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In this work, density functional theory is used to predict the voltage of newly designed PTMA-based rad-
ical molecules. Organic radical molecules have recently been tested as promising materials for secondary
batteries due to their processability and structural diversity. In order to tune the redox potentials, we
investigate the substitution of functional groups on the actual TEMPO organic radical. Our first-
principles simulations predict voltages ranging between 3.4 and 6.2 V allowing for a fine-tuning of the
corresponding voltage for specific needs.
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1. Introduction

Polymers with tunable optical and electronic properties are
nowadays the subject of intense research in order to find replace-
ment materials for the current inorganic devices. For batteries, cur-
rently available Li-ion cells are based on inorganic materials, such
as LiCoO2, with some issues in terms of cost due to limited natural
resources and in terms of waste management due to the toxicity of
the constituents [1]. Organic polymers based on renewable
resources could provide a way to develop a green battery [2–4].
They also present advantages such as low-cost production and
flexibility. Recently, organic radical polymers have attracted a lot
of attention due to their potential to be used as cathode in Li-ion
batteries. The most studied radical compounds used in organic rad-
ical batteries (ORBs) are nitroxide based polymers [5]. Among
these, Poly(2,2,6,6-tetramethyl-1-piperidinyloxy-4-yl methacry-
late) (PTMA) is the most commonly utilized as cathode in Li-ion
ORB (Li-ORB), exhibiting high charging and discharging rates and
long cycle-life [6].

To improve the performance of these batteries i.e. to increase
the reduction potential or to decrease the molar mass, molecular
engineering could be applied to various organic radicals. In a pre-
vious article [7], it was shown that a DSCF technique based on den-
sity functional theory (DFT) [8,9] calculations associated with the
SMD [10] polarizable continuum model can predict the redox
potentials of various organic radicals within 0.1 V. Moreover, the
method reproduces the shifts in the reduction potential when
changing various functional groups for a given molecule.

Using this predictive approach, newly designed radicals are
investigated. Starting from the PTMA molecule, the methyl groups
around the nitroxide center are substituted with various functional
groups in order to study their effects on the redox potential. The
voltage are found to range from 3.4 up to 6.2 V depending on the
number and the position of the functional groups.
2. The method

The first redox radical polymer used in a Li-ORB was PTMA [a
poly(methacrylate) (PMMA) bearing a 2,2,6,6-tetramethyl-1-piperi
dinyloxy radical (TEMPO)] [11]. This TEMPO radical which is linked
to the PMMA backbone (Fig. 1b) presents a nitroxide center with a
localized unpaired electron allowing reversible oxidation to form
an oxoammonium cation (p-type doping) or reversible reduction
to an aminoxyl anion (n-type doping) (Fig. 1c). This characteristic
localized unpaired electron is illustrated in Fig. 1a with the
computed spin-up density of the radical TEMPO where the SOMO
(single occupied molecular orbital) is equally distributed on the
nitroxide center.
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Fig. 1. (a) Spin-up density for radical TEMPO, (b) PTMA = TEMPO radical linked to
the PMMA backbone, (c) redox processes for the nitroxide center.
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The Li-ion PTMA battery is made of a metallic lithium anode
and of a radical polymer at the cathode. The two electrodes are
immersed in an electrolyte solvent, usually an aprotic polar solvent
containing an electrolyte salt such as LiPF6. In Ref. [7], it was shown
that the full discharge reaction of the Li-ion PTMA radical battery
can be expressed as:

RadicalþPF�6 ðsolv:Þ þ LiðMetalÞ ) Radical�ðsolv:Þ þ Liþðsolv:Þ þ PF�6ðsolv:Þ ð1Þ

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=Liþ ðRadicalþ=Radical�Þ.
At the anode, the lithium is oxidized while, at the cathode, a reduc-
tion of the oxidized PTMA+ occurs.

The full redox potential is then obtained from the
absolute reduction potential Eabs for both half-reactions as:
Eredox ¼ EabsðRadicalþ=Radical�Þ � EabsðLiþ=LiÞ. Eabs is directly linked
to the Gibbs free energy change DG (J/mol) with Eabs ¼ �DG=ðnFÞ
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 DG per molecule is approxi-
mated by the total electronic energy change DEtot between the oxi-
dized and reduced relaxed states, e.g. the adiabatic ionisation. The
simulations are performed using the GAUSSIAN 09 code [12] which
implements the SMD (Solvation Model Density) polarized contin-
uum model [10] allowing to compute the solvation free energy
for any type of solvent. This DSCF method can then be summarized
as:

EabsðRadicalþ=Radical�Þ ¼ �DG0

nF
’ � ERadical�

tot � ERadicalþ
tot

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B3LYP=6-31þG� SMD

ð2Þ

where the B3LYP [13,14] hybrid functional is used with the 6-31+G⁄

Pople basis set. For the computation of the absolute reduction
potential of the anode Eabs(Li+/Li) in a solvent, we refer the reader
to Ref. [7]. In our simulations, ethylene carbonate is used as solvent
taking the SMD parameters from Ref. [15]. For the anode, we com-
puted a Eabs(Li+/Li) of 1.29 V.

The main goal of this work is to compute the voltage of theoret-
ical Li-ion organic batteries. Starting from the TEMPO molecule,
newly designed molecules are built by substituting the four methyl
groups around the nitroxide center with various functional groups.
We arbitrarily use AOCH3 as an electron donating group (EDG) as
well as various electron-withdrawing groups (EWGs): AH,
ACH2OH, ACH2Br, ACBr3, ACH2Cl, ACCl3, ANO2, ACH2F, ACHF2,
ACF3 and AF. Since the reference is the methyl group, the AH
andACH2OH groups are in this case attached to the EDGs category.
In Fig. 2a, the four possible positions of the methyl groups are
named A, B, C and D. Since the PTMA polymer is modeled with
the simpler TEMPO radical, these four positions present a mirror
symmetry as illustrated in Fig. 2b. Position A is equivalent to posi-
tion D and B is equivalent to C. On the other hand, position A is not
equivalent to position B (or D to C). A and D positions are closer to
each other than positions B and C. Consequently the influence of
the functional groups will be different at A and D than at the B
and C positions. This mirror symmetry allows to reduce the num-
ber of simulations since, for example, the substitution of two
methyl groups at positions A and B is equivalent to that at posi-
tions C and D (written CD in the following). For a given functional
group, 9 newly designed molecules are investigated with substitu-
tions at the following positions: A, B, AB (equivalent to CD), AC
(equivalent to BD), AD, BC, ABC (equivalent to BCD), ABD (equiva-
lent to ACD) and ABCD. In Fig. 2c, the substitutions of the methyl
groups by trifluoromethyl groups (CF3) are illustrated: from top
to bottom, one CF3 at position A, two CF3 at AD, three CF3 at ABC
and four CF3 at ABCD. The geometry of every new molecule created
by substitution of functional groups is optimized with the same
level of theory as mentioned above. Note that conformational
searches are not explicitly performed assuming that variations of
the computed voltages between various rotamers are small.
Indeed, the reduction potential being computed as a difference

between ERadical�
tot � ERadicalþ

tot , the changes in total energies from one
conformer to another are expected to be partially canceled.
3. Results and discussion

In Table 1, the computed voltages of the newly designed
radicals are listed. They are to be compared with the 3.6 V of the
Li-ion PTMA battery which is simulated for the TEMPO radical
within our model system. In principle, only differences with
respect to that reference are meaningful. However, given the excel-
lent agreement with the experimental value (3.56 V), we chose to
present them on an absolute scale. For example, in the case of the
strong electron-withdrawing groupsACF3, the voltage is computed
to be 4.10 V for a substitution at position A and at 3.96 V at posi-
tion B. The inductive effect of the EWGs tends to attract and stabi-
lize the unpaired electron localized on the nitroxide center which
makes the oxidation of the molecule harder, thus increasing in
the redox potential. When all four methyl groups are replaced by
trifluoromethyl groups, our simulation shows a voltage reaching
5.40 V. WithANO2, the strongest EWG considered here, the voltage
reaches 6.24 V with four substitutions. As expected, the general
trend is that the stronger the EWG, the higher the voltage. The
effect of the AOCH3 EDG (more electron-donor than a methyl
group) induces a more erratic variation. With a functional group
at position A, the voltage increases to 3.71 V whereas the voltage
is only at 3.59 V when the substitution occurs at position B. With
two substitutions, the voltage can vary from 3.40 to 3.87 depend-
ing on the choice of the positions. With a full replacement of the
four methyl groups, the voltage decreases but only to 3.50 V. The
lowest computed voltage among all functional groups occurs at
3.39 V with the ACH2OH groups with two substitutions at position
A and C. On the other hand, the same group but with four substi-
tutions gives an increase in the voltage at 3.93 V.

To investigate further these different behaviors, the variation of
the voltage was analyzed as a function of the atomic partial
charges (APT [16]) on the nitroxide center (NO) and as a function
of the HOMO energy levels, as illustrated in Fig. 3 for the AOCH3

and ACF3 groups (similar graphs for all the functional groups can



Fig. 2. (a) TEMPO molecule with the four positions (A, B, C and D) of the methyl groups around the nitroxide center. (b) Top view of the TEMPO radical illustrating the mirror
symmetry. (c) Illustration of the substitution of the methyl groups by trifluoromethyl groups: one CF3 at position A, two CF3 at AB, three CF3 at ABC and four CF3 at ABCD,
respectively.

Table 1
Computed voltages for the newly designed radicals: the TEMPO radical modified with functional groups at all the possible positions. These voltages are computed for a Li-ion
battery in ethylene carbonate as solvent. These values are to be compared to the 3.6 V of the Li-ion PTMA battery. The averaged voltages for a given number of substitutions for
each functional group are listed in the Avg(# of substitution) lines.

Functional groups

Position OCH3 H CH2OH CH2F CH2Cl CH2Br CHF2 CBr3 CCl3 CF3 NO2 F

A 3.71 3.48 3.65 3.82 3.84 3.85 4.00 4.08 4.10 4.09 4.26 4.10
B 3.59 3.63 3.82 3.75 3.78 3.78 3.96 4.05 4.06 4.06 4.29 3.96

Avg(1) 3.65 3.56 3.74 3.79 3.81 3.81 3.98 4.07 4.08 4.07 4.28 4.03

AB (CD) 3.40 3.59 3.76 4.00 4.04 4.06 4.37 4.48 4.54 4.56 4.97 4.44
AC (BD) 3.87 3.47 3.39 4.03 4.01 4.05 4.38 4.59 4.60 4.63 5.00 4.65

AD 3.61 3.69 4.04 3.98 4.01 4.03 4.35 4.44 4.51 4.58 5.01 4.34
BC 3.73 3.56 3.84 4.05 4.07 4.10 4.38 4.60 4.61 4.60 5.02 4.48

Avg(2) 3.64 3.56 3.70 4.01 4.03 4.06 4.37 4.53 4.57 4.59 4.99 4.50

ABC (BCD) 3.47 3.58 4.07 4.22 4.31 4.38 4.77 5.00 5.06 5.12 5.68 5.02
ABD (ACD) 3.41 3.66 3.93 4.22 4.28 4.34 4.76 4.91 4.99 5.09 5.70 4.84
Avg(3) 3.44 3.62 4.00 4.22 4.29 4.36 4.77 4.95 5.02 5.10 5.69 4.93

ABCD 3.50 3.69 3.93 4.43 4.56 4.63 5.14 5.36 5.43 5.63 6.24 5.40
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be found in the supplementary information). For the ACF3 group,
the decrease in the negative charge on the NO center is due to its
strong electron-withdrawing character. It is directly correlated
with the increase in the voltage (bottom left in Fig. 3). The same
kind of correlation is found between the voltage and the HOMO
levels of the modified compounds (bottom right in Fig. 3) where
an increase in the voltage is linked to the decrease in energy of
the HOMO levels. In contrast, for the AOCH3 group, neither the
APT charges nor the HOMO levels are correlated to the variation
of the voltage as shown in the top graphs of Fig. 3. Moreover, this
EDG can induce lower voltages despite a decrease in energy of the
HOMO levels. This shows that the variation of the reduction poten-
tial cannot be only ascribed only to the electron-withdrawing/
donating effects. Various phenomena can result in changes to the
redox properties [17] and a full analysis of these effects is beyond
the scope of this work.

The present theoretical approach does not allow to predict
whether or not the newly designed molecules can be synthesized.
Furthermore, it is also difficult to assess in advance whether they
can lead to a working battery (for example, in terms of the stability
with respect to the solvent when used with such high redox poten-
tials or in terms of the transfer rate).

The position of the substitutions being hard to control when
synthesizing the molecules, the averaged voltages are computed
for given a number of substitutions for each functional group, as
reported in Table 1. In Fig. 4, these values are plotted according
the capacity of the theoretical battery. To calculate the capacity,
the molar mass of the PMMA is added to the molecular weight of
the modified radical in order to compare them to the actual PTMA.
Fig. 4 shows a voltage range between 3.4 and 6.2 V. But these
increases in the potential sometimes induce a huge drop in the
capacity due the high molecular weight of some radicals. A good
compromise between the tuning of the voltage and the loss in
capacity can be achieved with the functional group ANO2 or the
simpler Fluor atom. Our work shows that ab initio techniques
can be used to design new organic cathodes. This paves the way
for a systematic development of low-cost and high performance
batteries.



Fig. 3. Voltages (vs. Li+/Li) as a function of the APT charges on the nitroxide center (NO) and as a function the HOMO levels for two typical examples of newly designed
radicals. Top: modified TEMPO radicals with the AOCH3 group. Bottom: modified TEMPO radicals with the ACF3 group. The colors indicate the number of substitutions (1 in
red, 2 in blue, 3 in green, and 4 in purple). For each color, the symbols refer to the positions of the substitutions as indicated in the legend using the same letters as in Table 1.
The black dotted line connects the average values for the different positions at a given a number of substitutions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Voltage (vs. Li+/Li) versus capacity for the newly designed radicals (modified TEMPO radicals). The capacity is calculated by adding the molecular weight of PMMA to
allow the comparison with the PTMA (TEMPO attached to PMMA). These values are to be compared to the 3.6 V and the 111 mAh/g of the Li-ion PTMA battery (indicated by
the black star TEMPO). This graph is to be read as follows: for a functional group listed in the legend, the nearest, second nearest, third nearest and the farthest values to the
TEMPO black star correspond to one, two, three and four substitutions respectively.
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4. Conclusion

Based on a previously tested DSCF technique, we predicted the
shift in reduction potentials when substituting the methyl group of
the TEMPO radical with various functional groups. These theoreti-
cally designed radicals exhibit a range in voltage from 3.4 up to 6.2
V allowing for a potential fine-tuning depending on specific need
for various battery applications.
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