pH 9.0 buffer. The resulting CV showed a
typical redox peak of TEMPO with formal redox potentials
similar to those measured in the solution (Figure 3a). Notably,
the very symmetrical redox peaks and the proportional increase
of peak current to the scan rates suggest a surface-adsorbed
polymer layer, enabling an estimation of the surface radical
concentration of polyelectrolyte films (Figure S20). It was
found that P1 showed 45.8 μC cm−2, 50% higher than P3 and
P4 (∼30 μC cm−2). Interestingly, when CV measurements
were run with an RDE, more prominent adsorption for P1
(57.5 μC cm−2) was found (Figure S21), possibly because of
the convection flow eliminating the concentration gradient
impact and the opposite charge interaction now dominating
the adsorption process. Next, chronoamperometry (CA)
experiments were conducted for those adsorbed films that
formed without using RDE (Figure S22) as their thickness
were very close (Figure 6b). From the Cottrell plots of P1, P3,
and P4, we could obtain the charge diffusion coefficient Det for
a semi-infinite diffusion process by fitting the early stage of the
current decay (i.e., 0.1−0.2 s) (Figure 6c).44 Using the
Dahms−Ruffs equation,45 we then calculate the bimolecular
self-exchange rate constant (kex) (Figure 6d). kex for the
negatively charged P1 (2.28 × 106 M−1 s−1) and zwitterionic
P4 (1.98 × 106 M−1 s−1) were found to be nearly one order of
magnitude greater than the positively charge P2 (2.83 × 105

M−1 s−1). While all kex values lie in the range of 104−106 M−1

s−1 and are consistent with the previous report,44 our system
could reveal the charge impact of polyelectrolytes on the self-
exchange reaction kinetics. Since the chain segments could be
separate because of the swelling capability of radical
polyelectrolytes, the negatively charged P1 and zwitterionic
P4 could form polyelectrolyte complexes with oxoammonium
cations (i.e., the oxidized state of TEMPO radicals) and bring
the chain segments closer. The hopping distance between two
redox centers (δ) for P1 and P4 could be much smaller than
P3, resulting in smaller outer reorganization energy approxi-
mated according to the Marcus theory.44,46 In addition, the
enhancement of kinetics for P1 could also be attributed to the
anion self-doping, which has been evidenced recently.41,47

These results provided evidence of an enhanced electro-
chemistry process for a negatively charged radical polyelec-
trolyte (i.e., anodic electrochemistry process), inspiring future
work on verifying their electrochemical performance in ARFBs.

■ CONCLUSION
In conclusion, we have synthesized a library of new radical
polyelectrolytes with a controlled number and distributions of
TEMPO radicals through a sequential postpolymerization
modification method. These radical polyelectrolyteswith
either negative, positive, or zwitterionic groupsdisplayed
very different hydrodynamic and electrochemical properties.
Colloidal characterization and electrochemical measurements
with the aid of a rotating disk electrode revealed that radical
polyelectrolytes consisting of carboxylic acids (P1) demon-
strated a strong pH dependence for diffusion and electron
transfer kinetics. The formal redox potential of P1 (0.70 V vs
Ag/AgCl) was slightly higher than the small molecule analogue
ACT (0.67 V), but lower than P3 (0.73 V) and P4 (0.72 V). At
higher pH, P1 showed five to ten folds larger D (2.69 × 10−7

cm2 s−1) and k0 (2.35 × 10−3 cm s−1) values than the cationic
polymer P3. Zwitterionic polymer P4, however, had D of 1 ×
10−7 cm2 s−1 and k0 of approximately 7 × 10−3 cm s−1,
somewhere between P1 and P3. It is believed that the
negatively charged P1 experienced stronger electrostatic
attraction to the anode surface during the oxidation reaction,
reducing the outer reorganization energy for heterogeneous
electron transfer reaction. Such electrostatic attraction also
reduced the hopping distance between TEMPO species and
enable a self-doping between oxoammonium cations and
carboxylate anions, resulting in the bimolecular self-exchange
reaction rate of P1 and P4 (kex ∼ 2 × 106 M−1 s−1) being
approximately one order of magnitude larger than P3. The
results suggested that the charges in radical polyelectrolytes
could be strongly influential in electron transfer kinetics,
presumably through changing polymer conformations. This
work manifests the importance of considering charges in
designing RAPs for their electrochemical applications in
aqueous media.
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