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ABSTRACT: In the past decade, radical polymers have been confirmed as promising materials for
secondary batteries. Thanks to their processability and structure diversity, their electronic
properties can be rationally tuned. To this end, quantum-chemical methods could be used to
predict the redox properties of new radical molecules and hence guide experiments. Here we test
the agreement between theoretical and experimental reduction potentials for various nitroxide radical polymers. A method based
on density functional theory is compared with the higher level many-body perturbation theory and to experimental values. The
results indicate that this method allows for fast and accurate estimation of the open-cell voltage of these organic radical Li-ion
batteries, suggesting that it would be sufficiently robust to extrapolate to theoretically designed nitroxide radicals.

■ INTRODUCTION

Since the beginning of the 21st century, our mobile society has
rapidly become dependent on Li-ion secondary batteries.
Nowadays, smart phones, laptops, electric cars, and many
other applications require portable, fast rechargeable, and high-
capacity power sources. Currently available Li-ion cells are
based on inorganic materials, such as LiCoO2 or LiFePO4,
which present some drawbacks in terms of cost due to limited
natural resources and in terms of waste management due to the
toxicity of the constituents.1 Carbon-based polymers synthe-
sized from metal-free and renewable resources could provide a
solution for the development of a green battery.2−4 In
particular, polymers bearing stable redox-active radical pendant
groups have generated great expectations.
Well-known radical compounds used in organic radical

batteries (ORBs) are nitroxide-based polymers.5 Poly(2,2,6,6-
tetramethyl-1-piperidinyloxy-4-yl methacrylate) (PTMA) is the
most common active material, which has already been used as a
cathode in Li-ion ORB (Li-ORB). It displays a nearly constant
plateau voltage around 3.6 V versus Li/Li+ with a theoretical
capacity of 111 mAh/g.6 This new type of batteries exhibits
high charge/discharge capacity, high charging and discharging
rate performance, and long cycle-life.7 Because of these
encouraging characteristics, research on radical polymer
batteries has considerably expanded. Recently, Vlad et al.
design high-energy and high-power battery electrodes by
hybridizing a nitroxide-polymer redox supercapacitor
(PTMA) with a Li-ion battery material (LiFePO4).8 To
improve the performance of these supercapacitors, molecular
engineering could be applied to various organic radicals to
increase the reduction potential and to decrease the molecular
mass translating directly into better theoretical capacities. The
experimental search for such new materials would greatly
benefit from the availability of a fast and accurate quantum
chemical method for computing the open-cell voltage and
specific energy. Indeed, this would allow for a preliminary

screening of theoretically designed radicals, leaving only the
most promising candidates for the experimental validation, as
previously done in other works (see, e.g., refs 9−14).
A Δ self-consistent field (ΔSCF) procedure based on density

functional theory (DFT)15,16 together with the polarizable
continuum model SMD17 is proposed for meeting the
requirements of speed and accuracy. This computational
method, based on the difference of total energy between the
neutral and cationic radical, is validated on a test set consisting
of various nitroxide radical polymers used as cathode materials.
The computed OCVs are found to be in good agreement with
the experimental values. This approach also correctly
reproduces the influence of electron-donating groups on the
reduction potentials of nitroxide radicals. The results obtained
with the ΔSCF procedure are also corroborated by more
accurate, but more time-consuming, calculations performed
using many-body perturbation theory (MBPT) in the GW
approximation.18−21 The accuracy and speed achieved in the
calculations presented here provide a validation for future high-
throughput screening of newly designed radicals. In the next
section, we begin with a brief summary of the concept of
organic radical battery and describe the computational methods
used to estimate the OCV.

■ EXPERIMENTAL BACKGROUND AND
THEORETICAL METHODS

A conventional lithium-ion organic radical battery (Li-ORB) is
made of metallic lithium anode and of a polymer bearing stable
radical groups at the cathode. The two electrodes are immersed
in an electrolyte solvent (commonly an aprotic polar solvent
containing an electrolyte salt). The first polymer used in a Li-
ORB was PTMA (a poly(methacrylate) (PMMA) bearing a
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2,2,6,6-tetramethylpiperdinyloxyl radical (TEMPO)).6 The
TEMPO radical attached to the PMMA backbone (Figure
1a) exhibits a nitroxide center with a localized unpaired

electron allowing reversible oxidation to form an oxoammo-
nium cation (p-doping) or reversible reduction to an aminoxyl
anion (n-doping) (Figure 1c). This one-electron transfer in the
redox process allows for high diffusion coefficient and fast
electron-transfer efficiency.22 This characteristic localized
unpaired electron can be clearly seen in the computed spin-
up density of the radical TEMPO (as illustrated in Figure 1b,
computed with Gaussian23 in DFT with hybrid B3LYP and 6-
31+G* basis set) where the SOMO (single occupied molecular
orbital) is equally distributed on the nitroxide center.
In the discharged state, the cathode consists of the neutral

polymer submerged in the electrolyte solvent (Figure 2). When
charging the battery, the nitroxide centers undergo oxidation by
the loss of the unpaired electrons and enable the reduction of
the lithium cations to metallic state at the anode. At the same
time, the electrolyte anions move near the positively charged
radicals to balance the electronic transfer. The discharge
process is just the reverse reaction. The open-cell voltage
reached with the radical TEMPO attached to different polymers
[e.g., poly(methacrylate), poly(acetylene), poly(norborene),
poly(vinylether), etc.] is ∼3.6 V versus Li/Li+.5 Because the

polymer backbone is supposed to have minor influence on the
OCV,5 we assume that the redox reaction takes place on the
radical only. Hence, we neglect the role of the backbone and
write the discharge reaction as

+

⇒ + +

+ −

• + −

radical PF Li

radical Li PF

6(solv.) (Metal)

(solv.) (solv.) 6(solv.) (1)

where radical stands for the active pendant group of the
polymer (e.g., TEMPO for PTMA) and the superscript dot
symbolizes the unpaired electron. The OCV for this reaction 1,
also called the redox potential Eredox, is the reduction potential
of the couple (radical+/radical•) relative to the couple (Li+/Li):
Evs Li/Li

+(radical+/radical•).
Other nitroxide radicals linked to various polymers have been

successfully tested inside a Li-ORB. The PROXYL (2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-1-oxyl-3-yl)24 and nitronyl-
nitroxide25 radicals exhibit a similar value of 3.6 V for Evs Li/Li+.
The spirobisnitroxide group presents two nitroxide centers
giving rise to two distinct redox processes at 3.66 and 4.43 V
versus Li/Li+26 (Figure 3).

Arylnitroxide radicals have also been tested as potential
cathode material but not in a Li-ion battery. To investigate the
effect of electron-donating groups on the redox properties of
the nitroxide radical, Suga et al. used cyclic voltammetry for
characterizing three (N-tert-butyl-N-oxylamino)benzene model
compounds.7 The radicals para-substituted with methoxy, tert-
butyl, and hydrogen groups (Figure 4) displayed reversible
redox potentials Evs Ag/AgCl of 0.56, 0.75, and 0.83 V,
respectively. The reduction potential is shifted with the
electron-donating contribution of the methoxy or tert-butyl

Figure 1. (a) PTMA, (b) spin-up density for radical TEMPO, and (c)
redox processes for the nitroxide center.

Figure 2. Charging and discharging processes in an organic radical Li-ion battery.

Figure 3. From left to right: spirobisnitroxide, TEMPO, PROXYL, and
nitronylnitroxide radicals.
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substituents, corresponding to changes in the SOMO energy
level.
The challenging task of computing redox potentials can be

tackled by investigating the two half-reactions taking place at
the two electrodes. At the anode, lithium is oxidized

⇒ ++ −Li Li e(M) (solv.) (2)

while, at the cathode, a reduction of the oxidized PTMA+

occurs:

+ ⇒ ++ − − · −radical PF e radical PF6(solv.) (solv.) 6(solv.) (3)

The global redox potential is obtained from the absolute
reduction potential Eabs for both half-reactions as Eredox =
Eabs(radical

+/radical•) − Eabs(Li
+/Li).

The absolute reduction potential can be linked to the Gibbs
free-energy change for the reduction reaction ΔGreduc. (J/mol)
by the following equation

=
−Δ

E
G
nFabs

reduc.

where n is the number of electrons involved in the reaction and
F is the Faraday constant (C/mol). For the reduction at the
radical cathode, the Gibbs free-energy change ΔG per molecule
is approximated by the total electronic energy change ΔEtot
between the oxidized and reduced relaxed states, i.e., the
adiabatic ionization. We neglect the zero point motion and
thermal and entropic contributions for the radical because they
are expected to be very similar in both states and the
corresponding terms will cancel each other. Indeed, small
changes in the geometry of the radical are expected due to the
localized one-electron process. All of the contributions linked
to the electron are also ignored because they are expected to be
negligibly small.27 Etot is computed on relaxed structures at the
DFT level of theory with different exchange-correlation
functionals (B3LYP28,29 and PBE030,31 hybrids and GGA
PBE32,33) with the 6-31+G* Pople basis set.
The simulations are performed with the Gaussian 09

software,23 which implements the SMD (Solvation Model
Density) polarized continuum model,17 allowing us to compute
the solvation free energy for any solvent. This ΔSCF method
can be summarized as

= −Δ ≃ − −+ •
° • +

‐ + *

  
E

G
n

E E(radical /radical )
F

( )abs tot
radical

tot
radical

B3LYP/6 31 G SMD
(4)

Similar techniques to predict reduction potential have been
used in previous works with organic or inorganic materi-
als.9,34−42 A review about the computation of liquid-phase
reduction potential can be found in ref 27. Our calculations
were performed with and without a counteranion to extract the
stabilizing effect on the oxidized radical.
To check the validity of the method, we compare the ΔSCF

calculations with a higher-level theory. We further perform GW
calculations of the vertical ionization potential in the gas phase
of the studied radicals at their ground-state neutral geometry.
Our GW calculations are performed at the all-electron level
using the Fiesta package that uses Gaussian bases to express
both the wave functions and the needed two-body
operators.43−45 To avoid dealing with GW calculations on
open-shell systems (which are not yet implemented in Fiesta),
we define the ionization energy of the neutral radical as the
electronic affinity of the related cation. We start from DFT
B3LYP or PBE0 Kohn−Sham eigenstates generated by the
NWChem code46 at the maug-cc-pVTZ basis level.47−49 The
Weigend and coworkers auxiliary basis50 is used in the Fiesta
Coulomb-fitting resolution-of-the-identity implementation of
the GW formalism. Starting from Kohn−Sham states generated
with hybrid functionals, we perform “single-shot” perturbative
G0W0 calculations. Such an approach was advocated in recent
papers on small molecules and clusters because it leads to much
better results as compared with experiments than G0W0

calculations performed on top of Kohn−Sham states generated
with (semi)local functionals.51,52

To estimate the absolute reduction potential of the anode
Eabs(Li

+/Li) in any solvent, we use the up-to-date computed
value for the absolute reduction potential for the standard
hydrogen electrode [Eabs

0 (SHE) = 4.28 V53] and the
experimental value for the relative standard reduction potential
of the lithium electrode [E0(Li+/Li) = −3.04 V]. The sum of
these two potentials gives the absolute reduction potential of
the lithium anode in aqueous solution:

= + =+

=

+

=− =

     
E E E(Li /Li) (SHE) (Li /Li) 1.24 Vabs

aqueous
abs
0

computed 4.28 V

0

vs SHE
expt. 3.04 V 1.24 V

(5)

To account for the Gibbs free energy change according to the
selected solvent, we add the total electronic energy difference of
the lithium cation between the aqueous solution and the
solvent to Eabs(Li

+/Li) in water

Figure 4. Arylnitroxide radicals with various substituent groups at R
position.

Table 1. Computed Vertical Ionization Potentials (v. IP) with the G0W0 Method on Top of B3LYP and PBE0 Kohn-Sham
Wavefunctions, with the ΔSCF/6-31+G* Method with B3LYP, PBE0, and PBE Functional and CCSD Method

v. IP (eV)a

radicals G0W0@B3LYP G0W0@PBE0 ΔSCF-B3LYP ΔSCF-PBE0 ΔSCF-PBE CCSD

TEMPO 7.73 7.63 7.48 7.50 7.12 7.31
PROXYL 7.53 7.44 7.32 7.33 6.96 7.14
nitronylnitroxyl 7.20 7.16 7.10 7.16 6.67

aComputed at the ground-state neutral radical geometry relaxed at the B3LYP/6-31+G* level of theory.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b07886
J. Phys. Chem. C 2015, 119, 23373−23378

23375

http://dx.doi.org/10.1021/acs.jpcc.5b07886


=

+ −

+ +

+ +

‐ + *

  

E E

E E

(Li /Li) (Li /Li)

( (Li ) (Li ) )
abs abs

aqueous

tot solvent tot aqueous

B3LYP/6 31 G SMD

where the total energy Etot is computed at the same level of
theory as for the cathode. In the next section, the results of
these simulations are presented and discussed in comparison
with the experimental data.

■ RESULTS AND DISCUSSION
Prior to the computation of the OCV for Li-ORBs, we present
the comparison between the more accurate MBPT method and

the ΔSCF approach (with B3LYP, PBE0, and PBE functionals)
for the vertical ionization in the gas-phase for three nitroxide
radicals (Table 1). Within the ΔSCF procedure, the PBE
results for the ionization potentials (IPs) are significantly (up to
0.43 eV) smaller than the B3LYP and PBE0 ones, which are
nearly identical. One can also notice that the IPs increase with
the percentage of exact exchange in the functional. Within the
MBPT approach, the G0W0@B3LYP or G0W0@PBE0 ioniza-
tion potentials are systematically larger by ∼0.1 to 0.3 eV than
the ΔSCF-B3LYP IP values. The apparent overestimation of
the G0W0 ionization potential has been recently shown to be
particularly related to the use of the electronic affinity of the
cation as a definition of the ionization potential of the open-
shell radical.54 Clearly, at the nonself-consistent G0W0 level,
starting from PBE0, instead of B3LYP, eigenstates leads to a
closer agreement with the present ΔSCF data, and the use of a
functional capturing more exact exchange may further enhance
the comparison. A detailed exploration of such issues is beyond
the scope of the present paper. Here we limit our MBPT
calculations at the present level of refinement that certainly
allows us to confirm the trends observed at the DFT level. We
have also checked the validity of the reported vertical ionization

potentials for the TEMPO and PROXYL radicals using the
coupled-cluster singles and doubles (CCSD) approach together
with the 6-311+G(2d,p) atomic basis set (Table 1). This choice
of a more extended basis set than in DFT calculations is
justified by the well-known enhanced sensibility of correlated
wave function approaches to basis set effects. The Delta SCF
CCSD values have been determined with the Gaussian 09
program.
In a second step, we test the ability of the ΔSCF method to

predict shifting in the reduction potential according to the
functional group attached to the radical. Table 2 illustrates the
experimental reduction potentials of the three nitroxylbenzene
radicals (Figure 4) and their corresponding computed absolute
reduction potentials. The variation according to the substituent
groups is correctly reproduced using the proposed theoretical
procedure. Experimental data present downward shifts of 0.08
V when replacing the hydrogen with the tert-butyl group and of
0.19 V when replacing the tert-butyl with a methoxy group.
These values can be compared with the computed Eabs, which
predict shifts of 0.13 and 0.20 V, respectively. The effect of the
counteranion has also been studied. A slight and systematic
decrease of 0.05 V in the absolute reduction potential can be
observed due to the stabilizing effect of the tetrafluoroborate
anion on the radical cation.
Finally, in Table 3, we present the results from the ΔSCF

method applied to the four nitroxide radicals used in Li-
ORB.22,24−26 These radicals were used as cathode materials in
experimental batteries with ethylene carbonate (ETC) and
acetonitrile solvents. The SMD parameters for the acetonitrile
solvent are directly implemented in Gaussian, and those for the
ETC were taken from ref 39. The electrolyte salts were those
reported in the literature. From the absolute reduction potential
for Li+/Li in water (1.24 V), we computed a Eabs(Li

+/Li) of
1.29 and 1.34 V for ETC and acetonitrile, respectively. Adding
these values to the computed absolute reduction potential of
the radicals, we get estimated OCVs. We see that the results are
in good agreement with the experimental values. For the
spirobisniroxide, the simulations predict a gap of 0.75 V
between the two redox processes (0.74 V with the counter-
anion) in perfect agreement with the experimental values (0.75
V). The effect of the counteranion seems to be limited because
it lowers the OCV down to a maximum of 0.06 V, which is
expected in a solvent with high dielectric permittivity (35.7 for
acetonitrile and 89.7 for ETC). Note that the effect of the
solvent is very limited. For the TEMPO radical, the computed
absolute reduction potentials are 4.86 V in ETC and 4.91 V in
acetonitrile; however, the open-cell voltage is 3.57 V in both
solvents due to the 0.05 V change in the absolute reduction
potential of the lithium.

Table 2. Comparison between Experimental Redox
Potentials of the Nitroxylbenzene Derivatives and Their
Absolute Reduction Potentials Computed with the ΔSCF@
B3LYP Method

computed Eabs (V)

functional
group

expt. E (V)
(vs Ag/AgCl)a

without
counteranionb

with
counteranionc

−OCH3 0.56 4.63 4.58
−t-butyl 0.75 4.83 4.78
−H 0.83 4.96 4.91

aExperimental redox potentials (vs Ag/AgCl) in acetonitrile solution
with 0.1 M (C4H9)4NBF4.

7 bComputed absolute reduction potential
without counteranion. cComputed absolute reduction potential with
counteranion BF4

−.

Table 3. Experimental and Computed Open Cell Voltage with ΔSCF-B3LYP (Comp. OCV.) of Li-ORB for Four Nitroxide
Radicals in Acetronitrile (MeCH) and Ethylene Carbonate (ETC) with Lithium Hexafluorophosphate (LiPF6) and
Tetrabutylammonium Perchlorate (R)4NClO4 Salts

radical solvent salt cation−anion expt. E (V) (V vs Li+/Li) comp. OCV. (V) without counteranion comp. OCV. (V) with counteranion

TEMPO ETC LiPF6 3.5822 3.57 3.55
PROXYL ETC LiPF6 3.624 3.57 3.55
spirobisnitroxide MeCH LiPF6 3.68 (4.43)26 3.71 (4.46) 3.66 (4.40)
nitronylnitroxide MeCH (R)4NClO4 3.6025 3.66 3.63
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■ CONCLUSIONS
The ΔSCF technique based on DFT calculations with the
B3LYP exchange-correlation functional and the medium size
basis set 6-31+G* associated with the SMD polarizable
continuum model has been demonstrated to be a fast method
to accurately predict the redox potentials of organic radicals.
This method makes it possible to reproduce the shift in
reduction potentials when changing various functional groups
of a given molecule. On the basis of these conclusions, this
approach could be applied to hundreds or thousands of
theoretically designed radicals to perform a high-throughput
computational screening. The best candidates could be
identified to guide the experimental search according to the
desired open-cell voltage depending on specific battery
applications.
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