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Abstract: Redox-active nitroxyl-containing polymers are promising 
candidates as possible replacements for inorganic based energy 
storage materials, due to their high energy density and fast redox 
kinetics. One challenge towards the such system implementation is 
the insufficient electrical conductivity, impeding the charge collection 
even with highly conductive additives. Herein the first implementation 
of a polymeric bis(salicylideniminato) nickel (NiSalen) conductive 
backbone as an active charge-collecting wire is reported. It serves as 
a charge collector for nitroxyl pendants and support the redox capacity 
of the material simultaneously. This novel polymer exhibits a specific 
capacity of up to 91.5 mAh g-1, retains 87% of its theoretical capacity 
at 800 C and more than 30% as high as 3000C (66% capacity 
retention after 2000 cycles). The properties of the new material upon 
operation was studied by means of operando electrochemical 
methods, UV-Vis and electron paramagnetic resonance spectroscopy. 

Introduction 

Batteries and supercapacitors based on redox polymers 
represent a promising class of future electrochemical power 
sources.[1] A growing interest is focused on the nitroxyl-based 
polymers, which approach the theoretical capacities comparable 
to high-energy batteries and possess the fast redox kinetics and 
stability inherent to high-power supercapacitors.[2] From the first 
report of rechargeable batteries with a nitroxyl-containing 
polymeric cathode,[3] a number of such materials have been 
developed, featuring high specific energy[4] and power,[5] as well 
as perfect cycling stability.[6] 
However, electron hopping between the adjacent redox centers is 
the only charge-transport pathway of charge transfer in nitroxyl-
based polymers. Despite the fast rate of such electron transport 
on the microscopic scale, macroscopic electron conductivity of 
nitroxyl-based material appears to be very low. Therefore, 
additional components are usually introduced into the electrode 
composition to set the electronic conductivity of the nitroxyl-
containing materials at the level that assures the complete 
utilization of its energy storage potential. High conductivity may 
be achieved by introduction of carbonaceous materials,[7] which 
act as a “dead mass” and decrease the overall energy density of 
the electrode. Another possibility for increasing the conductivity of 
redox polymers is to improve the electrical conductivity of the 
main chain by using conductive polymers as a backbone.[8] The 

materials of such architecture are called conductive redox 
polymers (CRP). Several types of nitroxyl-containing CRPs based 
on different backbones such as polyaniline,[9] polyacetylene,[10] 
polypyrrole[11] and polythiophenes[12] are described in the 
literature. However, the energy and power densities of these 
materials do not come together (see Electronic Supplementary 
Information for details). To combine the desired energy, power 
and stability in a single material, the fine tuning of key factors 
affecting the performance of CRPs, such as linker 
configuration[12d, 13] and redox-matching between the backbone 
and pendant group,[14] should be carried out, which requires the 
development of novel conductive backbones and grafting 
approaches. 
Polymeric bis(salicilydenimine) complexes of transition metals 
(MSalens) represent a class of conductive polymers with distinct 
properties. Specifically, polymeric Salen complexes based on 
nickel have a large reversible electroactivity window, perfectly 
matching the TEMPO/TEMPO+ redox potential (anodic limit of 
electroactivity reaches 4.3 V vs Li/Li+),[15] and a conductivity up to 
100 S cm-1,[16] while their specific redox capacitance and energy 
density (ca. 330 J g-1)[17] exceed those of most conductive 
polymers. The electrochemical properties of these complexes 
may be easily tuned by variation of the substituents occupying the 
ligand bridge, imine functionalities and the aromatic core.[18] As a 
result, NiSalens are promising materials for energy storage 
devices such as hybrid supercapacitors.[19] 
One may conclude that the polymer Salen complexes of nickel 
are not inferior to the classical conductive polymers regarding 
stability and electrical conductivity, but surpass them in 
capacitance. Based on the above knowledge, we suggest that 
using Ni-Salen type polymer complexes as a conductive polymer 
framework for TEMPO-containing materials of lithium-ion 
batteries is a new and promising approach on the route towards 
the design of organic cathodes with high conductivity and specific 
capacity. Recently the evidence of the synergistic action of 
polymeric NiSalen with the nitroxyl polymer PTMA in a composite 
has been demonstrated, indicating the prospective of such class 
of conducting polymers for energy purposes.[20] 
Herein we report the first redox-conductive polymer with a 
NiSalen backbone and 2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl 
(TEMPO) pendants. The succinyl linker was chosen to connect 
the TEMPO groups to the backbone because of preparative 
reasons. TEMPOL is the most accessible TEMPO-containing 
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building block. Acylation of alcohols and phenols are highly 
reliable transformations which may be conducted in mild 
conditions. This is important for the concept-proof study involving 
labile fragments such as the NiSalen complex. The NiSalen 
monomers bearing nitroxyl pendants were obtained and 
subjected to anodic electrochemical oxidation, resulting in films of 
the redox-conductive polymeric materials directly on metal 
electrodes. The electrochemical and spectroelectrochemical 
behavior of the obtained material was studied using cyclic 
voltammetry (CV), electrochemical quartz crystal microbalance 
(EQCM), chronoamperometric charge/discharge (GCD), as well 
as, operando conductivity measurements, UV-Vis and EPR 
spectroscopy.  

Results and Discussion 

2.1. Synthesis and characterizations of the monomers 
 
The di-TEMPO Ni-Salen complex, DiTS, was synthesized in two 
steps with 35% overall yield (Figure 1) by the acylation of 2,3-
dihydroxybenzaldehyde with succinyl ester of TEMPOL followed 
by its condensation with ethylene diamine and complexation with 
nickel ion. The FTIR spectrum of DiTS shows two vibrational 
modes around 1735-1760 cm-1, characteristic for esters and a 
signal at 1454 cm-1 from nitroxyl fragment, supporting the 
presence and connectivity of TEMPOL-succinyl pendant, along 
with strong vibration at 1624 cm-1 attributed to the endocyclic C=N 
bond and broad band at 739 cm-1, typical for Ni-O and Ni-N 
complexes. HRMS-ESI spectra confirms the elemental 
composition of product, containing only [M+Na]+ signal, which 
indicates the strong coordination of Na+ ion into the O4 cavity. The 
NMR spectra of the obtained monomer was recorded after in situ 
quenching of the paramagnetic centers with ascorbic acid. The 
DiTS complex shows characteristic signals at 1.08 ppm which 
correspond to CH3 groups of TEMPO, a set of signals in the 1.44-
3.74 ppm region from CH and CH2-groups of the TEMPO-succinyl 
moiety, a signal at 3.44 ppm from the ethylene bridge of the 
complex as well as three signals in the aromatic region. 

Figure 1. Scheme for the synthesis of DiTS. 

2.2. Electrochemical polymer deposition 
 
Electrochemical polymerization of DiTS was studied by means of 
the EQCM technique on piezoelectric crystals coated with 
platinum using a linear voltage sweep. The CV of DiTS (Figure 2, 
A) shows the paired peaks A and A’ at 0.55 V and 0.47 V 

respectively, which correspond to charging and discharging of the 
nitroxyl fragments. An irreversible anodic peak B corresponds to 
oxidative coupling of the NiSalen fragments of DiTS, which results 
in the polymer p-DiTS.[20-21] The gradual increase of the CV 
current and the electrode mass (Figure 2, A) in the subsequent 
cycles indicates the course of the polymerization process. An 
unusual feature in the EQCM curves, recorded during the 
electropolymerization process, is that the mass growth at the 
electrode occurs predominantly at potentials below the peak A’ 
(Figure 2, A), which is in contradiction to previous reports on the 
deposition of a NiSalen-type polymer, where polymerization 
occurs at potentials above the oxidation peak of the monomeric 
NiSalen.[22] 
The CV sweep boundaries were varied to establish the optimal 
conditions for the polymerization of DiTS. Only the redox peaks of 
the TEMPO moieties in solution are observed on CV (Figure 2, C 
curve i) while sweeping in -0.40 – 0.75 V range without polymer 
formation. An extension of the anodic boundary to 0.90 V (Figure 
2, C curve ii) led to an increase in EQCM mass and CV current, 
which indicates the polymer growth on the electrode surface. 
Further extension of the anodic region of the CV range (Figure 2, 
C curve iv) did not improve the polymerization process, but led to 
a decrease of the conductivity of the film due to overoxidation 
(Figure S4), highlighting 0.90 V as an optimal position of the 
anodic boundary. While polymerization is possible at higher 
potentials on the surface of a clean substrate, low conductivity of 
the overoxidized film is blocking further monomer oxidation on the 
surface, leading to rapid decrease in monomer oxidation current 
(Figure S4 and Figure 2, C curve iv). When the cathodic boundary 
was set near the A/A’ pair and the CV was performed between 
0.35 V and 0.90 V (Figure 2, C curve iii), no polymerization 
occurred, emphasizing the crucial role of the charge/discharge of 
the nitroxyl fragments in the polymerization process. 
The conventional mechanism for the chain growth of polymeric 
NiSalens is based on the formation of radical cation species. 
Although the NiSalen-centered radical cations of DiTS are formed 
on the peak B (Figure 2, A), apparently the polymerization 
proceeds at low rate in this area of potentials, compared to other 
NiSalen type complexes.[22] Based on the obtained results, we 
assume that the positive charge density both on the monomer 
molecules and deposited polymer layers grow rapidly above the 
A (Figure 2, A) peak potential due to simultaneous oxidation of 
the NiSalen core and two TEMPO fragments in one molecule. 
High charge density causes the intermolecular coulombic 
repulsion, which hinders the coupling of radical cation species and 
prevents the chain growth as a coulombic “shield”. As soon as the 
potential has decreased to the A’ (Figure 2, A) peak on the 
negative scan of CV (Figure S5, C, point C), rapid polymer growth 
occurred due to the discharge of the p-DiTS film, which turns off 
the coulombic shield. The formation of the polymer proceeds until 
the shield recovers during the next CV cycle due to the oxidation 
of nitroxyl fragments. At this point, a sharp decrease in mass 
occurs due to the desorption of the monomeric DiTS molecules 
repelled by the charging coulombic shield. The scheme of this 
process is depicted on Figure 2, B and scheme of polymer 
formation process on Figure 2, D. 
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Figure 2. QCM analysis of the polymerization of DiTS (1mM solution) in 0.1M Et4NBF4 in CH3CN with a scan rate of 50 mVs-1 (A); Scheme of the TEMPO «shield» 
forming during electropolymerization (B); CV of the synthesis of p-DiTS from 0.1M Et4NBF4 in CH3CN at variable potential range with 50 mVs-1 scan rate(C); Scheme 
of the polymer formation process (D);  EQCM analysis of the synthesis of p-DiTS in 0.1M Et4NBF4/ CH3CN for standard potential ranges with 50 mVs-1 scan rate 
using CV / PStat reduction during 200 seconds mode (E).

To verify the proposed mechanism, an additional experiment was 
conducted. A constant potential of -0.2 V was applied for 200 
seconds using potentiostatic mode between every three cycles of 
the CV polymerization, and the change in mass was measured 
simultaneously (Figure 2, E). As illustrated, this mode does not 
lead to significant changes in the polymerization rate, as 
compared to normal CV cycles. Most likely, the charged 
monomers that were collected near the electrode surface during 
oxidation, simply have had additional 200 s for a more complete 
reaction with the polymer, yet no new active species were 
produced at -0.2 V. The proposed mechanism of polymerization 
is substantially different from the behavior of other NiSalen type 
molecules[22], so additional experiments were carried out using CV 
mode with optimal potential range but at sweep potential rate of 
5 mV s-1 (Figure S5, E), which is 10 times lower than the 
previously used scan rate. At this scan rate the shape of the CV 
curve in the TEMPO groups oxidation region becomes close to a 
cathodic wave with a limiting current plateau, typical for low scan 
rate CV of a reversible redox pair in solution. The mass growth for 
one deposition cycle is ca. 0.3 µg cm-2 both for 5 mV s-1 and 
50 mV s-1 CVs. Polymer deposition is observed both at potentials 
higher than 0.8 V and lower than 0.4 V, and during low rate CV 
almost two thirds of the overall polymer mass is formed at 

potentials more positive than the potentials of the A/A' peaks. On 
the contrary, at 50 mV/s only one third of the polymer is formed at 
potentials higher than 0.8 V. This indicates that the Coulombic 
shielding from oxidized TEMPO groups allow coupling between 
the radical cations of DiTS and the charged TEMPO groups, 
though at quite low rate. The possibility of polymerization at both 
potential regions was confirmed by the experiment consisting of a 
series of successive iterations of potentiostatic and 
potentiodynamic syntheses, as well as open-circuit rest periods 
(See SI and Figure S6 for further discussion).  
XPS spectrum, obtained for the polymeric film, confirmed the 
presence of the functional groups, typical for the backbone and 
the pendant groups (Figure S9).  
Continuous-wave EPR (cwEPR) measurements were performed 
to examine the nitroxyl fragments of DiTS before and after 
electrochemical polymerization. X-band (~9.4 Ghz) cwEPR 
spectra were recorded for a powder sample containing the DiTS 
monomer as well as for a polymerized DiTS film at room 
temperature. The spectra are shown in Figure 3. The g-factor was 
found to be between 2.006 and 2.007 as expected for the nitroxyl 
fragments, consistent with literature values for TEMPOL 
radicals.[23] In contrast to the spectrum of dilute TEMPOL in 
solution, which exhibits three lines due to the hyperfine interaction 
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between the electron spin of the radical and the N nucleus with 
spin 1 (not shown), we observe only a single broad resonance line 
for both samples. This single broadened line results from the 
strong exchange interaction between neighboring nitroxyl groups 
caused by the high concentration of spins in the DiTS powder as 
well as in the polymerized film. The linewidth of the DiTS 
monomer signal is smaller than the linewidth observed for the p-
DiTS film, suggesting a smaller exchange interaction between the 
TEMPO fragments in the film.  
In order to assess the amount of active nitroxyl groups in the film, 
an average number of spins per monomer unit was determined 
using quantitative EPR (qEPR) measurements as described 
previously.[24] The average number of active spins in the DiTS 
powder sample was found to be 2.20 spins per molecule. For the 
polymerized DiTS film monomer deposited on a gold electrode on 
a quartz substrate, the number of spins was found to be 1.75 
spins per monomer unit. This indicates that, within the 
measurement error of approximately 20 %, the nitroxyl fragments 
remain intact during the electrochemical polymerization.  

Figure 3. Room-temperature cwEPR spectra of a DiTS powder sample and an 
electropolymerized p-DiTS film.  

2.3. Electrochemical performance 
 
The electrochemical properties of p-DiTS were studied by cyclic 
voltammetry (Figure 4, A) and galvanostatic charge-discharge 
techniques (Figure 4, B). The electrochemical behavior of p-DiTS 
films was found to be insensitive to the change of the electrode 
material, so further experiments were carried out on glassy 
carbon electrodes. The peaks associated with the NiSalen 
backbone and the TEMPO pendants overlap, which confirms 
perfect redox matching of the fragments, but impedes the 
separation of the individual signals (Figure 4, A). However, the 
main peaks are attributed to redox transformations of the TEMPO 
groups, while the shoulders, usually not observed for aliphatic 
TEMPO-containing polymers, correspond to processes involving 
the NiSalen backbone. The onset of NiSalen backbone oxidation 
is located at 0.2 V, and the electroactivity of this fragment is 
observed till 0.8 V. Wide and flat CV, typical for substituted 
NiSalen, such as poly[Ni(CH3OSalen)][27], should correspond to 1 
electron transitions, while TEMPO groups give 2 electrons in DiTS. 
We can roughly divide the DiTS voltammogram by 
pseudocapacitive-type CV, connected by the straight lines the 
shoulders, attributed to the NiSalen backbone redox reaction 
(area 1-1’), and redox polymer CV with peaks 2, 2’, corresponding 
to TEMPO fragments redox processes (Figure S7). The area 
under the CV parts is proportional to the charge consumed in 
each redox process. The estimated areas for the NiSalen and 

TEMPO parts match a ratio of 1:1.65, which is close to the 
theoretical ratio of 1:2, expected from the molecular structure.  
A proportionality between the peak currents and the potential 
scan rate is observed for scan rates up to 200 mVs-1 (Figure S8, 
A), where the current-rate dependence changes from linear to 
square root behavior, as seen from the log-log plots of both the 
anodic and the cathodic peak current vs scan rate. This indicates 
a transition from a diffusionless «thin layer model» 
electrochemical behavior of the film to a semi-infinite diffusion 
control at higher scan rates.[25] The apparent rate constants and 
the standard electrode potential of the redox processes in p-DiTS 
were calculated from the dependence of the peak potential on the 
logarithm of the potential sweep rate using a standard method 
(Figure S8, B).[26] The resulting apparent rate constant, ~6.5 s-1, 
is indicative of extremely fast kinetics,[26b] which might be partially 
due to the open structure of p-DiTS supporting fast mass transport 
through the material and close distance between TEMPO groups, 
facilitating electron exchange. 
Specific capacities of p-DiTS were determined using CV in wide 
scan-rate range (green line, Figure 4, E). At a scan rate of  
5 mV s-1 this material gains 91.5 mAh g-1, closely approaching the 
theoretical capacity of 92 mAh g-1 for three electrons transferred 
per monomeric unit (one electron from the NiSalen backbone and 
one from each pendant group). This result puts p-DiTS into a good 
position among other known TEMPO modified polymers (Fig. 4, 
G) and significantly exceeds the capacity of unmodified NiSalen 
complexes.[27] The capacity remained unchanged up to  
20 mV s-1 and then gradually decreased to 32.7 mAh g-1 with 
increasing scan rate up to 5000 mV s-1. The CV cycling stability 
curve of p-DiTS at 200 mV s-1 (Figure 4, C) demonstrates the 
retention of 93% of the initial capacity after 500 cycles. Our results 
demonstrate the remarkable stability of p-DiTS in comparison to 
NiSalen type polymers (20 % loss after 500 cycles [28]). 
The performance of p-DiTS as a cathode material was studied in 
a half-cell by means of GCD (Figure 4, B) using a symmetrical 
current for charging and discharging for C-rates between 60 C 
and 3000 C (78 µA cm-2 to 3.94 mA cm-2 respectively, assuming 
1 C current to be 100 mA g-1). The discharge curves for p-DiTS 
exhibit a slightly inclined plateau at ca. 0.53 V, indicative of 
TEMPO-based redox processes, and sloped regions at 0.30 - 
0.40 V corresponding to NiSalen based redox processes (Figure 
4, B). In should be noted that the charge curve has the same 
median voltage as the discharge curve, thus leading to a close to 
unity charge-discharge energy efficiency. The specific capacity of 
the p-DiTS films reached 83 mAh g-1 at a current equal to 60 С 
and was roughly constant until 800 C (79 mAh g-1, Figure 4, F, E), 
dropping sharply to 39 mAh g-1 at 1000 C and to 31 mAh g-1 at 
3000 C. The capacity drop was found to be reversible and 
restores (79-80 mAh g-1) upon further cycling at 60 C. Long-term 
cyclability of p-DiTS was also tested by the GCD method at a rate 
of 60 C in 0.1M Et4NBF4 / CH3CN solution (Figure 4, D). The 
material demonstrates notable durability retaining 66% of its 
specific capacity after 2000 cycles of GCD with the Coulombic 
efficiency of the process about 95%, thus demonstrating superior 
stability as compared to NiSalen type polymers [27a] and TEMPO-
containing materials at GCD tests.[10c, 29] To the best of our 
knowledge, such a combination of  
extra-fast charge-discharge, high capacity and good durability is 
encountered for the first time among other tempo-containing 
polymers (Figure 4, G and Table S1). An electrochemical cell with 
p-DiTS as active cathode material was constructed for in-situ EPR 
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experiments. Using this cell, we were able to study the EPR 
signals associated with paramagnetic states in p-DiTS as a 
function of the applied electrical potential. Figure 5, A shows EPR 
spectra of the oxidized and reduced p-DiTS film in a 0.1M Et4NBF4 
/ CH3CN solution. The significant decrease in the TEMPO signal 
intensity observed upon oxidizing the p-DiTS film indicates that a 
substantial fraction of the TEMPO groups can be actively oxidized. 
A precise description of the in-situ EPR setup as well as a 
quantitative analysis of the spin concentration in the p-DiTS film 

as a function of the applied potential will be the subject of a future 
publication. 
Further insight into the charge/discharge mechanism p-DiTS 
material was provided by advanced electrochemical and 
spectroscopic techniques. An EQCM study of ion transport 
associated with charging/discharging of the p-DiTS film allowed 
us to establish the anionic nature of the ion transport in p-DiTS 
(Figure 5, B and C). A mass flux of charge compensating ions was 
determined from the slope in the linear regions of the 
mass/charge dependence (Figure 5, C).[30] BF4- could be identified  
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Figure 4. CV of thin film of the polymer p-DiTS (A) and specific capacity (E) measured in 0.1M Et4NBF4 / CH3CN solution using various potential sweep rates; The 
CV stability of p-DiTS during long-term measurements in 0.1M Et4NBF4 / CH3CN solution with 200 mV s-1 scan rate (C). Charge / discharge test of p-DiTS using 
different currents (B, F) and stability test at I ~ 60 C (D) in 0.1MEt4NBF4 / CH3CN solution; Comparison of energy storage properties of most common TEMPO-
containing materials and conducting polymers (G). [4-7, 9-10, 12a-c, 21, 27a, 29, 31] 

Figure 5. Operando EPR spectra of p-DiTS for the oxidized and reduced states (A). EQCM of a quartz crystal coated by p-DiTS with changes of the polymer film 
mass (B), dependencies of the polymer film mass on the oxidation charge (C). The scan direction is indicated by the arrows. The measurement was performed in 
0.1MEt4NBF4 / CH3CN solution. The conductivity of p-DiTS measured using interdigitated electrode arrays in an electrolyte (D) recorded during CV with 5 mV s-1. 
The electrolyte was 0.1M Et4NBF4 / CH3CN. 
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as the main charge compensating ions. Their intercalation 
compensates the positive charge in the p-DiTS film, confirming 
the p-type nature of p-DiTS.[32] 
Operando electronic conductance of p-DiTS films was studied 
using interdigitated electrodes with a bipotentiostat in CV mode. 
The dependence of the p-DiTS conductance on the applied 
potential was found to be typical for NiSalens [20] and other 
conductive polymers,[33] showing a narrow conductivity window 
with a peak conductivity of 1.75 mSm at 0.55 V. This value is 
more than 3 orders of magnitude higher than the value beyond 
the conductivity window (ca. 10 µSm) (Figure 5, D). Such a high 

conductivity value surpasses the conductance of aliphatic 
TEMPO-based polymers, such as PTMA, by almost two orders of 
magnitude. The conductance of p-DiTS thus approaches the 
conductance of NiSalen polymers measured under identical 
conditions.[20, 34] 
SEM images of as-prepared p-DiTS films show loose and porous 
morphology similar to NiSalen materials,[19g, 22] which provides 
high permeability of porous films to the electrolyte and ensures 
sufficient ionic conductivity. After oxidation, most of the cavities 
were filled (Figure 6, B), indicating an intercalation of charge-
compensating ions.

Figure 6. SEM images for thin films of p-DiTS in reduced (A) and oxidized (B) states. 
 
The p-DiTS oxidation mechanism was revealed using operando 
spectroelectrochemical studies. UV-Vis spectra of the film were 
recorded during stepwise oxidation in the range between -0.20 
and 1.00 V. Several potential-dependent absorption bands 
(Figure 7, B, C) were found, corresponding to different species in 
the macromolecule. In the reduced state of the polymer (until 
0.3 V, Figure 7, A), when the doping level is low, the absolute 
spectra exhibit several absorption bands (Figure 7, B) that are 
typical for polymeric NiSalen complexes.[35] Upon further oxidation, 
significant spectral changes were noticed, as seen from the 
different UV-Vis spectra (Figure 7, C) and normalized absorbance 
curves (Figure 7, D). 
Absorption at λmax ≈ 316 nm, assigned to the intervalence charge 
transfer (IVCT) of the 4,4’-dihydroxybiphenyl dianion (Figure 7, E) 
naturally decreased in intensity during the whole course of the 
oxidation (Figure 7, D). The bands at λmax ≈ 350 – 402 nm (Figure 

7, D) are assigned to the π – π* electronic transition in the 
phenoxyl ring (the transition between the valence and antibonding 
polaron level or between the bonding and antibonding polaron 
levels).[36] The bands at λmax ≈ 805 nm, assigned to the transition 
from the valence band to the bonding polaron level at the 
Ni(salen) backbone oxidation,[37] increased with the moderate 
potential (from 0.3 to 0.8 V), but decreased with further oxidation 
(Figure 7, D) . All bands increase in intensity during step-by-step 
oxidation, except for the 316 nm band, because of the rising 
population of polarons (Figure 7, D). This fact reveals that the 
electron conductive backbone of p-DiTS takes part in the 
oxidation process. Keeping in mind that the maximum 
conductivity was observed in the range between 0.4 and 0.55 V, 
corresponding to the region of maximum absorption, one may 
conclude that the polaronic pathway makes the major contribution 
to the material conductivity. At the end of the oxidation process, 
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Figure 7. Electronic spectra of p-DiTS deposited on ITO a glass substrate covered with ITO. Absolute spectra recorded in situ for potentials in the range of -0.2 -
1.0 V (B), CV of p-DiTS for the same potentials as in (A), spectra with a reference to the neutral polymer (C) and normalized dependence of the absorbance on the 
potential (D). A scheme of matching the UV signals and polymer states (E). The background electrolyte is a 0.1M Et4NBF4 / CH3CN solution. 
 
i.e. near the highest level of doping (Figure 7, E), a new 
absorption band appears at ca. λmax ≈ 495 nm (Figure 7, C and D). 
At high anodic potential (higher than 0.9 V), a new highly 
delocalized bi-polaron π system may appear through the quinoid 
bond between two phenyl rings, leading to a decrease in other 
polaron bands, and is related to a charge transfer transition 
between the Ni and the new π electronic structure of the NiSalen 
type ligand.[36] The absolute spectra show the presence of a band 
(λmax ≈ 470 nm) apparently associated with TEMPO radical and 
cation states in reduced and oxidized states of the polymer 
respectively.[38] The intensity of these bands also increases during 
oxidation (small area of green line between 0.4 and 0.65 V, Figure 
7, D) due to the rising population of TEMPO+ cations. However, 
the extinction coefficient for the TEMPO group is much lower than 

the coefficient for NiSalen type molecules (10.5 – 20.3 M-1 cm-1 vs 
90 – 170 M-1 cm-1 respectively[32, 38]) which leads to the low 
intensity of the TEMPO band in the spectra (Figure 7, B) 

Conclusion 

In conclusion, we have presented the successful design and 
synthesis of p-DiTS, the first example of a NiSalen-based nitroxyl 
CRP material. Electrochemical anodic deposition of this polymer 
from CH3CN solution of the corresponding monomer was shown 
to proceed in an unusual manner, with the polymerization 
occurring mostly after partial reduction of the previously oxidized 
film. CV experiments show perfect redox matching between the 
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nitroxyl groups and the NiSalen backbone such that nearly all 
TEMPO fragments contribute to the charging/discharging process. 
This is confirmed by operando UV-Vis and EPR studies. 
The observed electrochemical behavior results in an 
unexpectedly high performance of p-DiTS: the maximum specific 
capacity is as high as 91.5 mAh g-1 for a discharge rate of 
5 mV s-1, which is close to the theoretical capacity (92 mAh g-1). 
Unlike most nitroxyl-based materials, p-DiTS retains its significant 
capacity at extremely high discharge rates (82 mAh g-1 at 60 С, 
79 mAh g-1 at 800 C, 39 mAh g-1 at 1000 C and 31 mAh g-1 at 
3000 C) and shows a good cycling stability (66% capacity 
retention after 2000 cycles). Overall, the proposed strategy for the 
adjustment of the redox matching between the nitroxyl radicals 
and the NiSalen conductive backbone allows for exploiting the full 
potential of the material and ensures extraordinarily high electron-
transport rates, providing a powerful tool for the construction of 
organic electrode materials for next-generation hybrid 
supercapacitors and organic batteries. 
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Simultaneous operation of the backbone and pendant groups in charge-discharge process was demonstrated by means of 
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