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Electrospinning of radical polymers: redox-active
fibrous membrane formation

Takeo Suga1,2, Matthew T Hunley3, Timothy E Long3 and Hiroyuki Nishide1

Redox-active but highly durable nitroxide radicals, that is, 2,2,6,6-tetramethylpiperidinyl-4-oxy (TEMPO), enabled direct

electrospinning of radical-containing polymers without additional processing aids (such as polymer blends, post-doping, or

protection/deprotection) and produced redox-active fibrous membranes with high surface area. The solution rheological behavior

of the TEMPO-substituted polymethacrylate was similar to the neutral conventional polymers, and electrospinning of the radical

polymers yielded submicrometer-scaled fibrous membranes without any defects on the radical moiety. The obtained membrane

exhibited stable redox response, leading to redox catalysts or electrode-active materials toward organic-based flexible

rechargeable battery.
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INTRODUCTION

Among stable organic radical molecules that possess an unpaired
electron, nitroxide radicals (such as 2,2,6,6-tetramethylpiperidinyl-4-
oxy (TEMPO)) have attracted much attention due to their utilization
as spin-labels, spin traps, and capping agents for controlled radical
polymerization.1 Besides, based on the stable redox couple between
the nitroxide radical and its oxidized form (oxoammonium cation,
Scheme 1), nitroxide-functionalized polymers and organic/inorganic
composites have been employed as heterogeneous redox reagents,
which catalyze the oxidation of alcohols into aldehydes and ketones.2

This metal-free oxidation process has resurfaced as a green or
environmentally-compatible chemical process.3

Recently, we have explored and utilized nitroxide polymers as
cathode-active, charge-storage materials for secondary Li-ion
batteries.4–9 The organic radical battery composed of a radical
polymer cathode has several advantages: high charge capacity (ca.
100–140 mAh g�1), high-charging and discharging rate performance
(30 s for complete charge), and long cycle life often exceeding 1000
cycles. For both applications, to enhance the turnover cycles for
catalysts or charge/discharge performance for electrode-active materi-
als, construction of nitroxide supports with high surface area has an
important role due to efficient mass (substrate or counter ion) transfer
accompanied by the redox reaction.10 Prompted by the design of soft
portable electronic equipments, such as roll-up displays and wearable
devices, the development of bendable and flexible batteries has
attracted increased interest.11 A fibrous membrane morphology
improves mechanical flexibility and possesses an enhanced surface
area to volume ratio.

Electrospinning is a simple and versatile technique to produce
nano- and microfibrous membranes with high surface area and
porosities from polymer fluids. These materials have attracted much
interest for use as sensors, filters and tissue engineering scaffolds, and
drug delivery membranes, among other applications.12–17 In the
electrospinning process, a viscous, entangled polymer solution is
ejected through a syringe toward a grounded target under the
application of a high electric potential (typically 10–30 kV). The
droplet of solution stretches into a thin jet during flight, and solvent
evaporates rapidly from the jet, reducing its diameter and increasing
the charge density on the surface. At a critical surface charge density,
the jet undergoes a bending instability, resulting in chaotic whipping
and stretching of the polymer jet before deposition on a grounded
target (Figure 1).

Recently, electrospun fibrous membranes have been investigated in
polyelectrolyte applications due to their high surface area for electro-
lyte absorption and fully interconnected pores, which can serve as
efficient channels for ion conduction.18 The one-dimensionally
aligned, nanostructured LiCoO2 and metal oxides prepared by sol-
gel related electrospinning techniques have also exhibited superior
electrochemical properties as electrode-active materials for smaller
batteries.19,20 On the other hand, electrospinning of redox-active
polymers, such as inherently conducting polymers in pure form, has
been unsuccessful, ascribed to the intractability of doped state of the
polymer (rigid structure and limited solubility). Instead, polymer
blends with more readily electropun polymers, such as poly
(ethylene oxide) or poly(vinylpyrrolidone), have been applied for
electrospinning.21–24 In this study, we report, for the first time, the
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electrospinning of redox-active, nitroxide-containing polymers to
prepare micrometer-scale fibrous membranes with high surface area.
In addition to its application-oriented viewpoint, electrospinning of
radical containing polymers is of interest from a fundamental point of
view in terms of rheological studies of radical polymers and durability
of radical sites under applied high electric potential, and contributes
new insights into free radical chemistry. In combination with
post-electrospinning photocrosslinking reactions, the insoluble
radical-containing fibrous network was also prepared.

EXPERIMENTAL PROCEDURE

Materials
Poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate) 1 (Mw¼74 000,

Mw/Mn¼1.4) was obtained via anionic polymerization using phenylmagnesium

bromide as an initiator. Synthetic details are followed by reference to our

previous report.25 Poly(TEMPO-substituted norbornene) 2 (Mw¼16 000,

Mw/Mn¼1.3) was also synthesized via ring-opening metathesis polymerization

by reference to our previous papers.26 Chloroform and N,N-dimethylforma-

mide (DMF) were used as solvents without further purification.

Electrospinning and fiber characterization
Each polymer was dissolved in a 10/1 w/w mixture of CHCl3/DMF at the

desired concentrations (7.5–20 wt%) and mixed for 24 h before electrospinning.

The electrospinning apparatus consisted of a high-voltage power supply

(Spellman, Hauppauge, NY, USA, CZE-1000R), a syringe pump (KD Scientific,

Holliston, MA, USA), a grounded target (stainless steel mesh) and an acrylic

housing to reduce the effect of outside air currents. Electrospinning was

conducted at ambient conditions. The solution was transferred to a syringe

equipped with a stainless steel, 18-gauge needle. The syringe was placed in the

syringe pump and solution metered at 3 ml h�1. The positive lead of the high-

voltage power supply was connected to the syringe needle and potential

increased to 25 kV. Fibers collected on the grounded target 20 cm away. For

microscopy, a LEO 1550 field emission scanning electron microscope was used

with an accelerating voltage of 5 kV. At least 20 individual fibers were measured

using the SEM software to determine average fiber diameters and s.d.

Polymer characterization
Size-exclusion chromatography was performed at 40 1C in high-performance

liquid chromatography grade tetrahydrofuran at 1 ml min�1 using a Waters

size-exclusion chromatographer equipped with an autosampler, three in-line

5-mm PLgel MIXED-C columns (Polymer Laboratories Inc., Amherst, MA,

USA). Detectors included a Waters 410 differential refractive index detector

operating at 880 nm, and a Wyatt Technologies (Santa Barbara, CA, USA)

miniDAWN multiangle 690-nm laser light scattering detector. All reported

molecular weight values are absolute molecular weights obtained using the

multiangle 690-nm laser light scattering detector. Solution rheology was

performed on a TA Instruments (New Castle, DE, USA) AR-G2 rheometer,

using concentric cylinder geometry. Temperature was maintained at 25±0.1 1C

throughout the experiment. Steady shear measurements were performed from

1 to 100 s�1. Zero-shear viscosity was taken to determine specific viscosity at each

concentration.

ESR and SQUID measurement
Electron spin resonance (ESR) spectra were taken using a JEOL JES-TE200 ESR

spectrometer (JEOL, Tokyo, Japan) with a 100 kHz field modulation. Magnetiza-

tion and magnetic susceptibility of the powder polymer sample were measured

by a Quantum Design MPMS-7 SQUID (superconducting quantum interference

device) magnetometer. The magnetic susceptibility was measured from 10 to

300 K in a 1.0 T field. The radical density or the concentration of the unpaired

electron of each sample was determined on the basis of the assumption of being

paramagnetic at room temperature by integration of the ESR signal standardized

with that of the TEMPO solution. The radical density was also analyzed by the

slope of Curie plots and saturated magnetization in the SQUID measurement.

Carbon electrode preparation
A graphite fiber (vapor grown carbon fiber: vapor grown carbon fiber, Showa

Denko Co., Tokyo, Japan, 80 mg) and 10 mg of a binder powder (polyvinyli-

denefluoride resin: KF polymer, Kureha Chemical Co., Tokyo, Japan) were

mixed in the presence of N-methyl-2-pyrrolidone. The resulting black clay was

spread onto an aluminum plate and dried in vacuo at 80 1C.

Preparation of electrospun fibrous electrode 2
To a chloroform/DMF (10/1 w/w) solution of polymer 2 (15 wt%), 2,6-bis

(p-azidobenzal)-4-t-amylcyclohexanone (BAC-TA, Toyo Gosei Co., Ltd, Tokyo,

Japan, 1.5 wt%) was added and the mixed solution was electrospun on a carbon

or an indium tin oxide (ITO) electrode. After UV irradiation (Ushio Inc.,

Tokyo, Japan, USH-250D, 40 mJ cm�2), the electrode was washed with chloro-

form to remove any soluble species.

Electrochemical measurements
Cyclic voltammetry was performed using a normal potentiostat system (BAS

Japan, Inc., Tokyo, Japan, ALS660B). A beaker cell with a three electrode system

was prepared under an argon atmosphere and used for electrochemical

measurements.

RESULTS AND DISCUSSION

Solution-processable poly(TEMPO methacrylate) 1 was synthesized
via anionic polymerization of the corresponding radical monomer by
reference to our previous reports.25 Before electrospinning process, we
investigated solution rheology of polymer 1. Polymer 1 was soluble in
chloroform, tetrahydrofuran and DMF, and studied using solution
rheology to investigate its rheological behavior and to identify the
critical concentration for entanglement, Ce. Shear rate sweeps from 20
to 100 s�1 were performed on polymer solutions ranging from 7 to
20 wt% in a 10/1 w/w CHCl3/DMF cosolvent at 25 1C. All polymer
solutions showed Newtonian behavior over this shear rate range;
however, it should be noted that shear thinning was expected to
occur at higher shear rates in solutions above Ce. The zero shear rate
viscosity (Z0) increased from 3.3 to 49.5 (mPa s) as the concentration
increased from 7 to 20 wt%. The polymer contribution to the Z0 was
studied by defining the specific viscosity (Zsp) in the following
equation: Zsp¼(Z0�Zs)/Zs, where Zs is the solvent viscosity. For
neutral, linear polymers in a good solvent, specific viscosity scales
with concentration as ZspBC1.0 in the dilute regime, ZspBC1.25 in the
semidilute unentangled regime, ZspBC4.8 in the semidilute entangled
regime, and ZspBC3.6 in the concentrated regime. Specific viscosity
showed two distinct regimes with scaling exponents of 1.54 and 4.37.
These exponents are in good agreement with those expected for

Scheme 1 Redox couple of a nitroxide and nitroxide polymers.
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Figure 1 Conventional solution electrospinning apparatus.
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semidilute unentangled and semidilute entangled regimes, respec-
tively, which suggested the stable free radicals do not contribute
significantly to intermolecular interactions or flow behavior, and the
radical polymer solution behaved as a non-associating, neutral poly-
mer solution (Figure 2). The Ce was determined to be 12.4 wt%, based
on the change in slope using the method employed by Colby et al.27,28

Poly(TEMPO methacrylate) 1 was electrospun from a 10/1 w/w
CHCl3/DMF cosolvent. Polymer 1 was soluble in CHCl3 at high
concentrations; however, the rapid evaporation of chloroform during
electrospinning resulted in plugging of the syringe injection nozzle.
Therefore, DMF was used as a cosolvent to control the desired
solubility and volatility. The fiber morphology was also varied with
the processing conditions (applied potential, feed rate of the solution,
and distance between the spinneret and the grounded target); how-
ever, earlier studies of one of our co-author (TE Long) have revealed
the correlation between solution viscosity and fiber diameters of
conventional polymers and polyelectrolytes. On the basis of the critical

effects of solution viscosity on fiber morphology, other processing
conditions (25 kV potential, 3 ml h�1 flow rate from the syringe and a
20-cm distance from the syringe tip to the grounded target) were held
constant to discern the effects of solution concentration on morphol-
ogy of the electrospun fibers.

Figure 3 shows field emission scanning electron microscope images
of fibers electrospun using 7.5–18 wt% solutions of 1. The fiber
morphology was dependent on the concentration regime from
which the polymer was electrospun. The polymer solutions electro-
spun from solutions below Ce (7.5 wt%) did not yield fibers, and only
polymer droplets were observed, due to the lack of topological
constraint or entanglements between polymer chains in solution in
this concentration regime (Figure 3a). For the 10 wt% solutions near
Ce, beaded electrospun fibers were generated with diameters on the
order of 0.3mm (Figure 3b). Above Ce, the high degree of chain
overlap resulted in chain constraint and the formation of numerous
entanglements. For the 15 and 18 wt% solutions, uniform fibers
(without any droplets or beaded fibers) with an average diameter of
3 and 5mm were formed (Figures 3c and d). The fiber diameters
depend on the polymer solution properties (chemical structure,
solvent, Tg, and concentration) and processing variables (applied
electric potential). In general, as the number of entanglements
increased, the solution viscosity increased, thereby facilitating the
formation of uniform fibers with larger diameters. The interlaying
of fibers generated a microporous structure with a high surface area.

It should be noted that the radical density of polymer 1 (0.94 radical
per monomer unit) remained unchanged after electrospinning (0.95
radicals), which was estimated from the intensity of the ESR signal and
from SQUID measurements, respectively. Surprisingly, the TEMPO
group was sufficiently durable to be electrospun under high-applied
potential (25 kV), which was attributed to the undoped, neutral
polymer, characteristic of the radical polymer in contrast to the
conducting polymer.

When using radical polymers as electrode-active materials, it is
crucial to eliminate dissolution of the radical polymer into the
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Figure 2 Dependence of specific viscosity on concentration for poly(TEMPO

methacrylate) 1 (Mw¼74 000). A full color version of this figure is available

at Polymer Journal online.
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Figure 3 FESEM images of electrospun fibers of 1 from 10/1 w/w CHCl3/DMF solutions at several concentrations, (a) 7.5 wt%; (b) 10wt%; (c) 15 wt%;

(d) 18wt%.
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electrolyte solution, which results in self-discharging of the battery. An
insoluble fibrous membrane structure is also advantageous, as catalyst
can be re-used or recycled. Therefore, electrospinning was applied for
the photocrosslinkable poly(TEMPO-substituted norbornene) 2,
which was prepared via ring-opening metathesis polymerization
(Mw¼16 000, Mw/Mn¼1.3).4 Polymer 2 was electrospun from a
15 wt% solution (10/1 w/w CHCl3/DMF cosolvent) to yield a uniform
fibrous membrane with an average diameter of 0.9mm. A small
amount of the bis(azide) derivative (1.5 wt%) was added into a
solution of polymer 2 as a photo-crosslinker. After electrospinning,
UV irradiation with a high-pressure mercury lamp (80 mJ cm�2)
induced nitrene formation, which resulted in reaction with the olefinic
moieties of the polynorbornene backbone to afford a crosslinked fiber
(Figure 4a). The obtained fiber 2 was insoluble, but slightly swollen in
organic solvents. The crosslinked fiber became slightly yellowish due
to the azo-crosslinker. The SQUID measurement of the collected fiber
sample revealed 1.95 radicals per monomer unit, which suggested that
side reactions on the TEMPO radical moiety did not occur during the
photocrosslinking.

Electrochemical studies were performed with the electrospun radi-
cal fiber 2, which were collected on an ITO or vapor grown carbon
fiber electrode as the grounded target. The cyclic voltammogram of 2
displayed a reversible redox wave at 0.79 V versus Ag/Ag+, which was
assigned to the oxidation of the nitroxide to the corresponding
oxoammonium cation (Figure 4b inset). The redox response did not
show any significant deterioration even after 500 cycles. The anodic
peak current was proportional to the sweep rate v, suggesting the
contribution of redox profile for a surface-confined species and rapid
electron transfer process of nitroxide radical (Figure 4b). The redox
curves still exhibited a tailing shape, and the peak-to-peak separations
(DE) also increased from 105 to 163 mV with the sweep rate of 2 to
10 mV s�1, which suggested partial contribution from diffusion con-
trolled redox response of the overlayed fibers, apart from the current
collector. Previously, we have investigated the correlation of film
thickness of 2 and its redox profile, and reported the transition
(from surface-confined to diffusion-controlled) at a film thickness
of 250 nm.10,26 Further optimization of the fiber diameters and
configuration of overlayed fibrous membranes are still necessary;
however, direct electrospinning of radical polymers without any
radical defects is promising. Fibrous composite formation with
current conductor additives such as multi-walled carbon nanotubes29

will also explore the potential of radical polymers as flexible and
mechanically-durable battery electrodes.

CONCLUSIONS

By virtue of the inherent electroneutrality and high durability of
nitroxide radical, the redox-active polymers were directly electrospun,
for the first time, in one-step without additional processing aids such
as polymer blends, post-doping, or protection/deprotection. The
obtained micrometer-scale fibers had no defects on the radical moiety
even under the application of high electric potential. Not only
TEMPO-based polymers, but other redox-active, non-conducting
polymers will be applicable for electro-spinning. In combination
with a photocrosslinking reaction, electrospinning afforded insoluble,
redox-active fibrous membranes, which are applicable for catalysts and
electrode-active materials. This strategy is preliminary; however,
further optimization of fiber formation (diameter), controlled deposi-
tion on the current collector and preparation of the composite with
carbon nanotubes will lead to the new design of electrode-active
materials toward the organic-based, flexible and wearable rechargeable
batteries.
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