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(57) ABSTRACT

Ionic cyclic nitroxyl radical oligomers, methods of making
the ionic cyclic nitroxyl radical oligomers, and electro-
chemical cells, such as aqueous organic redox flow batteries
(AORFBs) that use the ionic nitroxyl radical oligomers as
catholytes are provided. The oligomers are larger than
individual cyclic nitroxyl radical molecules, but maintain a
high density nitroxyl radical groups within the molecule. As
a result, when the oligomers are used as catholytes in an
AORFB, they are able to reduce catholyte permeation
through the ion-conducting membrane, while providing a
high volumetric capacity and cycling stability.
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IONIC CYCLIC NITROXYL RADICAL
OLIGOMERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S.
provisional patent application No. 63/194,378 that was filed
May 28, 2021, the entire contents of which are incorporated
herein by reference.

BACKGROUND

[0002] An increasing number of renewable energy sources
are being integrated into the electric grid in the US and
around the world. In addition to environmental and health
concerns regarding emissions of dirty fuels and the reliabil-
ity issues surrounding importing fossil fuels, the develop-
ment of low cost solar and wind power generation has been
the main driving force. However, as intermittent wind and
solar begin to approach more than a quarter of grid energy
production, significant energy storage technology must be
employed to mitigate the unbalanced energy production and
demand on the grid.

[0003] One approach to grid energy storage is the use of
redox flow batteries (RFBs), which have decoupled energy
and power scaling because the capacity can be enlarged by
simply expanding the size of the storage tanks. This decou-
pling of capacity and power allows for simplified design of
long-storage-duration devices by increasing the amount of
active energy storage materials without concurrently need-
ing to increase the electrode sizes. Despite this practical
advantage, RFBs have only been commercially imple-
mented in a handful of experimental grid applications. This
is partially due to the high and volatile cost of active
materials in most commercial RFBs. Aqueous Organic
Redox Flow Batteries (AORFBs) are a promising approach
to utilizing the scalability of liquid-state energy storage
while reducing the materials cost by utilizing organic redox
molecules. However, developing organic redox active spe-
cies that are simultaneously aqueous soluble, chemically
stable, membrane compatible, and cost effective remains
difficult.

SUMMARY

[0004] Charge-bearing cyclic nitroxyl radical oligomers
and methods of making the oligomers are provided. Also
provided are electrochemical cells that use the oligomers as
an electrolyte.

[0005] One embodiment of an ionic cyclic nitroxyl radical
oligomer has between two and twelve cyclic nitroxyl radical
groups, wherein the cyclic nitroxyl radical groups are con-
nected by a cationic quaternary ammonium group, a cationic
nitrogen-containing heteroaromatic group, or an organic
linker comprising one or more cationic quaternary ammo-
nium groups, one or more cationic nitrogen-containing
heteroaromatic groups, or a combination thereof.

[0006] One embodiment of an electrochemical cell
includes: an anode; an anolyte in contact with the anode; a
cathode; and a catholyte in contact with the cathode. The
catholyte includes an ionic cyclic nitroxyl radical oligomer
comprising between two and twelve cyclic nitroxyl radical
groups, wherein the cyclic nitroxyl radical groups are con-
nected by a cationic quaternary ammonium group, a cationic
nitrogen-containing heteroaromatic group, or an organic

Jan. 5, 2023

linker comprising one or more cationic quaternary ammo-
nium groups, one or more cationic nitrogen-containing
heteroaromatic groups, or a combination thereof.

[0007] One embodiment of a method of making an ionic
cyclic nitroxyl radical oligomer, the method includes the
step of: reacting: a first cyclic nitroxyl radical derivative
having a single cyclic nitroxyl radical group with a ring
substituent comprising a secondary or tertiary amine, or
having two cyclic nitroxyl radical groups connected by a
common substituent comprising a tertiary amine; with: a
second cyclic nitroxyl radical derivative having a single
cyclic nitroxyl radical group with a ring substituent com-
prising a leaving group, or having two cyclic nitroxyl radical
groups connected by a common substituent comprising a
leaving group; wherein the reaction forms an ionic cyclic
nitroxyl radical oligomer comprising between two and four
cyclic nitroxyl radical groups.

[0008] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting a first cyclic nitroxyl radical precursor having a
single cyclic amine group with a ring substituent comprising
a secondary or tertiary amine, or having two cyclic amine
groups connected by a common substituent comprising a
tertiary amine group, with a second cyclic nitroxyl radical
precursor having a single cyclic amine group with a ring
substituent comprising a leaving group, or having two cyclic
amine groups connected by a common substituent compris-
ing a leaving group, wherein the reaction forms an ionic
cyclic nitroxyl radical oligomer precursor comprising
between two and four cyclic amine groups; and (b) oxidizing
the cyclic amine groups to nitroxyl groups to form an ionic
cyclic nitroxyl radical oligomer comprising between two
and four cyclic nitroxyl radical groups.

[0009] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the step of
reacting an organic linker having at least two tertiary amine
groups with one or more cyclic nitroxyl radical derivatives,
wherein the cyclic nitroxyl radical derivatives have a single
cyclic nitroxyl radical group with a ring substituent com-
prising a leaving group, or have two cyclic nitroxyl radical
groups connected by a common substituent comprising a
leaving group, wherein the reaction forms an ionic cyclic
nitroxyl radical oligomer with at least two cyclic nitroxyl
radical groups.

[0010] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the step of
reacting an organic linker having at least two leaving groups
with one or more cyclic nitroxyl radical derivatives, wherein
the cyclic nitroxyl radical derivatives have a single cyclic
nitroxyl radical group with a ring substituent comprising a
tertiary amine, or have two cyclic nitroxyl radical groups
connected by a common substituent comprising a tertiary
amine, wherein the reaction forms an ionic cyclic nitroxyl
radical oligomer with at least two cyclic nitroxyl radical
groups.

[0011] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting an organic linker having at least two tertiary
amine groups with one or more cyclic nitroxyl radical
precursors, wherein the cyclic nitroxyl radical precursors
have a single cyclic amine group with a ring substituent
comprising a leaving group, or have two cyclic amine
groups connected by a common a substituent comprising a
leaving group, wherein the reaction forms an ionic cyclic
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nitroxyl radical oligomer precursor comprising at least two
cyclic amine groups and at least one cationic quaternary
ammonium group; and (b) oxidizing the cyclic amine groups
to nitroxyl groups, to form an ionic cyclic nitroxyl radical
oligomer comprising at least two cyclic nitroxyl radical
groups.

[0012] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting an organic linker having at least two leaving
groups with one or more cyclic nitroxyl radical precursors,
wherein the cyclic nitroxyl radical precursors have a single
cyclic amine group with a ring substituent comprising a
tertiary amine, or have two cyclic amine groups connected
by a common substituent comprising a tertiary amine,
wherein the reaction forms an ionic cyclic nitroxyl radical
oligomer precursor comprising at least two cyclic amine
groups and at least one cationic quaternary ammonium
group; and (b) oxidizing the cyclic amine groups to nitroxyl
groups, to form an ionic cyclic nitroxyl radical oligomer
comprising at least two cyclic nitroxyl radical groups.
[0013] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) forming a dimeric cyclic nitroxyl radical derivative
comprising two cyclic nitroxyl radical groups connected by
a secondary amine group; and (b) alkylating the secondary
amine group to form a cationic quaternary ammonium
group.

[0014] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) forming a dimeric cyclic nitroxyl radical precursor
comprising two cyclic amine groups connected by a sec-
ondary amine group; (b) alkylating the secondary amine
group to form a cationic quaternary ammonium group; and
(c) oxidizing the cyclic amine groups to nitroxyl radicals.
[0015] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) forming a dimeric cyclic nitroxyl radical derivative
comprising two cyclic nitroxyl radical groups connected by
a secondary amine group; and (b) reacting the secondary
amine group with an alkane having at least two terminal
leaving groups to form a cationic cyclic quaternary ammo-
nium group.

[0016] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) forming a dimeric cyclic nitroxyl radical precursor
comprising two cyclic amine groups connected by a sec-
ondary amine group; (b) reacting the secondary amine group
with an alkane having at least two terminal leaving groups
to form a cationic cyclic quaternary ammonium group; and
(c) oxidizing the cyclic amine groups to nitroxyl radicals.
[0017] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting a carbonyl-functionalized cyclic nitroxyl radical
precursor with an aliphatic or cyclic amine comprising at
least two amine groups via a condensation reaction, fol-
lowed by a reduction reaction to form a cyclic nitroxyl
radical oligomer precursor comprising at least two cyclic
amine groups connected by an organic linker comprising at
least two tertiary amine groups; (b) reacting the cyclic
nitroxyl radical oligomer precursor with an electrophilic
reactant comprising a leaving group via an S,2 reaction to
form an ionic cyclic nitroxyl radical oligomer precursor
comprising at least two cationic quaternary ammonium
groups; and (c) oxidizing the cyclic amine groups to nitroxyl
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groups, to form an ionic cyclic nitroxyl radical oligomer
comprising at least two cyclic nitroxyl radical groups.
[0018] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting a primary amine-functionalized cyclic nitroxyl
radical precursor with an organic molecule comprising at
least two aldehyde and/or ketone groups via a condensation
reaction to form a cyclic nitroxyl radical oligomer precursor
having at least two cyclic amine groups connected by an
organic linker comprising at least two secondary amine
groups; (b) alkylating the secondary amine groups to form
an ionic cyclic nitroxyl radical dimer precursor comprising
at least two cationic quaternary ammonium groups; and (c)
oxidizing the cyclic amine groups to nitroxyl radicals.
[0019] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of:
(a) reacting an amine-functionalized nitroxyl radical deriva-
tive or precursor with a diketone and an aldehyde in a
multicomponent reaction; and, if the amine-functionalized
nitroxyl radical precursor is used, (b) oxidizing the cyclic
amine groups to nitroxyl radicals.

[0020] Another embodiment of a method of making an
ionic cyclic nitroxyl radical oligomer includes the steps of
reacting a cyclic nitroxyl radical derivative or precursor
bearing a primary amine group and a N-(2,4-dinitrophenyl)
pyridinium salt, whereby the N-(2,4-dinitrophenyl)pyri-
dinium salt is converted into an ionic cyclic nitroxyl radical
dimer; and, if the cyclic nitroxyl radical precursor is used,
(b) oxidizing the cyclic amine groups to nitroxyl radicals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Illustrative embodiments of the invention will
hereafter be described with reference to the accompanying
drawings.

[0022] FIG. 1A, panels (a)-(i), and FIG. 1B, panels (a)-(f),
show the structures of illustrative positively charged (left),
negatively charged (center), and zwitterionic (right)
TEMPO dimers (FIG. 1A, panels (a)-(c)), trimers (FIG. 1A,
panels (d)-(D)), tetramers (FIG. 1A, panels (g)-(i)), pentam-
ers (FIG. 1B, panels (a)-(c)), and hexamers (FIG. 1B, panels
(d)-(f). The cores of the TEMPO oligomers are represented
generically the central rectangles, which indicate whether
the oligomers have a net positive (n+), net negative (m-), or
zwitterionic (n+)(m-) charge state.

[0023] FIG. 2 shows a generic reaction scheme for the
synthesis of various positively charged +ionic TEMPO
dimers. Charge-balancing counterions that can be associated
with the cationic TEMPO dimers shown in the figures and
described herein include I-, Br™, CI-, NO,~, SO,*, CO,*",
Clo,, BF, , PF,~, H,PO,~, HPO,*, PO,*", N,~, CN—,
N(CN),", SCN-, TFST-, R—COO", and RSO, (where R is
an alkyl, alkylaryl, or aryl group).

[0024] FIGS. 3A-3S show the structures of various mon-
ovalent and divalent cationic TEMPO dimers. (In FIGS.
3A-3S and other figures herein, the radical symbol (.) is
omitted. However, as would be understood by those in the
art, the N—O groups with the cyclic nitroxides are radicals.)
[0025] FIGS. 4A and 4B show the structures of various
ionic TEMPO trimers.

[0026] FIGS. 5A and 5B show the structures of various
ionic TEMPO tetramers and an ionic TEMPO hexamer.
[0027] FIGS. 6A and 6B show the structures of various
negatively charged and zwitterionic TEMPO oligomers. The
“M” in the structures represents a charge-balancing cation.
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Charge-balancing counterions that can be associated with
the anionic TEMPO dimers shown in the figures and
described herein include, but are not limited to, Li*, Na*, K*,
NH,*, Zn**, and AP*.

[0028] FIG. 7, panels (a)-(e), shows the structures of
various TEMPO derivatives and precursors.

[0029] FIG. 8 shows the oxidation of the secondary ring
amine of a TEMPO group to a nitroxyl radical.

[0030] FIG. 9, panels (a) and (b) show the alkylation of a
primary amine on a TEMPO derivative and a TEMPO
precursor, respectively.

[0031] FIG. 10, panels (a) and (b) show the amination of
a carbonyl on a TEMPO derivative and a TEMPO precursor,
respectively.

[0032] FIG. 11 shows the conversion of a hydroxyl group
on a TEMPO derivative to a nucleophilic aromatic tertiary
amine.

[0033] FIG. 12, panels (a)-(d), show examples of nucleo-
philic TEMPO derivatives.

[0034] FIG. 13 panels (a)-(d), show examples of nucleo-
philic TEMPO precursors.

[0035] FIG. 14, panels (a)-(c), show additional examples
of nucleophilic TEMPO derivatives.

[0036] FIG. 15 shows the structures of various electro-
philic modifier molecules.

[0037] FIG. 16A, panels (a)-(e), shows generic structures
for various secondary building units. FIG. 16B shows illus-
trative examples of some specific secondary building units.
[0038] FIG. 17 shows the structures of examples of sec-
ondary building units having reactive substituents at the 3-
and/or 5-positions of the TEMPO ring.

[0039] FIG. 18, panels (a) and (b) show examples of a
nucleophilic dimeric TEMPO precursor and an electrophilic
dimeric TEMPO precursor, respectively.

[0040] FIG. 19 shows various monomeric electrophilic
TEMPO derivatives (upper box) with terminal leaving
groups (“X”) that can be reacted with various monomeric
nucleophilic TEMPO derivatives (lower box) to form vari-
ous ionic TEMPO oligomers via hetero-oligomerization.
[0041] FIG. 20A shows examples of specific nucleophilic
TEMPO derivatives (left panel) and electrophilic TEMPO
derivatives (right panel) that can react via hetero-oligomer-
ization to form ionic TEMPO dimers. FIG. 20B shows
examples of specific nucleophilic TEMPO precursors and
electrophilic TEMPO precursors that can react to form ionic
TEMPO dimers, after oxidation of the ring amines to
nitroxyl radical groups.

[0042] FIG. 21 illustrates a hetero-oligomerization reac-
tion between a dimeric electrophilic TEMPO precursor and
a dimeric nucleophilic TEMPO precursor that can reacted to
form an ionic TEMPO tetramer, after oxidation of the ring
amines to nitroxyl radical groups.

[0043] FIG. 22 shows illustrative examples of nucleo-
philic linkers.

[0044] FIG. 23 shows illustrative examples of electro-
philic linkers.

[0045] FIG. 24 shows S,2-based homo-oligomerization
schemes for forming a TEMPO dimer from a nucleophilic
TEMPO precursor and either an alkyl group based electro-
philic linker or an ethylene glycol-based electrophilic linker.
[0046] FIG. 25A illustrates the synthesis of a cyclic
nitroxyl radical dimer having an aliphatic quaternary ammo-
nium group, starting from a carbonyl-functionalized
TEMPO precursor and a primary amine-functionalized
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TEMPO precursor. FIG. 25B shows an alternative synthesis
in which the nitrogen atom of the quaternary ammonium is
substituted with alkyl sulfonate and/or alkyl carbonate
groups.

[0047] FIG. 26 illustrates the synthesis of a cyclic nitroxyl
radical dimer having a cyclic quaternary ammonium group,
starting from a carbonyl-functionalized TEMPO precursor
and a primary amine-functionalized TEMPO precursor.
[0048] FIGS. 27A and 27B show the use of condensation
reactions between the ketone on a carbonyl-functionalized
cyclic nitroxyl radical derivative or precursor and an organic
linker comprising at least two primary or secondary amine
groups to form ionic cyclic nitroxyl radical oligomers. In
FIG. 27A, a carbonyl-functionalized TEMPO precursor
undergoes a condensation reaction with either an aliphatic
diamine or a cyclic diamine. FIG. 27B shows other
examples of diamine linkers that can be used.

[0049] FIGS. 28A and 28B show the use of condensation
reactions between the primary amine group on an amine-
functionalized cyclic nitroxyl radical derivative or precursor
and an organic linker comprising at least two aldehyde or
ketone groups to form ionic cyclic nitroxyl radical oligom-
ers. In FIG. 28A an amine-functionalized TEMPO precursor
undergoes a condensation reaction with an aliphatic dike-
tone. FIG. 28B shows other examples of aliphatic, cyclic,
and aromatic diketones that can be used.

[0050] FIG.29A shows a multicomponent reaction (MCR)
between an amine-functionalized nitroxyl radical derivative,
a diketone and an aldehyde. FIG. 29B shows an MCR
between an amine-functionalized nitroxyl radical precursor,
a diketone and an aldehyde.

[0051] FIG. 30A shows a Zincke reaction of an amine-
functionalized nitroxyl radical derivative. FIG. 30B shows a
Zincke reaction of an amine-functionalized nitroxyl radical
precursor, followed by the oxidation of the intra-ring amine
groups to nitroxyl radicals.

[0052] FIG. 31 is a schematic diagram of an AORFB.
[0053] FIG. 32 is a schematic diagram of the cell com-
partment of an AORFB in which an ionic TEMPO oligomer
catholyte is paired with a viologen derivative anolyte.
[0054] FIG. 33 shows the structures of some TEMPO
heterodimers.

[0055] FIG. 34A shows a generic structure for negatively
charged TEMPO monomers, wherein Q represents a nega-
tively charged substituent group, such as —SQ,™—PO,".
FIG. 34B shows the structures of some examples negatively
charged TEMPO monomers. M represents a counterion,
such as Li*, Na*, K*, NH,*, Zn**, or AI**.

[0056] FIGS. 35A-35B show key electrochemical and
physiochemical metrics of TEMPO dimers. FIG. 35A shows
logarithmic viscosity-volumetric capacity relationship for
different TEMPOs monomers and dimers with empirical
exponential fits. FIG. 35B shows permeability of different
TEMPOs through high-power DSVN anion-exchange mem-
brane tested in H-cells. The TEMPO dimers showed orders
of magnitude decreased permeability versus TEMPO mono-
mers.

DETAILED DESCRIPTION

[0057] Charge-bearing cyclic nitroxyl radical oligomers,
such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oli-
gomers, 2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (PROXYL)
oligomers, and imidazolidine oligomers, having between
two and twelve cyclic nitroxide radical groups are provided.
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Methods of making the oligomers and electrochemical cells,
such as aqueous organic redox flow batteries (AORFBs),
that use the oligomers as catholytes are also provided.
[0058] The charge-bearing (ionic) cyclic nitroxyl radical
oligomers are larger than individual cyclic nitroxyl radicals,
but still maintain a high density of redox active cyclic
nitroxyl radical groups within the molecule. As a result,
when the oligomers are used as catholytes in an AORFB,
they are able to reduce catholyte permeation through an
ion-conducting membrane, while maintaining a high volu-
metric capacity and cycling stability. In addition, the cyclic
nitroxyl radical oligomers have sufficient water solubility to
be used in aqueous electrolyte solutions.

[0059] The ionic cyclic nitroxyl radical oligomers can be
made using a modular synthesis in which monomeric and/or
dimeric nucleophiles and electrophiles, which are made
from cyclic nitroxyl radical derivatives or precursors, react
with one another (heterooligomerization) or react with
organic linkers (homodimerization). This modular synthesis
can be carried out using simple, efficient substitution and
elimination reaction steps. Alternatively, the ionic cyclic
nitroxyl radical oligomers can be synthesized from the
cyclic nitroxyl radical derivatives or precursors via multi-
component reactions, Zincke reactions, or ketone diamine
condensation reactions.

[0060] Some general structural characteristics of the
cyclic nitroxyl radical dimers and higher order oligomers are
discussed below, followed by chemical structures that rep-
resent various embodiments of the oligomers. A discussion
of methods of synthesizing the oligomers is also provided,
including Examples with detailed procedures.

Tonic Cyclic Nitroxyl Radical Oligomers

[0061] General Structural Characteristics:

[0062] The ionic cyclic nitroxyl radical oligomers are
organic molecules bearing at least two, and up to twelve,
cyclic nitroxyl radical groups. Thus, the oligomers include
cyclic nitroxyl radical dimers, trimers, tetramers, pentamers,
hexamers, and higher order oligomers. The oligomers fur-
ther include a core to which the two or more cyclic nitroxyl
radical groups are covalently bonded. The core may by
uncharged, positively charged, negatively charged, or may
be zwitterionic—carrying both positive and negative
charges. For oligomers bearing a positive charge, the core
includes at least one cationic nitrogen atom. The cationic
nitrogen atom may be, for example, the nitrogen of a
cationic quaternary ammonium group or a nitrogen-contain-
ing heteroaromatic cation. In some embodiments of the
oligomers, the core is itself a cationic quaternary ammonium
group or a nitrogen-containing heteroaromatic cation. In
other embodiments, the core is a larger organic group that
includes one or more cationic quaternary ammonium groups
and/or one or more nitrogen-containing heteroaromatic cat-
ions. Negatively charged and zwitterionic cores include one
or more anionic core substituents.

[0063] An schematic illustration of the fundamental struc-
ture of ionic cyclic nitroxyl radical oligomers is provided in
FIGS. 1A and 1B, where the cores of the ionic oligomers are
represented generically by the central rectangles, which
indicate whether the oligomers have a net positive (n+), net
negative (m-), or zwitterionic (n+)(m-) charge state. FIG.
1A, panels (a)-(i), and FIG. 1B, panels (a)-(f), show the
structures of illustrative positively charged (left), negatively
charged (center), and zwitterionic (right) TEMPO dimers
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(FIG. 1A, panels (a)-(c)), trimers (FIG. 1A, panels (d)-(f)),
tetramers (FIG. 1A, panels (g)-(i)), pentamers (FIG. 1B,
panels (a)-(c)), and hexamers (FIG. 1B, panels (d)-(f).
TEMPO is used as the cyclic nitroxyl radical oligomer of
FIGS. 1A and 1B for illustration only. Other cyclic nitroxyl
radical groups can also be used.

[0064] Various embodiments of the ionic cyclic nitroxyl
radical oligomers have from one to 12, or even more,
positive charges and from 0 to 12, or even more, negative
charges. For some applications, including applications
where a low viscosity is desired, it is advantageous to use
oligomers having a low charge density per redox active
electron. Therefore, some embodiments of the present ionic
oligomers, have an average of one or fewer positive charges
per nitroxyl radical group, as determined when the nitroxyl
radical groups are in a reduced state. This includes ionic
oligomers having an average of 0.25 to 0.75 positive charges
per nitroxyl radical group, when the nitroxyl radical groups
are in a reduced state.

[0065] The cationic quaternary ammonium groups may be
aliphatic quaternary ammonium groups, cyclic quaternary
ammonium groups, or a combination thereof. Aliphatic
quaternary ammonium groups include alkyl quaternary
ammonium groups, such as dimethyl quaternary ammonium
groups. The cyclic quaternary ammonium groups and nitro-
gen-containing heteroaromatic cations may be monovalent
(containing one cationic nitrogen atom) or divalent (con-
taining two cationic nitrogen atoms). Examples of nitrogen-
containing heteroaromatic cations include imidazolium
groups, pyridinium groups, and bipryridinium groups.
Examples of cyclic quaternary ammonium groups include
1,4-diazabicyclo[2.2.2]octane-1,4-diilum  groups, aziri-
dinium groups, azetidinium groups, pyrrolidinium groups,
piperidinium groups, and morpholinium groups, and further
include piperazinium groups, and imidazolidinium groups.
The quaternary ammonium groups and nitrogen-containing
heteroaromatic cation groups may be substituted or unsub-
stituted. For example, the carbon atoms of an alkyl chain of
an aliphatic quaternary ammonium group or the ring carbons
of a cyclic quaternary ammonium group or a nitrogen-
containing heteroaromatic cation may have hydroxyl sub-
stituents or anionic substituents, such as sulfonate, phospho-
nate, or carboxylate substituents. The anionic substituents
may be directly bonded to a ring carbon, or may be bonded
via an organic group, such as an alkyl chain.

[0066] The heterocyclic rings of the nitroxyl radical
groups are non-conjugated and, therefore, have weak inter-
molecular interactions. The use of non-conjugated cyclic
nitroxyl radical groups is advantageous because non-conju-
gated rings do not promote aggregation, which can lead to
an undesirable increase in the viscosity of an electrolyte. In
addition, non-conjugated nitroxyl radical groups tend to
have good water miscibility when attached to a hydrophilic
ionic group. Examples of non-conjugated cyclic nitroxyl
radical groups include piperidine radical groups, pyrrolidine
radical groups, and imidazolidine radical groups, the struc-
tures of which are shown below.
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where R,, R, Rg, and R, are independently selected from
alkyl groups having 1 to 12 carbon atoms, including alkyl
groups having 1 to 6 carbon atoms, or where R, and Rs
together with the ring carbon to which they are attached
form a cycloaliphatic ring or a heterocyclic ring, and/or
where R and R, together with the ring carbon to which they
are attached form a cycloaliphatic ring or a heterocyclic ring.
When R, R, Rg, and R, in the structures above are methyl
groups, the structures above are (from left to right) a
TEMPO group (—CH(CH,),(CMe,),NO), a PROXYL
group (—CHCH,(CMe,),NO groups), and an imidazolidine
groups (—CHNH(CMe,),NO group).

[0067] Cyclic nitroxyl radical groups in which R, and Ry
together with the ring carbon to which they are attached
and/or the R and R, together with the ring carbon to which
they are attached form a cycloaliphatic ring or a heterocyclic
ring, include nitroxyl radical groups having the structures:

N

where the Zs are —CH,— groups, oxygen atoms, —NC(O)
CH,; groups, sulfur atoms, or —SO, groups and R, and R
are as defined above.

[0068] In oligomers bearing piperidine radical groups,
such as TEMPO groups, the piperidine groups are covalently
bonded to the core at the 4-position, the 3-position, or the
S-position of the piperidine ring. In oligomers bearing
pyrrolidine radical groups, such as PROXYL oligomers, the
pyrrolidine groups are covalently bonded to the core at the
3-position of the pyrrolidine ring. In oligomers bearing
imidazolidine radical groups, the imidazolidine groups are
covalently bonded to the core at the 4-position of the
imidazolidine ring.

[0069] A branched core may have three branches (tri-
branched), four branches (tetra-branched), five branches
(penta-branched), or six or more branches, and the branches
extending from the core (main branches) may themselves
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terminate in sub-branches. The branches may extend from a
single central atom, a single aromatic ring, or a single central
heterocyclic ring, and/or they may extend from a linear
backbone within the core. The cyclic nitroxyl radical groups
may be present as terminal groups on a linear core or as
terminal groups on branches of a branched core and/or may
be present as pendant groups along an alkyl chain within the
core. The two or more cyclic nitroxyl radical groups that are
covalently bonded to the core may be the same or different.
For example, in cyclic nitroxyl radical oligomers with
branched cores, each branch may terminate in the same
cyclic nitroxyl radical group. Alternatively, one or more of
the branches my terminate in a different cyclic nitroxyl
radical group.

[0070] The heterocyclic rings of the nitroxyl radical
groups are covalently bonded to the core and the groups that
form the bond between the cyclic nitroxyl radicals and the
core are referred to herein as bonding groups or linkages. If
the bonding group is a quaternary ammonium group or a
nitrogen-containing heteroaromatic cation, a carbon or oxy-
gen atom of the heterocyclic ring of the nitroxyl radical is
covalently bonded to a nitrogen of the quaternary ammo-
nium of the heteroaromatic cation. As previously discussed,
the cationic quaternary ammonium groups may be aliphatic
quaternary ammonium groups and/or cyclic quaternary
ammonium groups. The nitrogen atom of an aliphatic qua-
ternary ammonium bonding group can be directly bonded to
one, two, or three cyclic nitroxyl radical groups. The nitro-
gen atom of a cyclic quaternary ammonium bonding group
can be directly bonded to one or two cyclic nitroxyl radical
groups, depending upon the cyclic quaternary ammonium
group being used. The cationic nitrogen atom of a nitrogen-
containing heteroaromatic cation bonding group can be
directly bonded to one cyclic nitroxyl radical group. If a net
negatively charged oligomer or a zwitterionic oligomer is
desired, the nitrogen atoms of a quaternary ammonium
group may be a negatively charged substituents.

[0071] Insome embodiments of the oligomers the bonding
groups are organic linkages, rather than quaternary ammo-
nium or nitrogen-containing heteroaromatic groups. Organic
linkages that can provide bonding groups include amide
linkages (—C(O)N(R,,)—, where R, is an H atom, an alky]
group, or an organic substituent comprising an anionic
group, such as an alkyl sulfonate, alkyl phosphonate, or
alkyl carbonate), ether linkages (—O—), or ester linkages
(—C(0)O—). In some embodiments of the oligomers hav-
ing amide linkages, the R of the amide linkage is another
cyclic nitroxyl radical group, such that the amide linkage is
connected to two cyclic nitroxyl radical groups. If the
linkage is an amide linkage, a carbon or oxygen atom of the
heterocyclic ring of the nitroxyl radical is covalently bonded
the amide nitrogen; if the linkage in an ether linkage, a
carbon atom of the heterocyclic ring of the nitroxyl radical
is covalently bonded to the ether oxygen; and if the linkage
is an ester linkage, a carbon atom of the heterocyclic ring of
the nitroxyl radical is covalently bonded to the ester oxygen.
Different cyclic nitroxyl radical groups in a given oligomer
may be bonded to the core by the same or different bonding
groups. If a net negatively charged oligomer or a zwitteri-
onic oligomer is desired, the bonding groups may bear
negatively charged substituents.

[0072] The bonding groups of the core may be linked by
an organic linker that forms the rest of the core. The organic
linker increases the size of the core by increasing the length



US 2023/0006250 Al

and/or branching of the core. The linker may be positively
charged, negatively charged, zwitterionic, or uncharged. For
example, if the bonding groups of the core are uncharged, a
positively charged linker can be incorporated into the core.
If a net negatively charged oligomer or a zwitterionic
oligomer is desired, the linkers may bear negatively charged
groups. Chemical groups that may form part of an organic
linker of the core include substituted or unsubstituted alkyl
groups, substituted or unsubstituted cycloalkyl groups, sub-
stituted or unsubstituted heterocycloalkyl groups, substi-
tuted or unsubstituted cycloalkyl-alkyl groups, substituted or
unsubstituted heterocycloalkyl-alkyl groups, substituted or
unsubstituted aryl groups, substituted or unsubstituted het-
eroaryl groups, substituted or unsubstituted arylalkyl
groups, substituted or unsubstituted heteroarylalkyl groups,
ether groups, quaternary carbons, quaternary ammonium
groups, tertiary alkylamine groups, and secondary alkylam-
ine groups.

[0073] As used herein, the term alkyl refers to a straight or
branched aliphatic hydrocarbon. The term cycloalkyl refers
to a non-aromatic cyclic alkyl group that forms one or more
rings. The term heterocycloalkyl refers to a non-aromatic
cyclic alkyl group that forms one or more rings, wherein a
ring includes a non-carbon atom. A cycloalkyl-alkyl
includes a cycloalkyl group bonded to an alkyl group.
Similarly, a heterocycloalkyl-alkyl includes a heterocycloal-
kyl group bonded to an alkyl group. The term aryl refers to
an aromatic ring or two or more connected or fused aromatic
rings. Heteroaryl refers to an aryl group in which an aro-
matic ring includes a non-carbon atom, such as a nitrogen or
oxygen atom. An arylalkyl includes an alkyl group bonded
to an aryl group. Similarly, a heteroarylalkyl group includes
an alkyl group bonded to a heteroaryl group. The term ether
refers to an alkyl group covalently bonded to an oxygen. As
used herein, the term ether includes oligoether groups in
which two or more ether groups are bonded in a chain and
also includes ether groups that terminate in an alkyl group or
chain. The term alkylamine refers to an alkyl group bonded
to an amine. As used herein, the term alkyl amine includes
oligo(alkylamine) groups in which two or more alkylamine
groups are bonded in a chain.

[0074] By way of illustration, in some embodiments of the
linkers, the alkyl groups are —(CH,),— chains, where n has
a value in the range from 1 to 12, from 1 to 6, or from 1 to
3. In some embodiments of the linkers, the ether groups
comprise —((CH,),—0),,— chains, where n has a value in
the range from 1 to 10, from 1 to 6, or from 1 to 3, and m
has a value in the range from 1 to 12, from 1 to 6, or from
1 to 3. Ethylene glycol units and oligo(ethylene glycol)
chains are examples of ether groups.

[0075] The quaternary ammonium groups in the linker
may be aliphatic or cyclic, as described and exemplified
above with respect to quaternary ammonium bonding
groups. Aryl groups that can be present in the linker include
nitrogen-containing heteroaromatic cationic groups, as
described and exemplified above with respect to nitrogen-
containing heteroaromatic cation bonding groups.

[0076] Ionic cyclic nitroxyl radical dimers have two non-
conjugated cyclic nitroxyl radical groups. By way of illus-
tration, a TEMPO dimer has two TEMPO groups. The two
nitroxyl radical groups may be connected by a single com-
mon bonding group. For example, both nitroxyl radical
groups can be covalently bonded to the same nitrogen atom
of a quaternary ammonium group, or both nitroxyl radical
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groups can be covalently bonded to the same aromatic ring
of a nitrogen-containing heteroaromatic cation. Alterna-
tively, the two nitroxyl radical groups can be bonded to the
core by two different bonding groups, which may be con-
nected by an organic linker. [llustrative generic structures for
examples of ionic TEMPO dimers are shown as the products
on the right side of FIG. 2. (As shown in the figure, the
dimers are made by converting TEMPO derivatives into
TEMPO nucleophiles and electrophiles, which are reacted to
form the dimers. This process is described in more detail in
the synthesis discussion below.) It should be understood,
however, that some or all of the TEMPO groups shown in
FIG. 2 and the other figures herein can be replaced by other
cyclic nitroxyl radical groups, such as pyrrolidine radical
groups and/or imidazolidine radical groups. Although the
alkyl chains within the dimer structures shown in FIG. 2
have between 1 and 3 carbon atoms in the chain, the alkyl
chains can have more carbon atoms. Thus, the alkyl chains
include “chains” of one or more carbon atoms. As illustrated
in the figure, the ionic TEMPO dimers include monovalent
dimers (having a single positive charge) and divalent dimers
(having a double positive charge). However, nitroxyl radical
dimers having a higher number of positive charges, a net
negative charge, or a zwitterionic charge state can also be
made. In the dimer structures of FIG. 2, R' represents an
amide linkage, an ester linkage, or an ether linkage, as
indicated on the left side of the figure. L in the examples
shown in FIG. 2 is selected from:

O
Lol ) |

S

®

The R' groups and L groups in the structures of FIG. 2 can
be selected to provide either a monovalent or a divalent
dimer. Although the alkyl chains shown above have between
4 and 6 carbon atoms in the chain, the alkyl chains can have
more or fewer carbon atoms. Thus, the alkyl chains include
“chains” of one or more carbon atoms.

[0077] Various examples of monovalent and divalent
TEMPO dimers are shown in FIGS. 3A-3F and in FIGS.
3G-3M, respectively.

[0078] Ionic cyclic nitroxyl radical trimers have three
non-conjugated cyclic nitroxyl radical groups. By way of
illustration, a TEMPO trimer has three TEMPO groups. The
three nitroxyl radical groups may be connected by a single
bonding group. For example, three nitroxyl radical groups
can be covalently bonded to the same nitrogen atom of an
aliphatic quaternary ammonium group. Alternatively, the
three nitroxyl radical groups can be bonded to the core by
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different bonding groups, which may be connected by an
organic linker. Illustrative examples of TEMPO trimers in
which the core comprises a quaternary ammonium, an
aromatic ring, or a heterocyclic ring are shown in FIGS. 4A
and 4B. In these examples, the aromatic ring is a benzene
ring having TEMPO substituents at the 1,3,5-positions or a
triazine ring having TEMPO substituents at the 2,4,6-posi-
tions.

[0079] Tonic cyclic nitroxyl radical tetramers have four
non-conjugated cyclic nitroxyl radical groups. By way of
illustration, a TEMPO tetramer has four TEMPO groups.
Branching in the core of the tetramers can be provided, for
example, by a branched alkyl group, a quaternary carbon
atom and/or the nitrogen of a quaternary amine. Illustrative
examples of TEMPO tetramers, and one TEMPO hexamer,
are shown in FIGS. 5A and 5B.

[0080] Optionally, the bonding groups, the organic linkers,
or both may be substituted. For example, the bonding groups
and/or organic linkers may have one or more negatively
charged substituents to impart the ionic oligomer with a net
negative charge or to form a zwitterionic oligomer. Intro-
ducing negative charges may be useful, for example, to
produce a negatively charged catholyte. By way of illustra-
tion, alkyl groups, aromatic groups, or heterocyclic groups
of the organic linkers, or the nitrogen atom of a tertiary
amine, a quaternary ammonium in a bonding group or an
organic linker may be substituted with one or more sulfonate
groups (—SO;7), one or more phosphonate groups
(—P0,;*"), one or more carboxylate groups (—CO,”), or a
combination thereof. Illustrative examples of TEMPO oli-
gomers having anionic substituents on the oligomer core are
shown in FIGS. 6A and 6B, where “M” represents a generic
charge balancing cation.

[0081] Illustrative Oligomer Chemical Structures.

[0082] Some embodiments of the cyclic nitroxyl radical
oligomers have the general structure:

[[-Rad]s-Noo—(R").], (Structure I)

where .Rad is a cyclic nitroxyl radical group, N_,, is an
aliphatic quaternary ammonium group, a cyclic quaternary
ammonium group, or a nitrogen-containing heteroaromatic
group. R" in Structure I is a substituted or unsubstituted
alkyl group, an anionic group, or a —(CH,),—R'—Rad
group, where R' is an amide linkage, an ester linkage, or an
ether linkage and w is an integer having a value from 1 to
12 (e.g., 1 to 6). If N_,, in Structure 1 is an aliphatic
quaternary ammonium group, s is 1, 2, or 3 and m=(4-s); if
N, in Structure I is a cyclic quaternary ammonium group,
such as a 1,4-diazabicyclo[2.2.2]octane-1,4-diium group or
a aziridinium groups, s is 1 or 2 and t is, correspondingly, 1
or 0, provided that, if t is 1, R" is a —(CH,),,—R'—Rad
group; and if N_,, in Structure I is a nitrogen-containing
heteroaromatic cationic group, such as an imidazolium
group or a bipyridinium group, s is 2 and t=0.

[0083] The .Rad groups, R" groups, and R' groups in an
oligomer of Structure I and the other Structures discussed
below, may be the same or different. Substituents that may
be present on the groups include anionic groups. Anionic
groups include sulfonate groups, alkyl sulfonate groups,
phosphonate groups, alkyl phosphonate groups, carboxylate
groups, and alkyl carboxylate groups. Examples of cyclic
nitroxyl radicals having Structure I, wherein .Rad is a
TEMPO group, are shown in FIG. 3A, panel (a), FIG. 3C,
panel (a), FIG. 3M, panel (i), FIG. 3N, panel (j), FIG. 3P,
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panel (b), FIG. 4A, panels (g), (h), (i), and (j), FIG. 5B, panel
(d), FIG. 6A, panels (b) and (c), FIG. 6B, panels (f)-(h), and
as the products on the right side of FIG. 26.

[0084] Other embodiments of the cyclic nitroxyl radical
oligomers have the general structure:

[[Rad],-N,,]-L-[R-[Rad.],],, (Structure 1)

where each .Rad is a cyclic nitroxyl radical group, each N_,,
is an aliphatic quaternary ammonium group, a cyclic qua-
ternary ammonium group, or a nitrogen-containing het-
eroaromatic cation group, each R' is an amide linkage, an
ester linkage, or an ether linkage, q is 1, 2, or 3, 1 is an integer
with a value in the range from 0 to 12 (for example, 1 to 6),
p is an integer with a value in the range from 0 to 12 (for
example, 1 to 6), and L' is an organic linking group. The
value of r depends on the nature of the linkage in the bonding
group as follows: for an R' that is an amide linkage, ris 1 or
2; and for an R’ that is an ester or ether linkage, r is 1. Thus,
each amide linkage may have one or two cyclic nitroxyl
radical groups directly bonded to the amide nitrogen. In
some embodiments of Structure II in which only a single
cyclic nitroxyl radical group is directly bonded to the amide
nitrogen, an anionic group, such as an alkyl chain bearing a
sulfonate, phosphonate, or carboxylate group is also present
on the nitrogen atom of the amide to provide a negative
charge. The nitrogen atom of each N_,, group is directly
bonded to one, two, or three cyclic nitroxyl radical groups.
In some embodiments of Structure II in which only one or
two cyclic nitroxyl radical groups are directly bonded to the
nitrogen atom of the N_,, group, said nitrogen atom is also
bonded to alkyl substituents, which may optionally be
functionalized with ionic groups, such as sulfonate, phos-
phonate, or carboxylate groups.

[0085] The L' linking group can be an L or L, type of
linking group. An L, linking group does not include qua-
ternary ammonium groups or nitrogen-containing heteroaro-
matic cations, while an L,, linking group includes one or
more quaternary ammonium groups and/or one or more
nitrogen-containing heteroaromatic cations.

[0086] Each L, in an oligomer is independently selected
from a substituted or unsubstituted alkyl group, a substituted
or unsubstituted cycloalkyl group, a substituted or unsub-
stituted heterocycloalkyl group, a substituted or unsubsti-
tuted cycloalkyl-alkyl group, a substituted or unsubstituted
heterocycloalkyl-alkyl group, a substituted or unsubstituted
aryl group, a substituted or unsubstituted heteroaryl group,
a substituted or unsubstituted arylalkyl group, a substituted
or unsubstituted heteroarylalkyl group, an ether group, a
quaternary carbon, a tertiary alkylamine group, and a sec-
ondary alkylamine group. In some of the oligomers, L is a
single —CH,— group.

[0087] Substituents that may be present on the alkyl,
cycloalkyl, heterocycloalkyl, cycloalkyl-alkyl, heterocy-
cloalkyl-alkyl, aryl, heteroaryl, arylalkyl, heteroarylalkyl,
ether, quaternary carbon, tertiary alkylamine, and/or second-
ary alkylamine groups include, for example, anionic groups,
such as sulfonate, phosphonate, and/or carboxylate groups,
and/or hydroxyl groups. The anionic groups may be bound
directly to a carbon atom on said groups, or may be bonded
via an organic group, such as an alkyl chain. By way of
illustration, alkyl sulfonate chains (e.g., propyl sulfonate or
butylsulfonate), alkyl phosphonate chains, or alkyl carbon-
ate chains may be covalently bonded to the nitrogen atom of
an amine group.
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[0088] L,, is a linking group having at least one cationic
quaternary ammonium group and/or at least one nitrogen-
containing heteroaromatic cationic group, where the at least
one cationic quaternary ammonium group or nitrogen-con-
taining heteroaromatic cationic group is covalently bonded
to at least one [.Rad] -N_,] and/or at least one [R'-Rad.] via
an L, group, where L is as defined previously. Each
quaternary ammonium group in L, is an aliphatic or cyclic
quaternary ammonium group, as described and exemplified
previously. If there are two or more cationic quaternary
ammonium groups or nitrogen-containing heteroaromatic
cationic groups in L,,,, said groups are also connected via Lz
groups. The various L, groups within an L,, may be the
same or different. The cationic quaternary ammonium
groups and nitrogen-containing heteroaromatic cationic
groups may be incorporated into a linear or branched chain
of the core or may be pendant from a linear or branched
chain of the core. Substituents that may be present on the
nitrogen atom of a quaternary ammonium or nitrogen-
containing heteroaromatic cation group include sulfonate,
phosphonate, and carboxylate groups. By way of illustra-
tion, alkyl sulfonate chains (e.g., propyl sulfonate or
butylsulfonate) may be covalently bonded to the nitrogen
atom of a quaternary ammonium or nitrogen-containing
heteroaromatic cation.

[0089] If the oligomer is a dimer, Structure II can be
rewritten as:

[Rad]-Ngg]r-L*-[R-[Rad.] .4, (Structure IIT)

where 11is 0, 1, or 2.
[0090] Examples of cyclic nitroxyl radical oligomers of
Structure II or III having an L, linker, wherein .Rad is a
TEMPO group, are shown in FIG. 3A, panels (b)-(i), FIG.
3B, panel (a), FIG. 3F, FIG. 3G, FIG. 3H, panels (a) and (b),
FIG. 3M, panels (a)-(c), FIG. 3N, panels (a)-(c), (e), (h), and
(1), FIG. 3P, panels (a), (c), (d) and (f), FIG. 3S, panels
(a)-(d), FIG. 4A, panels (a)-(f) and (h)-(j), FIG. 4B, panels
(a) and (b), FIG. 5A, panels (a)-(d), (f), and (h), and FIG. 5B,
panels (a), (b), and (e).
[0091] Examples of cyclic nitroxyl radical oligomers of
Structure II or III having an L,,, linker, wherein .Rad is a
TEMPO group, are shown in FIG. 3B, panels (b) and (c),
FIG. 3C, panels (a) through (i), FIGS. 3D and 3E, FIG. 3H,
panels (c) through (g), FIGS. 31 through 3L, FIG. 3N, panels
@), (g) and (k)-(m), FIG. 30, FIG. 3P, panel (e), FIG. 3Q,
FIG. 3R, FIG. 38, panels (e)-(j), and FIG. 5B, panel (e).
[0092] Other embodiments of the cyclic nitroxyl radical
oligomers that include three, four, or more cyclic nitroxyl
radical groups have the general structure:
[Rad],-Q-[Lg-QRad.),-,-],-Q-[ Rad],,
where .Rad and L, are as defined above, each Q can be,
independently, an N_,, (cationic quaternary ammonium
group or nitrogen-containing heteroaromatic cationic group)
or an R', as defined above, each v is, independently, 1, 2, or
3, each z is, independently, 1 or 2, and y is an integer having
a value in the range from 2 to 12. Commonly in oligomers
of'this type, Ly is a short alkyl chain, such as a C,-C group.
Examples of cyclic nitroxyl radicals having this structure,
wherein the .Rad are TEMPO groups, the L are —CH,—
or —CH,CH,— groups, and y is 3 or 4 are shown in FIG.
4B, panel (c) and FIG. 5C, panels (e) and (g).
[0093] Another aspect of the invention provides cyclic
nitroxyl radical oligomers that do not include a cationic
quaternary amine group or a nitrogen-containing heteroaro-

(Structure IV)
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matic cationic group and are, instead, anionic cyclic nitroxyl
radical oligomers bearing one or more anionic groups.
Members of this group of oligomers include cyclic nitroxyl
radical oligomers having the structure:

Lg-[R"-[Rad ], ], (Structure V)

where .Rad and L are as defined above, pis 1 or 2, q is an
integer in the range from 1 to 6, and R is a secondary amine
linkage, a tertiary amine linkage, an amide linkage, an ester
linkage, or an ether linkage, and the total number of cyclic
nitroxyl radical groups is between 2 and 12. The cyclic
nitroxyl radical oligomers having Structure V have at least
one anionic group covalently bonded thereto. Anionic
groups include, sulfonate, phosphonate, and carboxylate
groups, as well as alkyl sulfonate, alkyl phosphonate, and
alkyl carboxylate groups. The anionic groups may be
bonded to the nitrogen atom of a secondary or tertiary amine
or an amide, the carbonyl carbon of an amide, or may be
bonded to a carbon atom of an alkyl, cycloalkyl, heterocy-
cloalkyl, cycloalkyl-alkyl, heterocycloalkyl-alkyl, aryl, het-
eroaryl, arylalkyl, heteroarylalkyl, ether, quaternary carbon,
tertiary alkylamine, and/or secondary alkylamine group
within the L, linker. Examples of cyclic nitroxyl radicals
having Structure V, wherein the .Rad are TEMPO groups
and sulfonate groups are the anionic groups are shown in
FIG. 6A, panels (d)-(h) and FIG. 6B, panels (a)-(e).

Synthesis of Ionic Cyclic Nitroxyl Radical Oligomers.

[0094] The ionic oligomers can be synthesized in a step-
wise fashion starting with reactive derivatives or reactive
precursors that are derived from a cyclic nitroxyl radical. In
the description that follows, the synthesis of various
TEMPO oligomers from TEMPO derivatives and TEMPO
precursors is described. However, it should be understood
that analogous reactions can be carried out using other cyclic
nitroxyl radical derivatives and precursors, including
PROXYL or imidazolidine derivatives or precursors, to
form the corresponding ionic oligomers.

[0095] Cyclic nitroxyl radical “derivatives™ are character-
ized in that they have a reactive functional group on the
heterocyclic ring of the radical. For piperidine derivatives,
such as TEMPO derivatives, the reactive functional group is
at the 4-position, 3-position, or 5-position of the ring. For
pyrrolidine derivatives, such as PROXYL derivatives, the
reactive functional group is at the 3-position of the ring, and
for the imidazolidine derivatives, the reactive functional
group is at the 4-position of the ring. The reactive functional
group may be a carbonyl, a primary amine, or a hydroxyl
group.

[0096] Cyclic nitroxyl radical “precursors” also have the
reactive functional group, such as a carbonyl group, primary
amine group, or hydroxyl group, on their heterocyclic ring.
However, the cyclic nitroxyl radical precursors are further
characterized in that the N—O group of the nitroxyl radical
is replaced by a secondary amine group (N—H). When a
cyclic nitroxyl radical precursor is used as a reactant, the
secondary amine group in the product can be oxidized to a
nitroxyl radical group using an oxidant. One exemplary
reaction scheme for the oxidation of the secondary amine of
a TEMPO precursor, using hydrogen peroxide as an oxidant,
is shown in FIG. 8. In FIG. 8, the “R” is used generically to
represent the remainder of the oligomer to which the
TEMPO precursor is covalently bonded.
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[0097] Examples of TEMPO derivatives include 4-oxo-2,
2,6,6-tetramethyl-1-piperidinyloxy (4-oxo-TEMPO) (FIG.
7, panel (a), 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-amino-TEMPO) (FIG. 7, panel (b), and 4-hydroxy-2,2,
6,6-tetramethylpiperidine 1-oxyl (TEMPOL) (FIG. 7, panel
(d)). Examples of TEMPO precursors include 2,2,6,6-te-
tramethyl-4-piperidone (FIG. 7, panel (c)) and 4-amino-2,
2,6,6-tetramethylpiperidine (FIG. 7, panel (e)).

[0098] The ionic cyclic nitroxyl radical derivatives can
undergo various reactions to form the ionic cyclic nitroxyl
radical oligomers. The reactions include substitution (i.e.,
SA\2) reactions, ketone or aldehyde diamine condensation
reactions, multicomponent reactions (MCR), and Zincke
reactions, each of which is described in greater detail below.
[0099] S,2 Reactions: Preparation of Nucleophile and
Electrophile Derivatives and Precursors.

[0100] The reactivity of the cyclic nitroxyl radical deriva-
tives and/or precursors in S,2 reactions can be improved by
converting their primary amine, carbonyl, or hydroxyl
groups into more nucleophilic or electrophilic groups. For
the purposes of this disclosure, the resulting derivatives and
precursors bearing the nucleophilic or electrophilic groups
are referred to as nucleophilic derivatives and nucleophilic
precursors or electrophilic derivatives and electrophilic pre-
cursors. By way of illustration, a TEMPO derivative bearing
a nucleophilic group is referred to as a nucleophilic TEMPO
derivative. Collectively, the nucleophilic and electrophilic
precursors and derivatives are referred to herein as second-
ary building units because they are intermediate products
that can be reacted with one another or with organic linkers
to form ionic cyclic nitroxyl radical oligomers. The nucleo-
philic precursors and electrophilic precursors may be mono-
meric nucleophiles or electrophiles (i.e., nucleophiles or
electrophiles having one cyclic nitroxyl radical group) or
dimeric nucleophiles or electrophiles (i.e., nucleophiles or
electrophiles having two cyclic nitroxyl radical groups).
[0101] Detailed reaction schemes for converting the pri-
mary amine, carbonyl, or hydroxyl groups of cyclic nitroxyl
radical derivatives and/or precursors into more nucleophilic
or electrophilic groups are presented in detail in the
Examples. A more general description of some reactions that
can be used is provided below.

[0102] Monomeric Nucleophiles Made from Cyclic
Nitroxyl Radical Derivatives and Precursors.

[0103] The primary amine group of a cyclic nitroxyl
radical derivative or precursor can be made more nucleo-
philic by the addition of alkyl groups, such as methyl groups,
via amine alkylation. In this manner, the primary amine can
be converted into a tertiary amine using, for example, an
alkyl halide reactant. Illustrative reaction schemes for the
methylation of the primary amine of an amine-functional-
ized TEMPO derivative and an amine-functionalized
TEMPO precursor to form a nucleophilic TEMPO deriva-
tive and a nucleophilic TEMPO precursor, using formalde-
hyde and formic acid, are shown in FIG. 9, panels (a) and
(b), respectively. Alternatively, a dihaloalkane reactant can
be used to carry out a cyclo-alkylation of the primary amine
group. In a cyclo-alkylation, the primary amine group is
converted into a heterocyclic amine group, such as an
aziridine group, an azetidine group, a pyrrolidine group,
piperidine group, morpholine group, or a diazinine group.
[0104] The carbonyl group of a cyclic nitroxyl radical
derivative or precursor can be converted into a more nucleo-
philic group via reductive amination of the ketone to an
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amine using a reducing agent. [llustrative reaction schemes
for the reductive amination of the ketone of a carbonyl-
functionalized TEMPO derivative and a carbonyl-function-
alized TEMPO precursor to form a nucleophilic TEMPO
derivative and a nucleophilic TEMPO precursor are shown
in FIG. 10, panels (a) and (b), respectively. In the reaction
schemes of FIG. 10, panels (a)-(b), borohydride reducing
agents, specifically, sodium cyanoborohydride and sodium
borohydride, are used as exemplary reducing agents. R, R,
and R;, as used throughout this disclosure, are indepen-
dently selected from hydrogen atoms or alkyl groups.
[0105] The hydroxyl group of a cyclic nitroxyl radical
derivative or precursor can be converted into a more nucleo-
philic group via substitution. By way of illustration, this may
be accomplished using a two-step process in which the
—OH group is converted into a better leaving group, such
as an ester of a strong acid, by treating the derivative or
precursor with a salt of the leaving group, followed by a
substitution reaction with a nucleophilic reactant. An illus-
trative reaction scheme showing the conversion of a
hydroxyl-functionalized TEMPO derivative into a nucleo-
philic TEMPO derivative is shown in FIG. 11. In this
scheme mesylate (OMs) and tosylate (OTs) are used as
illustrative leaving groups, which undergo an S,2 substitu-
tion reaction with an imidazole (a nucleophilic reactant) to
form a nucleophilic TEMPO derivative.

[0106] Examples of nucleophilic TEMPO derivatives and
nucleophilic TEMPO precursors are shown in FIG. 12,
panels (a)-(c), and FIG. 13, panels (a)-(c), respectively,
where Y represents an oxygen atom or a —CH,— group.
Other nucleophilic TEMPO derivatives that can be used are
shown in FIG. 14, panels (a)-(c). As used throughout this
disclosure, G is independently selected from ether groups
and alkyl groups and Ry and R, represent organic substitu-
ents, such as alkyl groups, aryl groups, arylalkyl group,
heteroaryl group, ether groups, or alkylamine groups.
[0107] Monomeric Electrophiles Made from Cyclic
Nitroxyl Radical Derivatives and Precursors.

[0108] The hydroxyl group of a cyclic nitroxyl radical
derivative or precursor can be converted into an electrophilic
group by substituting the hydroxyl for a better leaving
group, such a halo group (e.g., chloro, bromo, or iodo) or an
ester of a strong acid. Alternatively, the primary amine or
hydroxyl groups of a cyclic nitroxyl radical derivative or
precursor may be reacted with an electrophilic modifier
reactant bearing a leaving group. The product of the reaction
between a cyclic nitroxyl radical derivative or precursor and
an electrophilic modifier reactant is a secondary building
unit bearing a leaving group.

[0109] The electrophilic modifier reactants are organic
molecules having at least two reactive functionalities—one
that reacts with the primary amine, hydroxyl, or carbonyl
group on the cyclic nitroxyl radical derivative or precursor
to form a covalent bond and one that can act as a leaving
group during a subsequent S,2 reaction. The at least two
reactive groups on the electrophilic modifier reactants may
be the same or different. In some embodiments, both of the
reactive groups on the electrophilic modifier reactants are
good leaving groups. Good leaving groups include halogen
atoms (e.g., Cl, Br, I) and tosylate (OTs), mesylate (OMs),
and esylate (OEs) groups. Other suitable reactive groups for
the electrophilic modifier reactants include carbonyl groups,
amino groups, epoxy groups, or a combination thereof. The
electrophilic modifier reactants are typically small mol-
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ecules having, for example, six or fewer carbon atoms,
although larger molecules can be used. Electrophilic modi-
fier reactants include, but are not limited to, formaldehyde,
C,-C; haloalkyl epoxides, C,-C dihaloalkanes, and C,-Cg
haloalky] halides, such as haloacety] halides.

[0110] Specific examples of electrophilic modifier reac-
tants that can be used to form electrophilic secondary
building units are shown in FIG. 15. Generic structures of
some electrophilic secondary building units that can be
formed by reacting TEMPO derivatives with electrophilic
modifier reactants are shown in FIG. 16A, panels (a)-(e),
where X represents a leaving group and R |, is independently
selected from an H atom, an alkyl group, or an organic
substituent comprising an anionic group. Specific structures
of some illustrative electrophilic secondary building units
are shown in FIG. 16B. As illustrated in FIG. 16A, panels
(a)-(e) and FIG. 16B, the various secondary building units
may have ring substituents such as, but not limited to,
leaving group-terminated ester groups, leaving group-termi-
nated ether groups, leaving group-terminated secondary
amide groups, and epoxy-terminated ether groups. While the
secondary building units in FIG. 16A, panels (a)-(e), and
FIG. 16B are made from TEMPO derivatives, analogous
secondary building units can be made from other cyclic
nitroxyl radical precursors and derivatives.

[0111] FIG. 17 shows the structures of examples of
nucleophilic and electrophilic secondary building units hav-
ing reactive substituents at the 3- and/or 5-positions of the
TEMPO ring.

[0112] Dimeric Nucleophiles and FElectrophiles Made
from Cyclic Nitroxyl Radical Derivatives and Precursors
[0113] The nucleophilic and electrophilic derivatives and
precursors discussed above and illustrated in FIG. 12, panels
(a)-(d), FIG. 13, FIG. 14, panels (a)-(c), FIG. 16A, panels
(a)-(e), and FIG. 16B have a single cyclic nitroxyl radical
group (e.g., a single TEMPO group) and are, therefore,
referred to as monomeric nucleophilic and electrophilic
derivatives or precursors. These monomeric nucleophiles
and electrophiles are useful in synthesizing ionic cyclic
nitroxyl radical dimers and higher order ionic oligomers.
However, dimeric nucleophilic and electrophilic derivatives
and precursors having two cyclic nitroxyl radical groups
(dimeric derivatives) or two cyclic amine groups (dimeric
precursors) can also be used as building blocks in the
synthesis of ionic cyclic nitroxyl radical dimers, as well as
in the synthesis of higher order ionic cyclic nitroxyl radical
oligomers, including trimers and tetramers. The two cyclic
nitroxyl radical groups or cyclic amine group are connected
by a common substituent, as shown in FIG. 18, panels (a)
and (b), that provides a linkage between the cyclic nitroxyl
radical groups or the cyclic amine groups.

[0114] The dimeric nucleophilic and electrophilic deriva-
tives and precursors can be formed from dimeric cyclic
nitroxyl radical precursors of derivatives, which can be
made by reacting a carbonyl-functionalized nitroxyl radical
precursor or derivative with a primary amine-functionalized
nitroxyl radical precursor or derivative. N,N-bis(2,2,6,6-
tetramethylpiperidine)amine is an example of a dimeric
TEMPO precursor that can be used to synthesize dimeric
TEMPO nucleophiles and electrophiles. The structure of
N,N-bis(2,2,6,6-tetramethylpiperidine) is shown in FIG. 18,
panel (a). Rn in FIG. 18, panel (a) and throughout this
disclosure, is independently selected from an H atom, an
alkyl group, or an organic substituent comprising an anionic
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group, such as an alkyl sulfonate. The alkyl group in the
dimeric precursor of FIG. 18, panel (b), is used for illustra-
tive purposes, other groups terminating in a leaving group,
including other L, groups, as defined previously, can be
used. Methods for synthesizing N,N-bis(2,2,6,6-tetrameth-
ylpiperidine)amine are described in the Examples.

[0115] N,N-bis(2,2,6,6-tetramethylpiperidinyl-1-oxy)
amine is an example of a dimeric TEMPO derivative that
can be used to form dimeric TEMPO nucleophiles and
electrophiles. The structure of N,N-bis(2,2,6,6-tetrameth-
ylpiperidinyl-1-oxy)amine is shown in FIG. 18, panel (b).
This dimer can be formed by the reaction of 4-oxo-TEMPO
and 4-amino-TEMPO, as described in detail in the
Examples.

[0116] While FIG. 18, panels (a) and (b), show examples
of dimeric TEMPO precursors and derivatives, it should be
understood that dimeric precursors and derivatives can also
be made from other cyclic nitroxyl radical groups, such as
pyrrolidine nitroxyl radicals or imidazolidine nitroxyl radi-
cals. The dimeric precursors and derivatives and the dimeric
nucleophiles and electrophiles made therefrom can include
two different cyclic nitroxyl radical groups, such as a
piperidine nitroxyl radical group and a pyrrolidine nitroxyl
radical group.

[0117] Asecondary amine group connecting the two cyclic
nitroxyl radical groups of a dimeric precursor or derivative
can be converted into a more electrophilic or nucleophilic
group to render the dimeric precursor or derivative more
suitable to oligomer formation via an S,2 reaction scheme.
This can be achieved, for example, via amine alkylation of
a secondary amine to form a more nucleophilic tertiary
amine, or by reacting the secondary amine with an electro-
philic modifier reactant, as discussed previously.

[0118] Synthesis of lonic Cyclic Nitroxyl Radical Oligom-
ers from Nucleophile and Electrophile Derivatives and Pre-
cursors via S,2 Reactions.

[0119] Two or more secondary building units (e.g.,
nucleophilic and/or electrophilic cyclic nitroxyl radical
derivatives or precursors) can react directly to form an
oligomer via an S,2 reaction. The nucleophilic and electro-
philic derivatives and precursors may be monomeric and/or
dimeric. Because these reactions involve different nucleo-
philic and electrophilic derivatives and/or precursors, this
process is referred to herein as hetero-oligomerization.

[0120] FIG. 19 shows various monomeric electrophilic
TEMPO derivatives (upper box) with terminal leaving
groups (“X”) that can be reacted with various monomeric
nucleophilic TEMPO derivatives (lower box) to form vari-
ous ionic TEMPO oligomers via hetero-oligomerization. As
shown in FIG. 19, the cyclic nitroxyl radical groups of the
electrophiles and nucleophiles are covalently bonded to the
leaving group-terminated electrophilic and nucleophilic ring
substituents via a bonding group that is a secondary or
tertiary amine group, a nitrogen-containing heteroaromatic
ring, an amide linkage, an ester linkage, or an ether linkage,
as described previously. The aliphatic and cyclic amine
bonding groups are converted into quaternary ammonium
groups by the substitution reactions.

[0121] In the electrophilic derivatives and precursors, the
leaving group is connected to the bonding group by an
organic group. Commonly this organic group will be an
alkyl group or an ether group, such as an ethylene glycol
group. The nucleophilic and electrophilic ring substituents
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on the cyclic nitroxyl radical groups react to form the core
of the ionic cyclic nitroxyl radical oligomers.

[0122] FIG. 20A shows examples of specific nucleophilic
TEMPO derivatives (top panel) and electrophilic TEMPO
derivatives (bottom panel) that can react via hetero-oli-
gomerization to form ionic TEMPO dimers. FIG. 20B shows
examples of specific nucleophilic TEMPO precursors and
electrophilic TEMPO precursors that can react to form ionic
TEMPO dimers, after oxidation of the ring amines to
nitroxyl radical groups. The n and m in FIGS. 20A and 20B
are independently selected from integers in the range from
1 to 12, including the range from 1 to 6.

[0123] FIG. 21 illustrates a hetero-oligomerization reac-
tion between a dimeric electrophilic TEMPO precursor and
a dimeric nucleophilic TEMPO precursor that can react to
form an ionic TEMPO tetramer, after oxidation of the ring
amines to nitroxyl radicals. In FIG. 21, the alkyl group in the
dimeric electrophilic precursor of FIG. 21 is used for illus-
trative purposes, other groups terminating in a leaving
group, including other L, groups, as described previously,
can be used.

[0124] Homo-oligomerization is an alternative to hetero-
oligomerization. In homo-oligomerization two or more sec-
ondary building units can be reacted with an organic linker
molecule that increases the size of the oligomer. Like the
modifier molecules discussed above, the organic linker
molecules have at least two reactive functionalities, such as
leaving groups (e.g., Cl, Br, I, OTs, OMs and/or and OEs
groups), carbonyl groups, amino groups, epoxy groups, or a
combination thereof. The two or more secondary building
units (e.g., nucleophilic or electrophilic derivatives or pre-
cursors) can be the same or different. The nucleophilic and
electrophilic ring substituents of the derivatives and/or pre-
cursors react with the linker to form the core of the ionic
cyclic nitroxyl radical oligomers.

[0125] The homo-oligomerization reactions between the
secondary building units and the derivatives or precursors
may be S,2 reactions in which two or more nucleophilic
cyclic nitroxyl radical derivatives and/or precursors undergo
substitution reactions with an electrophilic linker having two
or more leaving groups. Alternatively, two or more electro-
philic cyclic nitroxyl radical derivatives and/or precursors
can undergo substitution reactions with a nucleophilic linker
having two or more nucleophilic groups. The nucleophilic
and electrophilic nitroxyl radical derivatives and precursors
used in the homo-oligomerization may be monomeric and/or
dimeric and may be the same as those used in the hetero-
oligomerization reactions discussed above.

[0126] The nucleophilic organic linkers may include two
or more terminal aliphatic or cyclic (including aromatic)
tertiary amine groups that are converted into quaternary
ammonium bonding groups via an S,2 reaction with an
electrophile derivative or precursor, and/or may include two
or more terminal uncharged nitrogen-containing heteroaro-
matic groups that are converted into nitrogen-containing
heteroaromatic cation bonding groups via an S,?2 reaction
with an electrophile derivative or precursor. The electro-
philic organic linkers may include two or more terminal
leaving groups. The terminal tertiary amine or heteroaro-
matic groups of the nucleophilic organic linkers may be
connected to one another via various Ly groups, as previ-
ously defined. Similarly, the terminal leaving groups of the
electrophilic organic linkers may be connected to one
another by various L, groups, as previously defined, includ-
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ing, but not limited to, alkyl groups, ether groups, aryl
groups, and arylalkyl groups. Thus, some embodiments of
the organic linker molecules are arylalkyl molecules having
one or more aromatic rings and two or more alkyl halide ring
substituents (e.g., benzyl halides), aryl halides having two or
more halogen atoms bonded directly to a carbon of an
aromatic ring, C,-C¢ dihaloalkanes, aryl aldehydes having
two or more aldehyde groups bonded directly to a carbon of
an aromatic ring, alkyl aldehydes having two or more
aldehyde groups bonded to a C,-Cg aliphatic chain, diamines
having two primary amine groups bonded to a C,-Cy ali-
phatic chain, diamines having two ternary amine groups
bonded to a C,-C; aliphatic chain, heterocyclic molecules
having one or more heterocyclic rings with two or more
tertiary amine groups in the one or more heterocyclic rings,
and halogenated branched C,-C, , alkyl alcohols comprising
two or more terminal hydroxyl groups and two or more
terminal halogen atoms.

[0127] Illustrative examples of nucleophilic linkers are
shown in FIG. 22. Illustrative examples of electrophilic
linkers are shown in FIG. 23, where the different subscripts
on the X leaving groups (1, 2, 3, 4) are used to indicate that
a linker can have different leaving groups. The linkers of
FIGS. 22 and 23 can be reacted with the monomeric and
dimeric electrophilic derivatives and precursors of FIGS.
16A, 16B, FIG. 18, panel (b), FIG. 19, upper box, FIGS.
20A and 20B and with the monomeric and dimeric nucleo-
philic derivatives and precursors shown in FIGS. 12, 13, 14,
FIG. 18, panel (a), FIG. 19, lower box, and FIGS. 20A and
20B, as well as with other electrophilic and nucleophilic
derivatives and precursors taught herein.

[0128] In practice, the organic linker molecules may
include a protecting group that is subsequently deprotected
during the synthesis reaction. For example, the nitrogen of
a nitrogen-containing heterocyclic ring, such as imidazole,
can be protected with a protecting group, such as a trimeth-
ylsilyl group.

[0129] For illustrative purposes, S,2-based homo-oli-
gomerization schemes for forming a TEMPO dimer from a
nucleophilic TEMPO precursor and either an alkyl group
based electrophilic linker, or an ethylene glycol-based elec-
trophilic linker are shown in FIG. 24. The leaving groups on
the linkers can be, for example, Cl, Br, I, OTs, OMs, OEs,
or a combination of two or more thereof, and n is an integer
having a value in the range of, for example, 1 to 12.
[0130] Synthesis of Ionic Cyclic Nitroxyl Radical Oli-
gomers Directly from Dimeric Cyclic Nitroxyl Radical
Derivatives and Precursors.

[0131] As discussed above, the dimeric cyclic nitroxyl
radical derivatives and precursors can be converted into
nucleophilic and electrophilic reactants for the synthesis of
ionic oligomers via S,2 reactions. However, the secondary
amine group connecting the two cyclic nitroxyl radical
groups in the dimeric derivatives and precursors can also be
converted directly into an aliphatic quaternary ammonium
group via amine alkylation to form a cyclic nitroxyl radical
dimer. FIG. 25A illustrates this approach to cyclic nitroxyl
radical dimer formation, starting from a carbonyl-function-
alized TEMPO precursor and a primary amine-functional-
ized TEMPO precursor, where the R groups in this figure
represent alkyl groups.

[0132] FIG. 25B shows another reaction scheme for con-
verting a secondary amine group connecting two cyclic
nitroxyl radical groups into a quaternary ammonium group
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via amine alkylation. Here, a cyclic sulfate, cyclic phos-
phate, and/or cyclic carbonate and an electrophilic reactant
(generically represented by “X—R” in this figure) are used
as precursors for alkyl chain substituents (R,,) bearing
sulfonate, phosphonate, or carbonate groups on the quater-
nary ammonium group of the resulting ionic TEMPO dimer.
It should be understood that the analogous reaction can be
conducted on a connecting amine group that is a tertiary
amine.

[0133] Alternatively, the secondary amine group connect-
ing the two cyclic nitroxyl radical groups of a dimeric
derivative or precursor can be converted into a cyclic
quaternary ammonium group by reacting the secondary
amine with an electrophilic reactant having at least two
reactive groups, such as leaving groups and/or epoxy
groups. FIG. 26A illustrates this approach to cyclic nitroxyl
radical dimer formation, starting from a carbonyl-function-
alized TEMPO precursor and a primary amine-functional-
ized TEMPO precursor.

[0134] Synthesis of Ionic Cyclic Nitroxyl Radical Oli-
gomers via Ketone Diamine Condensation or Aldehyde
Diamine Condensation.

[0135] Condensation reactions between the ketone on a
carbonyl-functionalized cyclic nitroxyl radical derivative or
precursor and an organic linker comprising at least two
primary or secondary amine groups can also be used to form
ionic cyclic nitroxyl radical oligomers. This is illustrated in
FIG. 27A, where a carbonyl-functionalized TEMPO precur-
sor undergoes a condensation reaction with either an ali-
phatic diamine or a cyclic diamine, followed by an S,2
reaction. Other examples of diamine linkers that can be used
are shown in FIG. 27B. R, in FIG. 27A is a functional
group, the identity of which is dictated by the particular
reactant used in the S,2 reaction.

[0136] As illustrated in FIG. 27A, the substitution reaction
in the second step can be conducted in the presence of a
cyclic sulfate, cyclic phosphate, and/or cyclic carbonate and
an electrophilic reactant, which act as precursors for alkyl
chain substituents (Ru) bearing sulfonate, phosphonate, or
carbonate groups.

[0137] Alternatively, condensation reactions between the
primary amine group on an amine-functionalized cyclic
nitroxyl radical derivative or precursor and an organic linker
comprising at least two aldehyde or ketone groups can be
used to form ionic cyclic nitroxyl radical oligomers. This is
illustrated in FIG. 28A, where an amine-functionalized
TEMPO precursor undergoes a condensation reaction with
an aliphatic diketone, followed by an alkylation of the amine
groups, and then the oxidation of the ring amine to a nitroxyl
radical. Other examples of aliphatic, cyclic, and aromatic
diketones that can be used are shown in FIG. 28B.

[0138] Multicomponent Reactions (MCR).

[0139] It is also possible to form a linker in the core of a
cyclic nitroxyl radical oligomer in situ using a multicom-
ponent reaction. An MCR between an amine-functionalized
nitroxyl radical derivative, a diketone and an aldehyde is
shown in FIG. 29A. An MCR between an amine-function-
alized nitroxyl radical precursor, a diketone and an aldehyde
is shown in FIG. 29B. In FIGS. 29A and 29B, TEMPO is
used as an illustrative cyclic nitroxyl radical.

[0140] Zincke Reactions.

[0141] A direct reaction between a cyclic nitroxyl radical
derivative or precursor bearing a primary amine group and
an organic linker molecule that is a N-(2,4-dinitrophenyl)
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pyridinium salt (Zincke salt), whereby the Zincke salt is
converted into an ionic cyclic nitroxyl radical oligomer, is
another scheme that can be used for ionic oligomer synthe-
sis. A Zincke reaction of an amine-functionalized nitroxyl
radical derivative is shown in FIG. 30A, and a Zincke
reaction of an amine-functionalized nitroxyl radical precur-
sor is shown in FIG. 30B. In FIGS. 30A and 30B, TEMPO
is used as an illustrative cyclic nitroxyl radical.

[0142] Detailed synthesis schemes and conditions for syn-
thesizing secondary building units, organic linker mol-
ecules, and ionic TEMPO oligomers are illustrated in the
Examples. The TEMPO oligomerizations can be conducted
by combining the secondary building units and, if linker
molecules are being used, the organic linker molecules in an
organic solvent or a mixture of organic solvents in which the
reactants are soluble. Reaction temperatures above 30° C.
and below 100° C. and reaction times in the range from 5
hours to 48 hours are generally suitable. However, it is
possible to use temperatures and times outside of these
ranges. The reactions may be carried out in a single step.
However, for reactions in which two or more different
secondary building units react with an organic linker mol-
ecule to form an ionic oligomer, the reactions can be carried
out in two or more steps.

[0143] Electrochemical Cells.

[0144] The ionic cyclic nitroxyl radical oligomers have
applications in a variety of different electrochemical devices
in which the oligomers act as a catholyte in an aqueous or
non-aqueous catholyte solution or as cathode materials in a
solid state. (As used herein, the term catholyte is used
broadly to refer to an electrolyte that can be oxidized.) The
basic components of an electrochemical device include an
anode, an anolyte in contact with the anode, a cathode, a
catholyte in contact with the cathode, and an external wire
or circuit connecting the anode to the cathode. When the
oligomer is in a solid state, it may be coated on a surface of
a cathode and/or incorporated into the pores of a porous
cathode. When the oligomer is used in a liquid state, it is
present as a solute in a catholyte solution. The basic com-
ponents of an electrochemical cell that uses a liquid elec-
trolyte include an anode cell compartment containing an
anolyte, a cathode cell compartment containing a catholyte
containing an ionic cyclic nitroxyl radical oligomer as a
catholyte, and a pair of electrodes configured to apply a bias
across the anode and cathode cell compartments. If the
electrochemical device relies upon ion transport between a
liquid anolyte solution and a liquid catholyte solution, the
electrochemical cell may further include an ion-conducting
membrane between the anolyte and the catholyte.

[0145] Water-soluble, redox-active ionic cyclic nitroxyl
radical oligomers that are stable in a supporting electrolyte
solution, particularly a pH neutral solution, have applica-
tions as catholytes in electrochemical cells, such as AOR-
FBs. One embodiment of an AORFB is shown schematically
in FIG. 31. In the AORFBs, redox-active chemical species
are dissolved in aqueous supporting electrolyte solutions
where they serve as anode and cathode electrolytes. These
anode and cathode electrolytes, which are referred to as
anolytes and catholytes, respectively, may be contained in an
anode cell compartment 702 and a cathode cell compartment
704. For simplicity, in FIG. 31 the anolytes are represented
generically as “B”, the cyclic nitroxyl radical oligomers are
represented generically as “A”, the charge on the anolyte in
its oxidized and reduced states is represented by m+ and
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(m-y)+, respectively, and the charge on the catholyte in its
oxidized and reduced states is represented by (n+x)+ and n+,
respectively. An ion-conducting membrane 706 separates
anode cell compartment 702 from cathode cell compartment
704.

[0146] Generally, larger oligomers will result in lower
membrane permeation, but lower volumetric capacity.
Therefore, for AORFB catholyte applications, the selection
of cyclic nitroxyl radical oligomer may depend on the
particular ion-permeable membrane being used.

[0147] During the charge-discharge process, the redox-
active anolyte and the ionic cyclic nitroxyl radical oligomer
catholyte are stored in an anolyte reservoir 108 and a
catholyte reservoir 110, respectively. Reservoirs 108 and 110
are in fluid communication with their respective cell com-
partments 102 and 104, such that the anolyte and catholyte
can be circulated through the cell compartments. This cir-
culation can be accomplished using, for example, a pump
111. During the charging process, a bias is applied across an
anode 112 in anode cell compartment 102 and a cathode 114
in cathode cell compartment 104. As shown in FIG. 31, an
anode current collector 115 and a cathode current collector
117 can be used to provide electrical conduction between the
electrodes and an external circuit. During the charging
process, as the anolyte passes over anode 112, the anolyte
molecules undergo electrochemical reduction reactions,
while the cyclic nitroxyl radical oligomer catholytes passing
over cathode 114 undergo electrochemical oxidation reac-
tions. During the discharge process, the anolyte molecules
undergo electrochemical oxidation reaction, while the cyclic
nitroxyl radical oligomer catholytes passing over cathode
114 undergo electrochemical reduction reactions to power a
load that is connected across anode 112 and cathode 114.
[0148] A variety of aqueous organic redox species can be
used as anolytes. Viologen derivatives, such as bis(3-trim-
ethylammonio)propyl viologen tetrachloride, and other
pyridyl derivatives, such as those described in U.S. provi-
sional patent application Ser. No. 63/183,162 and shown in
FIG. 32 (“Dex-Vi”), are particularly attractive for AORFBs
that operate at or near pH neutral conditions because they
have redox potentials close to the thermodynamic hydrogen
evolution reaction potential for water (-0.41V vs SHE).
Thus, because TEMPO oligomers having redox potentials at
or near the thermodynamic oxygen evolution reaction poten-
tial for water (0.82 vs SHE) can be made using the methods
described herein, pairing TEMPO oligomers with pyridyl
derivatives allows one to take advantage of the full electro-
chemical potential window for an AORFB.

[0149] The supporting electrolyte solution includes
chemical species (e.g., salts) that are not electroactive in the
AORFB’s range of applied potentials, but have high ionic
strengths and, therefore, contribute to the conductivity of the
solution. Common supporting electrolytes include sodium
chloride (NaCl) and potassium hydroxide (KOH).

[0150] Another aspect of the inventions provides cyclic
nitroxyl radical heterodimers that include a cyclic nitroxyl
radical group, such as a TEMPO group, bonded to a second
water-soluble organic redox active catholyte species, such as
ferrocene or phenothiazine. To form the heterodimers, the
secondary building units and, optionally, organic linker
molecules, of the types described herein, can be reacted with
the second catholyte species. Examples of heterodimers are
shown in FIG. 33. Like the TEMPO oligomers, the TEMPO
heterodimers have applications as catholytes in AORFBs.

Jan. 5, 2023

[0151] Yet another aspect of the inventions provides nega-
tively charged TEMPO monomers. The negatively charged
TEMPO monomers are TEMPO derivatives having a nega-
tively charged functional group or a side-chain bearing a
negatively charged group at the 4-position, 3-position, and/
or 5-position of the ring. The negatively charged TEMPO
derivatives can have the structures of the secondary building
units described herein (with or without the organic linkers),
wherein the terminal reactive groups on the secondary
building units or organic linkers (e.g., halogen atoms) and/or
other chemical groups of the secondary building unit or
organic linker (e.g., —CH; groups) are replaced by a nega-
tively charged functional group, such as a sulfate group
(SO;7). Illustrative examples of TEMPO oligomers having
anionic substituents on the oligomer core are shown in
FIGS. 34A and 34B. (In the figures, “M” represents a charge
balancing metal cation, such as sodium.) Like the TEMPO
oligomers, the negatively charged TEMPO monomers have
applications as catholytes in AORFBs.

EXAMPLES

Example 1: Ionic TEMPO Dimer Synthesis

[0152] This example illustrates the synthesis of various
TEMPO dimers and one trimer and their use as catholytes in
an AORFB.

[0153] Tempo Dimer Synthesis

[0154] Secondary Building Units.

[0155] Various secondary building units were synthesized
from TEMPO derivatives according to the schemes shown
below.

Scheme 1. Synthesis of 4-(2-chloroacetoxy)-2,2,6,6-
tetramethylpiperidinyl-1-oxy.

OH
al
+ W(\a
N 0
0

[0156] 4-(2-chloroacetoxy)-2,2,6,6-tetramethylpiperidi-

nyl-1-oxy was prepared as described in previous literature
(Qian, W.; Jin, E.; Bao, W.; Zhang, Y. Clean and Selective
Oxidation of Alcohols Catalyzed by Ion-Supported TEMPO
in Water. Tetrahedron 2006, 62 (4), 556-562.) and modified
as follows: 4.3 g of 4-OH TEMPO (0.025 mol, 1 equiv.) was
dissolved in 50 mL dichloromethane and stirred at 0° C. for
5 min. Then, 3.11 g (0.0275 mol, 1.1 equiv.) 2-chloroacety]
chloride was dissolved in 50 mL dichloromethane and
placed in a 250 mL three-neck round bottle. The mixture was
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stirred under an ice bath at 0° C. for 20 min. Then 2.18 g
(0.0275 mol, 1.1 equiv.) pyridine was added dropwise, and
the mixture was stood overnight. After the reaction was
completed, the precipitate was removed by filtration and the
filtrate was washed with water (30 mL), 10% NaHCO,, then
2 mol dilute HCl, and finally water (30 mL). The organic
phase was dried over anhydrous Na,SO, and concentrated
under a vacuum to give a red solid of 4.98 g (yield, 88%).
The synthesized TEMPO precursor was reduced by phenyl-
hydrazine for 'H NMR test. 'H NMR (400 MHZ, DMSO-
d6): 8435 (s, 2H), 3.51 (s, 1H), 1.87-1.92 (t, 2H), 1.45-1.54
(m, 2H), 1.13 (d, 12H).

Scheme 2. The procedure described above was also used to make other
type 1 secondary building units by replacing the 2-chloroacetyl chloride
starting material with 2-bromoacetyl chloride (1.1 equiv.), 3-
chloropropanoyl chloride (1.1 equiv.), and 4-chlorobutanoy! chloride
(1.1 equiv.), the structures of which are shown below.

e
i,
L

Scheme 3. Synthesis of 4-(2-chloroacetamide)-2,2,6,6-
tetramethylpiperidinyl-1-oxy.

NH,
Cl
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[0157] 4-(2-chloroacetamide)-2,2,6,6-tetramethylpip-
eridinyl-1-oxy was synthesized as described in previous
literature. (Mouchel Dit Leguerrier, D.; Barré, R.; Ruet, Q.;
Imbert, D.; Philouze, C.; Fries, P. H.; Martel-Frachet, V.;
Molloy, J. K.; Thomas, F. Lanthanide Complexes of DOTA-
Nitroxide Conjugates for Redox Imaging: Spectroelectro-
chemistry, CEST, Relaxivity, and Cytotoxicity. Dalt. Trans.
2021, 50 (31), 10826-10837) To a solution of 4-amino
TEMPO (5.13 g, 30.0 mmol, 1 equiv.) and triethylamine (5.0
ml, 36.0 mmol, 1.2 equiv.) in anhydrous dichloromethane
(50 mL), chloroacetyl chloride (36.0 mmol, 1.2 equiv.) was
added dropwise at 0° C. under N, atmosphere and then
stirred at room temperature for 10 h. Upon completion, 50
ml water was added and the aqueous phase was extracted
with dichloromethane (3x40 mL). The organic phases were
combined, washed with saturated brine, dried over anhy-
drous Na,SO,, filtered and evaporated. The residue was
purified by chromatography (petroleum ether:ethyl acetate
30:1) to yield the product as red solid. The synthesized
TEMPO precursor was reduced by phenylhydrazine for 'H
NMR test. "H NMR (400 MHZ, DMSO-d6): § 4.03-4.07 (t,
3H), 1.68 (d, 2H), 1.32-1.38 (t, 2H), 1.08 (s, 12H).

Scheme 4. The procedure described above was also used to make other
secondary building units by replacing the chloroacety! chloride
with 2-bromacety! chloride (1.2 equiv.), 3-chloropropanoy! chloride (1.2
equiv.) and 4-chlorobutanoyl chloride
(1.2 equiv.), the structures of which are shown below.

0] O
Br\)]\ /\)J\
NH Cl NH
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Scheme 5. Synthesis of 4-(4-chloropropyloxy)-2,2,6,6-
tetramethylpiperidinyl-1-oxy.
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-continued
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[0158] 4-(4-chloropropyloxy)-2,2,6,6-tetramethylpip-
eridinyl-1-oxy was synthesized as described in previous
literature. (Liu, Y.; Goulet, M. A.; Tong, L.; Liu, Y.; Ji, Y,;
Wu, L.; Gordon, R. G.; Aziz, M. J.; Yang, Z.; Xu, T. A
Long-Lifetime All-Organic Aqueous Flow Battery Utilizing
TMAP-TEMPO Radical. Chem 2019, 5 (7), 1861-1870) 10
g (58 mmol, 1 equiv.) 4-OH TEMPO was dissolved in 10 mL,
toluene and 15 g NaOH was dissolved in 30 mL water. The
two phases were mixed together by adding tetrabutylammo-
nium bromide (TBAB, 0.87 g, 2.67 mmol). The mixture was
stirred for 20 min at room temperature. Then 18.3 g (116
mmol, 2 equiv.) of 1-chloro-3-bromopenate were added and
the system was stirred at room temperature for 72 h. Upon
completion, ether ester (150 mL) was added. The two phases
were separated in a separatory funnel. The organic phase
was washed with deionized water (200 mL.x3), dried with
anhydrous Na,SO,, and the organic solvent was evaporated,
giving a viscous red liquid. The residue was purified by flash
column chromatography on silica gel (EtOAc:hexane=1:10)
to afford the desired product 4-(2,2,6,6-tetramethyl-1-oxyl-
4-piperidoxyl) propyl chloride (6.5 g, 45%) as a viscous red
liquid. The synthesized TEMPO precursor was reduced by
phenylhydrazine for 'H NMR test. 'H NMR (400 MHZ,
DMSO-d6): § 3.66-3.69 (t, 2H), 3.55-3.60 (m, 1H), 3.50-3.
53 (t, 2H), 1.86-1.96 (m, 4H), 1.28-1.32 (m, 2H), 1.10 (d,
12H).

Scheme 6. The procedure described above was also used to make other
secondary building units by replacing the 1-chloro-3-bromopenate
with (87 mmol, 1.5 equiv.) of 1,3-
dibromopenate (1.5 equiv.), 1,2-dibromoethane (1.5 equiv.)
and 1,3-diiodopropane (1.5 equiv.), respectively,
the structures of which are shown below.
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Scheme 7. Synthesis of 4-(dimethylamino)-2,2,6,6-
tetramethylpiperidinyl-1-oxy.
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[0159] 4-(dimethylamino)-2,2,6,6-tetramethylpiperidinyl-

1-oxy was prepared as follows: 4-Oxo-TEMPO (20 g, 117.5
mmol) was dissolved in Ti(O'Pr), (42 mL, 140.2 mmol) and
placed in a 500 ml one-neck round bottle. After 20 min of
stirring at room temperature, dimethylamine solution in
MeOH (150 mL, 2 M, 0.3 mol) was added and the reaction
was stirred for an additional 24 h at room temperature.
Subsequently, NaCNBH; (8.86 g, 141 mmol) was added
carefully, and the resulting solution was stirred 24 h at room
temperature. The reaction was quenched by adding water (1
L) and the aqueous layer was extracted with EtOAc (200
ml.x3). The organic layer was dried over anhydrous Na,SO,,
and the solvent was removed in vacuo. Purification via
column chromatography and the resulting red oily solid
4-(dimethylamino)-2,2,6,6-tetramethylpiperidinyl-1-oxy
(14.45 g, 62%).

[0160] The synthesized TEMPO compound was reduced
by phenylhydrazine for 'H NMR test. '"H NMR (400 MHZ,
DMSO-d6): & 2.74 (s, 1H), 2.37 (s, 6H), 1.80 (d, 2H),
1.46-1.52 (t, 2H), 1.20 (d, 12H).

Scheme 8. Synthesis of N,N-bis(2,2,6,6-
tetramethylpiperidinyl-1-oxy) amine.
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[0161] N,N-bis(2,2,6,6-tetramethylpiperidinyl-1-oxy)

amine was prepared as follows: 4-Oxo-TEMPO (20 g, 117.7
mmol) 4-Amino-TEMPO (20 g, 116.8 mmol) were dis-
solved in anhydrous MeOH (100 mL) under N, protection
and sealed in a thick-walled pressure bottle. After the
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mixture was stirred for 20 min at room temperature, acetic
acid (2 mL) was added, and the resulting solution was stirred
for 20 min at room temperature. Next, sodium borohydride
(366 mg, 5.84 mmol) was added at once and the mixture was
then refluxed for 50 h. The reaction mixture was then diluted
with DCM (20 mL), and saturated aqueous NaHCO, solu-
tion (100 mL) with water (100 mL) was added. The sepa-
rated aqueous layer was extracted with DCM (200 mL). The
combined organic phases were dried over anhydrous
Na,SO,, the solids were filtered off, the volatiles were
evaporated in vacuo, and the residue was purified by column
chromatography to obtain the desired product (26.8 mg,
70%) as a red-orange solid.

[0162] The synthesized TEMPO compound was reduced
by phenylhydrazine for "H NMR test. "H NMR (400 MHZ,
DMSO-dy): 8 3.06-3.12 (t, 2H), 1.88 (d, 4H), 1.42-1.51 (t,
4H), 1.22 (d, 24H).

[0163] TEMPO Dimers.

[0164] Various TEMPO dimers were synthesized from the
secondary building units according to the schemes shown
below.

Scheme 9. Synthesis of i-TEMPOD-1 (N+TEMPOD).
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[0165] i-TEMPOD-1 was prepared as follows: 5.5 g (16.9
mmol, 1 equiv.) N,N-bis(1-oxido-2,2,6,6-tetramethylpiperi-
din-4-yl)amine was dissolved in 60 mL methanol, NaHCO,
(7.12 g, 84.7 mmol) and CH,I (5.28 mL, 84.5 mmol, 5
equiv.) was added subsequently. The mixture was sealed in
a 250 mL thick-walled pressure bottle and the reaction was
flux for 24 h. Upon completion, the solvent was removed by
a rotary evaporator. The light-yellow solid was fully dis-
solved in 100 ml of water, the aqueous phase was washed
with EtOAc (100 mL.x3). The aqueous phase was combined
and evaporated. After drying, the powder was dissolved in
20.0 mL of deionized water and flushed through an anion
exchange column with an Amberlite IRA-900 chloride form
anion exchange resin. The solvent was removed, and the
resulting orange solid is 6.6 g (yield: 90%).

[0166] The synthesized i-TEMPOD-1 was reduced by
phenylhydrazine for '"H NMR test. 'H NMR (400 MHZ,
D,0O-dg): & 3.66-3.72 (t, 2H), 2.82 (s, 6H), 2.00 (d, 4H),
1.70-1.76 (t, 4H), 1.14 (d, 24H).
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Scheme 10. Synthesis of i-TEMPOD-3.
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[0167] i-TEMPOD-3 was prepared as follows: 4-dimeth-

ylamino TEMPO (1.99 g, 10 mmol, 1 equiv.) and 4-(2-
chloroacetate) TEMPO (2.73 g, 11 mmol, 1.1 equiv.) were
mixed and the mixture was sealed in a thick-walled pressure
bottle under N, protection. The system was stirred at 40° C.
for 12 h under N, protection. Ester ether (50 mL) was added
and stirred for 20 min. Finally, the precipitate was obtained
through filtration and washed with acetone (20 mLx3). The
product was dried at 40° C. under vacuum overnight and the
yield is 85% (3.8 g).

[0168] The synthesized i-TEMPOD-3 was reduced by
phenyl hydrazine for 'H NMR test. 'H NMR (400 MHZ,
D,0-dg): 8 5.14 (s, 1H), 4.02-4.09 (t, 1H), 2.98-3.06 (d, 8H),
1.96 (d, 4H), 1.56-1.69 (m, 4H), 1.07-1.14 (1, 24H).

Scheme 11. Synthesis of i-TEMPOD-4 (Eth-N+TEMPQO).
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[0169] i-TEMPOD-4 was prepared as follows: 4-dimeth-
ylamino TEMPO (1.99 g, 10 mmol, 1 equiv.) and 4-(2,2,6,
6-tetramethyl-1-oxyl-4-piperidoxyl) propyl chloride (2.73 g,
11.0 mmol, 1.1 equiv.) were dissolved in 50 mL toluene and
the mixture was sealed in a thick-walled pressure bottle
under N, protection. The system was stirred at 80° C. for 96
h under N, protection. Ester ether (50 mL) was added and
stirred for 20 min. Finally, the precipitate was obtained
through filtration and washed with ester ether (20 mLx3).
The product was dried at 40° C. under vacuum overnight and
the yield is 65% (2.9 g).
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[0170] The synthesized i-TEMPOD-4 was reduced by
phenyl hydrazine for 'H NMR test. ‘H NMR (400 MHZ,
D,0-d): 8 3.71-3.75 (t, 1H), 3.53-3.56 (t, 2H), 3.30-3.34 (t,
2H), 2.94 (s, 6H), 1.94-2.04 (m, 6H), 1.65-1.71 (t, 2H),
1.33-1.39 (t, 2H), 1.10-1.15 (t, 24H).

Scheme 12. Synthesis of i-TEMPOD-5
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[0171] i-TEMPOD-5 was prepared as follows: 145 g

glyoxal (40% aqueous solution, 10 mmol) was diluted in
propanol (4 mL) and water (2 mL). The resulting mixture
was added dropwise to a propanol solution (10 mL) of the
4-aminoTEMPO (3.42 g, 20 mmol, 2 equiv.). The reaction
was stirred for 5 h at room temperature, then the resulting
suspensions was filtered and rinsed with clod propanol (5
mL). The product was dried in vacuum under 40° C. The
dried powder was further recrystallization from acetonitrile.
Orange needle product was obtained by filtration and dried
in vacuum again, yield: 62% (2.62 g).

[0172] 0.538 g of the imine TEMPO product (1.48 mmol,
1 equiv.) and 0.14 mL (1.48 mol, 1 equiv.) chloromethyl
ethyl ether was dissolved in anhydrous THF (40 mL) and
sealed in a 100 mL thick-walled pressure bottle. The reaction
was stirred at 40° C. overnight. Upon completion, the
precipitate was collected by filtration and washed with
acetone (20 mDx3). The finial product was dried in a
vacuum and the yield is 85%. (0.52 g).

[0173] The synthesized i-TEMPOD-5 was reduced by
phenyl hydrazine for 'H NMR test. ‘H NMR (400 MHZ,
D,0-d,): 87.50 (s, 2H), 7.32 (s, 1H), 4.61 (s, 1H), 3.49-3.56
(t, 1H), 2.05 (d, 4H), 1.78-1.84 (t, 4H), 1.15 (d, 24H).
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Scheme 13. Synthesis of i-TEMPOD-6.
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[0174] i-TEMPOD-6 was prepared as follows: 1.0 g
(4.036 mmol, ~2 equiv.) 4-(2-chloroacetamide) TEMPO and
0.280 g of 1-(trimethylsilyl)-1H-imidazole (2.00 mmol, 1
equiv.) were dissolved in 50 mL anhydrous acetone and
sealed in a 250 mL thick-walled pressure bottle under N,
protection. Then the mixture was stirred at 40° C. for 24 h.
The precipitation was collected by filtration and washed
with acetone (10 mL*3). Finally, the product was obtained
after dried in vacuum, yield 92% (1.16 g).

[0175] The synthesized i-TEMPOD-6 was reduced by
phenyl hydrazine for "H NMR test. 'H NMR (400 MHZ,
D,0-dg): 8 7.36 (s, 1H), 7.31 (s, 2H), 4.87 (d, 2H), 4.63 (s,
2H), 4.01-4.07 (t, 2H), 1.75-1.82 (t, 4H), 1.36-1.44 (t, 4H),
1.09 (d, 24H).

Scheme 14. The procedure was also used in the synthesis below to
make different monovalent cationic TEMPO dimers by
replacing the 4-(2-chloroacetate) TEMPO with with
4-(3-chloropropoxy) TEMPO (2 equiv,; Yield: 85%; 9.04 g).
The reaction temperature was 90° C. and
stirring lasted for 72 h.
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Scheme 15. Synthesis of i-TEMPOD-7.
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[0176] i-TEMPOD-7 was prepared as follows: 1 g (4.02
mmol, ~2 equiv.) 4-(2-chloroacetate) TEMPO and 0.280 g
of 1-(trimethylsilyl)-1H-imidazole (2.00 mmol, 1 equiv.)
were dissolved in 50 mL anhydrous acetone and sealed in a
250 mL thick-walled pressure bottle under N, protection.
Then the mixture was stirred at 40° C. for 24 h. The
precipitation was collected by filtration and washed with
acetone (10 mLx3). Finally, the product was obtained after
dried in a vacuum, yielding 85% (1.088 g).

[0177] The synthesized i-TEMPOD-7 was reduced by
phenyl hydrazine for 'H NMR test. "H NMR (400 MHZ,
D,0-dg): 8 7.84 (s, 1H), 7.40 (s, 2H), 5.05 (s, 2H), 4.99 (s,
4H), 1.86-1.95 (t, 4H), 1.53-1.60 (t, 4H), 1.08 (d, 24H).

Scheme 16. Synthesis of i-TEMPOD-8.
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[0178] i-TEMPOD-8 was prepared as follows: 1.1 g
(4.186 mmol, ~2 equiv.) 4-(2-chloroacetate) TEMPO and
0.280 g of 1-(trimethylsilyl)-1H-imidazole (2.00 mmol, 1
equiv.) were dissolved in 50 ml anhydrous acetone and
sealed in a 250 mL thick-walled pressure bottle under N,
protection. Then the mixture was stirred at 40° C. for 24 h.
The precipitation was collected by filtration and washed
with acetone (10 mLx3). Finally, the product was obtained
after dried in vacuum, yield 90% (1.197 g).

[0179] The synthesized i-TEMPOD-8 was reduced by
phenyl hydrazine for 'H NMR test. 'H NMR (400 MHZ,
D,0-dg): 8 8.41 (d, 2H), 7.42 (s, 1H), 4.98 (s, 2H), 4.33 (d,
4H), 2.87 (s, 4H), 1.87 (d, 4H), 1.51 (d, 4H), 1.11 (s, 24H).

Scheme 17. Synthesis of i-TEMPOD-9.
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[0180] i-TEMPOD-9 was prepared as follows: 1.0 g 4-(2,
2,6,6-tetramethyl-1-oxyl-4-piperidoxyl) ethoxy chloride
(4.27 mmol, ~2 equiv.) and 0.282 g of 1-(trimethylsilyl)-
1H-imidazole (2.0 mmol, 1 equiv.) were dissolved in 50 mL
anhydrous acetone and sealed in a 250 mL thick-walled
pressure bottle under N, protection. Then the mixture was
stirred at 40° C. for 24 h. The precipitation was collected by
filtration and washed with acetone (10 mL*3). Finally, the
product was obtained after dried in a vacuum, yield 82% (1.0
g)-

[0181] The synthesized i-TEMPOD-9 was reduced by
phenyl hydrazine for 'H NMR test. 'H NMR (400 MHZ,
D,0-d): 8 8.45 (s, 1H), 7.47 (s, 1H), 7.32 (s, 1H), 4.92-5.13
(m, 4H), 4.65-4.68 (1, 6H), 1.99 (d, 4H), 1.34-1.65 (m, 8H),
1.15 (d, 24H).
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[0182] Di-Cationic (Divalent) TEMPO Dimers:

Scheme 18. Synthesis of i-TEMPOD-10.

N

[0183] i-TEMPOD-10 was prepared as follows: 4-Dim-
ethylamine TEMPO (1.99 g, 10 mmol, 2.0 equiv.) and 1.41
g (5.0 mmol, 1 equiv.) of 1,2-diiodoethane were mixed and
dissolved in 100 mL acetone. The mixture was placed in a
thick-walled pressure bottle and stirred at 60° C. for 36 h
under N, protection. Upon completion, the system was
cooling down to room temperature, the precipitate was then
obtained through filtration and washed with acetone (20
mlLx3). The product was dried at 40° C. under vacuum
overnight and the yield is 88%. (2.99 g). After drying, the
powder was dissolved in 20.0 mL of deionized water and
flushed through an anion exchange column with an Amber-
lite IRA-900 chloride form anion exchange resin. The sol-
vent was removed, and the resulting orange solid is 2.84 g
(yield: 95%).

[0184] The synthesized i-TEMPOD-10 was reduced by
phenyl hydrazine for 'H NMR test. '"H NMR (400 MHZ,
D,0-dy): 8 3.85-3.89 (1, 2H), 3.64 (s, 4H), 2.97 (d, 12H),
2.02-2.05 (t, 4H), 1.64-1.70 (t, 4H), 1.13 (d, 24H).

Scheme 19. Synthesis of i-TEMPOD-11 (N+N+TEMPOD).
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[0185] i-TEMPOD-11 was prepared as follows: 4-Dim-
ethylamine TEMPO (1.99 g, 10 mmol, 2.0 equiv.) and 1.48
g (5.0 mmol, 1 equiv.) of 1,2-diiodoethane were mixed and
dissolved in 100 mL acetone. The mixture was placed in a
thick-walled pressure bottle and stirred at 60° C. for 36 h
under N, protection. Upon completion, the system was
cooling down to room temperature, the precipitate was then
obtained through filtration and washed with acetone (20
mlx3). The product was dried at 40° C. under vacuum
overnight and the yield is 90%. (3.12 g). After drying, the
powder was dissolved in 20.0 mL of deionized water and
flushed through an anion exchange column with an Amber-
lite IRA-900 chloride form anion exchange resin. The sol-
vent was removed, and the resulting orange solid is 2.18 g
(yield: 95%).

[0186] The synthesized i-TEMPOD-11 was reduced by
phenyl hydrazine for "H NMR test. 'H NMR (400 MHZ,
D,O-dg): & 3.65-3.71 (t, 2H), 3.29-3.34 (t, 4H), 3.00 (s,
12H), 2.20 (s, 2H), 2.08 (d, 4H), 1.67-1.73 (t, 4H), 1.15 (d,
24H).

Scheme 20. Synthesis of i-TEMPOD-12.
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[0187] i-TEMPOD-12 was prepared as follows: 4-Dim-
ethylamine TEMPO (1.99 g, 10 mmol, 2.0 equiv.) and 1.62
g (5.0 mmol, 1 equiv.) of 1,5-diiodopentane were mixed and
dissolved in 100 mL acetone. The mixture was placed in a
thick-walled pressure bottle and stirred at 60° C. for 36 h
under N, protection. Upon completion, the system was
cooling down to room temperature, the precipitate was then
obtained through filtration and washed with acetone (20
mlx3). The product was dried at 40° C. under vacuum
overnight and the yield is 89% (3.21 g). After drying, the
powder was dissolved in 20.0 mL of deionized water and
flushed through an anion exchange column with an Amber-
lite IRA-900 chloride form anion exchange resin. The sol-

vent was removed, and the resulting orange solid is 3.05 g
(yield: 95%).

[0188] The synthesized i-TEMPOD-12 was reduced by
phenyl hydrazine for 'H NMR test. "H NMR (400 MHZ,
D,0-dg): 8 3.55-3.62 (t, 2H), 3.23-3.27 (t, 4H), 2.92-2.94 (d,
12H), 2.04 (d, 4H), 1.65-1.76 (m, 8H), 1.30-1.33 (m, 2H),
3.65-3.71 (t, 2H), 3.29-3.34 (t, 4H), 3.00 (s, 12H), 2.20 (s,
2H), 2.08 (d, 4H), 1.67-1.73 (t, 4H), 1.13 (d, 24H).

Scheme 21. Synthesis of i-TEMPOD-13

[0189] i-TEMPOD-13 was prepared as follows: 4-Dim-
ethylamine TEMPO (1.99 g, 10 mmol, 2 equiv.) and 0.878
g (5.0 mmol, 1 equiv.) of 1,4-bis(chloromethyl)benzene
were mixed and dissolved in acetone (100 mL). The mixture
was placed in a thick-walled pressure bottle under N,
protection. The system was stirred at 70° C. for 12 h. Then
ester ether (50 mL) was added and stirred for 20 min.
Finally, the precipitate was obtained through filtration and
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washed with ester ether (20 mLx3). The product was dried
at 40° C. under vacuum overnight and the yield is 92%.
(232 g).

[0190] The synthesized i-TEMPOD-13 was reduced by
phenyl hydrazine for '"H NMR test. 'H NMR (400 MHZ,
D,0-dy): 8 7.61 (s, 4H), 4.48 (s, 4H), 3.51-3.58 (t, 2H), 2.92
(s, 12H), 2.21 (d, 4H), 1.75-1.82 (t, 4H), 1.12 (d, 24H).

Scheme 22. Synthesis of i-TEMPOD-14.
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[0191] i-TEMPOD-14 was prepared as follows: 4-Dim-
ethylamine TEMPO (1.99 g, 10 mmol, 2 equiv.) and 1.25 g
(5.0 mmol, 1 equiv.) of 4,4'-bis(chloromethyl)-1,1'-bipheny]
were mixed and dissolved in ethanol (100 mL). The mixture
was placed in a thick-walled pressure bottle and stirred at
80° C. for 12 h under N, protection. After cooling down to
room temperature, the precipitate was obtained through
filtration and washed with acetone (20 mLx3). The product
was dried at 40° C. under vacuum overnight and the yield is
85%. (2.46 g).

[0192] The synthesized i-TEMPOD-14 was reduced by
phenyl hydrazine for *"H NMR test. 'H NMR (400 MHZ,
D,0-dy): 67.70 (d, 4H), 7.48 (d, 4H), 4.24 (s, 4H), 3.36-3.42
(t, 2H), 2.73 (s, 12H), 2.01 (d, 4H), 1.65-1.72 (t, 4H), 1.12
(d, 24H).
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Scheme 23. Synthesis of i-TEMPOD-15.
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[0193] i-TEMPOD-15 was prepared as follows:
[0194] Step 1: The Zincke salt 4,4'-bipyridinium-1,1'bis-

(2,4-dinitrophenyl) dichloride was synthesized according to
the literature. (Do Pim, W. D.; Mendonga, F. G.; Brunet, G.;
Facey, G. A.; Chevallier, F.; Bucher, C.; Baker, R. T,;
Murugesu, M. Anion-Dependent Catalytic C—C Bond
Cleavage of a Lignin Model within a Cationic Metal-
Organic Framework. ACS Appl. Mater. Interfaces 2021, 13
(1), 688-695.)

[0195] Step 2: 0.56 g (1 mmol, 1 equiv.) 4,4'-bipyri-
dinium-1,1'bis-(2,4-dinitrophenyl) dichloride and 0.43 g
(2.5 mmol, 2.5 equiv.) 4-amino TEMPO were dissolved in
50 mL ethanol. The reaction was stirred at 80° C. for 48 h
under N, protection. Upon completion, the solvent was
removed by rotary evaporator and the resulting slurry was
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redissolved in DI water (100 mL). The aqueous solution was
washed with ethyl ester (50 mLx3) and the resulting Vi-
TEMPO was obtained by removing the water.

[0196] The synthesized i-TEMPOD-15 was reduced by
phenyl hydrazine for '"H NMR test. 'H NMR (400 MHZ,
D,0-d,): & 9.04 (d, 4H), 8.37 (d, 4H), 5.03 (s, 2H), 2.17 (d,
4H), 2.05-2.11 (1, 4H), 1.22 (d, 24H).

Scheme 24. Synthesis of i-TEMPOD-16.
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[0197]
roamide) TEMPO (1.67 g, 6.72 mmol, 1.1 equiv.) and
4,4'-bipyridine (0.5 g, 3.2 mmol, 1 equiv.) were dissolved in
100 mL ethanol. The reaction system was sealed in a

i-TEMPOD-16 was prepared as follows: 4-(2-chlo-

thick-walled pressure bottle under N, protection and stirred
at 70° C. for 24 h. Upon completion, the precipitate was
obtained through filtration and washed with acetone (20
mLx3). The product was dried at 40° C. under vacuum
overnight and the yield is 82%. (1.06 g).

[0198] The synthesized i-TEMPOD-16 was reduced by
phenyl hydrazine for *"H NMR test. 'H NMR (400 MHZ,
D,0-d,): 8 8.82 (s, 2H), 8.60 (s, 2H), 8.34 (s, 2H), 8.12 (s,
2H), 5.26 (s, 2H), 4.08 (s, 4H), 1.85 (d, 4H), 1.44-1.50 (t,
4H), 1.10 (s, 24H).

Scheme 25. Synthesis of i-TEMPOD-17.
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[0199] i-TEMPOD-17 was prepared as follows: 1.0 g
(4.05 mmol, 2 equiv.) of 4-(2-chloroacetate) TEMPO and
0.225 g of 1,4-Diazabicyclo[2.2.2]octane (2.0 mmol, ~1
equiv.) were mixed together, 30 mL acetone was added. The
mixture was sealed in a 100 mL thick-walled pressure bottle
under N, protection and stirred at 50° C. for 12 h. After the
reaction completed, ether ester (30 mL) was introduced. The
precipitate was collected by filtration and washed with ether
ester (30 mLx3). The product was dried in a vacuum at 40°
C. overnight and the yield is 85% (1.9 g).

[0200] The synthesized i-TEMPOD-17 was reduced by
phenylhydrazine for '"H NMR test. 'H NMR (400 MHZ,
D,0-dy): § 6.71-6.76 (t, 2H), 4.06-4.16 (m, 16H), 1.81-1.88
(m, 4H), 1.38-1.45 (t, 4H), 1.12 (d, 24H).

Scheme 26. Synthesis of i-TEMPOD-19.
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[0201] i-TEMPOD-19 was prepared as follows: 1.0 g
(4.03 mmol, 2 equiv.) of 4-(2,2,6,6-tetramethyl-1-oxyl-4-
piperidoxyl) propyl chloride and 0.225 g of 1,4-Diazabicy-
clo[2.2.2]octane (2.0 mmol, ~1 equiv.) were mixed together,
50 mL ethanol was added. The mixture was sealed in a 100
mL thick-walled pressure bottle under N, protection and
stirred at 90° C. for 96 h. After the reaction was completed,
the solvent was removed by a rotary evaporator. The result-
ing mixture was dissolved in DI water and washed with ether
ester (50 mL.x10). The product was dried in a vacuum at 40°
C. overnight and the weight is 1.22 g (yield: 65%).

[0202] The synthesized i-TEMPOD-19 was reduced by
phenylhydrazine for '"H NMR test. 'H NMR (400 MHZ,
D,0-d,): & 3.66-3.72 (t, 2H), 3.47-3.50 (t, 4H), 3.15-3.21
(m, 16H), 1.96 (d, 4H), 1.81-1.87 (m, 4H), 1.30-1.36 (t, 4H),
1.10 (d, 24H).
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Scheme 27. Synthesis of i-TEMPOD-20.
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[0203] i-TEMPOD-20 was prepared as follows: 1.0 g

(4.03 mmol, 2 equiv.) of 4-(2-chloroacetate) TEMPO and
0232 g of tetramethylethylenediamine (2.0 mmol, ~1
equiv.) were mixed together, 50 mL ethanol was added. The
mixture was sealed in a 100 mL thick-walled pressure bottle
under N, protection and stirred at 70° C. for 24 h. After the
reaction was completed, the solvent was removed by a rotary
evaporator. The resulting mixture was dissolved in DI water
and washed with ether ester (50 mL.x10). The product was
dried in a vacuum at 40° C. overnight and the weight is 0.98
g (yield: 80%).

[0204] The i-TEMPOD-20 was reduced by phenylhydra-
zine for '"H NMR test. 'H NMR (400 MHZ, D,O-d,): §
3.96-4.04 (m, 2H), 3.71-3.75 (m, 4H), 3.11 (s, 12H), 2.98-
3.02 (m, 4H), 1.89-1.94 (q, 4H), 1.41-1.48 (t, 4H), 1.14 (d,
24H).

Scheme 28. Synthesis of i-TEMPOD-21.
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[0205] i-TEMPOD-21 was prepared as follows: 1.0 g
(4.03 mmol, 2 equiv.) of 4-(2,2,6,6-tetramethyl-1-oxyl-4-
piperidoxyl) propyl chloride and 0.232 g of tetramethyleth-
ylenediamine (2.0 mmol, ~1 equiv.) were mixed together, 50
mL ethanol was added. The mixture was sealed in a 100 mL
thick-walled pressure bottle under N, protection and stirred
at 90° C. for 96 h. After the reaction was completed, the
solvent was removed by a rotary evaporator. The resulting
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mixture was dissolved in DI water and washed with ether
ester (50 mL.x10). The product was dried in a vacuum at 40°
C. overnight and the weight is 1.04 g (yield: 85%).

[0206] The synthesized i-TEMPOD-21 was reduced by
phenylhydrazine for 'H NMR test. 'H NMR (400 MHZ,
D,0O-dy): 8 4.03 (d, 2H), 3.89 (s, 4H), 3.57 (s, 4H), 3.45 (s,
4H), 3.15 (s, 12H), 1.95-2.05 (m, 8H), 1.36 (d, 4H), 1.14 (d,
24H).
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aqueous phase was combined and evaporated. After drying,
the powder was dissolved in 20.0 mL of deionized water and
flushed through an anion exchange column with an Amber-
lite IRA-900 chloride form anion exchange resin. The sol-
vent was removed, and the resulting orange solid is 6.2 g
(yield: 95%). '"H NMR (400 MHZ, D,O-dy): 8 3.76-3.82 (t,
2H), 2.93 (d, 6H), 2.05 (d, 4H), 1.71-1.77 (t, 4H), 1.23 (s,
12H), 1.15 (s, 12H).

Scheme 29. Alternate synthetic route of i-TEMPOD-1 (N+TEMPO).
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[0207] i-TEMPOD-1 (N+TEMPO) was alternately pre- [0211] Step 5: The above TEMPO chloride salt (3.60 g, 10

pared as follows:

[0208]
nyl-4-one (155 g, 1 mol) and 2,2,6,6-tetramethylpiperidinyl-

Step 1: A solution of 2,2,6,6-tetramethylpiperidi-

4-amine (156 g, 1 mmol) in 1 L of ether was allowed to stand
over 4 A molecular sieves at 40° C. for 12 h. Filtration and
removal of solvent followed by distillation afforded N,N-
bis(2,2,6,6-tetramethylpiperidine)imine (280.0 g, 90%) as a
white solid. 'H NMR (400 MHZ, D,0O-dy): 8 3.79-3.84 (t,
1H), 2.18 (s, 2H), 2.02 (s, 2H), 1.35 (d, 2H), 1.18 (d, 2H),
1.02-1.14 (m, 24H).

[0209] Step 2: The Schiffs base obtained was dissolved in
dry MeOH (200 mL) and NaBH,, (38 g, 1 mol) was added
to this. Progress of the reaction was monitored by TLC.
After 3 h the solvent was removed and product was extracted
with CH,Cl, (3x20 mL). The organic phase was dried using
anhydrous sodium sulfate and removed to obtain the reduce
compounds  N,N-bis(2,2,6,6-tetramethylpiperidine)amine.
Yield 95% (252.2 g). 'H NMR (400 MHZ, D,0-dy): &
2.95-3.01 (t, 1H), 1.63-1.67 (q, 4H), 1.05 (d, 24H), 0.72-0.78
(t, 4H).

[0210] Step 3 and 4: 5.0 g (16.9 mmol, 1 equiv.) bis(2,2,
6,6-tetramethylpiperidin-4-yl)amine was dissolved in 60 mL,
methanol, NaHCO; (1.42 g, 16.9 mmol, 1 equiv.) and CH,I
(3.17 mL, 50.7 mmol, 2.0 equiv.) was added subsequently.
The mixture was sealed in a 250 mL thick-walled pressure
bottle and the reaction was flux for 24 h. Upon completion,
the solvent was removed by a rotary evaporator. The light-
yellow solid was fully dissolved in 100 ml of water, the
aqueous phase was washed with EtOAc (100 mLx3). The

mmol) was dissolved in 50 mL of water and the pH of
solution was tune to 12 by slowly adding sodium hydroxide
aqueous solution (2 M). Then sodium tungstate (65 mg),
Na,EDTA (5.6 mg), and 2.3 mL hydrogen peroxide were
added successively. The solution was stirred for 3 days at
room temperature. Then another 1.2 mL hydrogen peroxide
was added and stirred for another 3 days. Upon completion,
the water was removed and the solid was dissolved in 10 mL
methanol. Acetone was added slowly until the complete
generation of white precipitate, which was the mixture of
sodium tungstate and Na,EDTA. After filtration, 50 mL
acetone was added into the filtrate again to obtain the
product as an orange precipitate. After filtration, the product
was dried in the vacuum oven at 60° C. overnight and was
obtained in a yield of 3.7 g (95%). The synthesized i-TEM-
POD-1 was reduced by phenyl hydrazine for '"H NMR test.
"H NMR (400 MHZ, D,0-dy): 8 3.66-3.72 (t, 2H), 2.82 (s,
6H), 2.00 (d, 4H), 1.70-1.76 (t, 4H), 1.14 (d, 24H).

Scheme 30. Synthesis route of Dex-Viologen.
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[0212] Dex-Viologen was prepared as follows:

[0213] 4,4-dipyridyl and 3-chloro-2-hydroxypropyl trim-
ethylammonium chloride (aka. dextrosil) were obtained
from Oakridge Chemical and Tokyo Chemical Industry Co.,
respectively, and used without further purification. Firstly,
12 g (0.077 mol) of 4,4-dipyridyl was added to 60 mL (0.22
mol) of 3-chloro-2-hydroxypropyl trimethylammonium
chloride (65 wt % in water) in an autoclave reactor. The
solution was then transferred to a stainless-steel autoclave
with PTFE liner (100 mL) and heated to 120° C. for 24 hr.
After the reaction, ethanol and then acetone were added to
the resultant aqueous solution in sequential order ina 1:9:10
(product:ethanol:acetone) volume ratio to precipitate out the
pure product. The off-white product was filtered, washed
with acetone, and vacuum dried. A high overall yield of 71%
(33 g) was obtained. Dex-Vi: '"H NMR (D,O & 4.80, 400
MHz): 6 3.30 (s, 9H), 3.71 (quint, 4H), 4.69 (q, 2H), 4.86 (q,
2H), 5.03 (d, 2H). The structure was confirmed by ‘H NMR.

Scheme 31. Synthesis route of Dex-EtOH-Viologen.
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[0214] Dex-EtOH-Viologen was prepared as follows:

[0215] Step 1: A mixture of 2-chloroethanol (8 g, 0.1 mol)
and 4,4'-bipyridine (15.6 g, 0.1 mol) in toluene (10 mL) was
stirred at 110° C. for 48 h. The resulting precipitate 1-(2-
hydroxyethyl)-[4,4'-bipyridin]-1-ium chloride salt was fil-
tered and dried under vacuum (14.16 g, 60%). "HNMR (400
MHZ, D,0-d,): 8 8.88 (d, 2H), 8.58 (d, 2H), 8.28 (d, 2H),
7.74 (d, 2H), 4.72 (s, 1H), 4.69 (s, 1H), 4.03-4.07 (t, 2H).
The structure was confirmed by "H NMR.

[0216] Step 2: 1-(2-hydroxyethyl)-[4,4'-bipyridin]-1-ium
chloride salt (12.3 g, 0.05 mol, 1 equiv.) and 3-Chloro-2-
hydroxy-N,N,N-trimethylpropan-1-aminium chloride (17.4
g, 65% in water, 0.06 mol, 1.2 equiv.) were mixed together
and sealed in thick-walled pressure bottle. The reaction
system was stirred at 120° C. for 24 h under N, protection.
Upon completion, the reaction system was cool down to
room temperature, 50 mL DI water was added and washed
with ethyl acetate (50 mLx3). The water was removed by a
rotary evaporator. Then the product was dried in vacuum at
60° C. and yield 92% (20.0 g). '"H NMR (400 MHZ,
D,0O-d): 8 9.08-9.12 (m, 4H), 8.54-8.59 (m, 4H), 4.96 (d,
1H), 4.75-4.81 (m, 2H), 4.58-4.65 (m, 1H), 4.06-4.09 (m,
1H), 3.57-3.70 (m, 4H), 3.24 (s, 9H). The structure was
confirmed by '"H NMR.

Scheme 32. Alternate one-pothydrothermal synthesis route of
Dex-EtOH-Viologen.
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[0217] Mono-Cationic (Monovalent) TEMPO Dimers:

Scheme 33. A monovalent cationic TEMPO dimer synthesized as follows:
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[0218] 4-dimethylamino TEMPO (1.99 g, 10 mmol, 1
equiv.) and 4-(2-chloroacetate) TEMPO (2.73 g, 11 mmol,
1.1 equiv.) were mixed, and the mixture was sealed in a
thick-walled pressure bottle under N, protection. The system
was stirred at 40° C. for 12 h under N, protection. Ester ether
(50 mL) was added and stirred for 20 min. Finally, the
precipitate was obtained through filtration and washed with
ester ether (20 mI.x3). The product was dried at 40° C. under
vacuum overnight and the yield was 85% (3.8 g). The
synthesized TEMPO product was reduced by phenyl hydra-
zine for 'H NMR test. 'H NMR (400 MHZ, D,O-d): 8 5.14
(s, 1H), 4.02-4.09 (1, 1H), 2.98-3.06 (d, 8H), 1.96 (d, 4H),
1.56-1.69 (m, 4H), 1.07-1.14 (t, 24H).
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Scheme 34. A monovalent cationic TEMPO dimer synthesized as follows
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[0219] Step 1: 10 g 4-OH TEMPO (58 mmol, 1 equiv.)
was dissolved in 10 mL toluene and 15 g NaOH was
dissolved in 30 mL water. These two phases were placed in
a 100 mL round-bottom bottle. Then 9.15 g of 1,4-bis
(chloromethyl)benzene (52.25 mmol, 0.9 equiv.) was dis-
solved in 10 mL toluene and then added dropwise to the
mixture. The reaction was stirred at room temperature for 24
h. Upon completion, ether ester (150 mL) was added. The
two phases were separated in a separatory funnel and the
organic phase was washed with deionized water (200
mlLx3). Dried with anhydrous Na,SO, and the organic
solvent was evaporated, giving a viscous red solid. The
residue was finally purified by flash column chromatography
on silica gel (EtOAc:hexane=1:10) to afford the desired
product as a red powder.

[0220] Step 2: 1.00 g of 4-(4-(chloromethyl)benzyl)oxy)-
TEMPO (3.22 mmol, 1.1 equiv.) and 0.583 g 4-dimethyl-
amino TEMPO (2.92 mmol, 1 equiv.) were dissolved in 10
ml acetone. The reaction was sealed in a thick-walled
pressure bottle, stirred at 40° C. for 48 h. Upon completion,
ether ester was added, and the resulting precipitate was
collected by filtration, washed with ether ester and dried in
vacuum overnight. Yield: 90%. (1.34 g)
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[0221] Tempo Trimer Synthesis

Scheme 35. A trivalent cationic TEMPO dimer synthesized as follows:
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[0222] 1 g of 1,3,5-tris(bromomethyl)benzene (2.8 mmol,

1 equiv.) and 1.95 g of 4-dimethylamino TEMPO (9.81
mmol, 3.5 equiv.) were dissolved in 30 mL acetone and the
reaction was stirred at 40° C. for 24 h. Upon completion,
ester ether (100 mL) was added and the resulting precipitate
was collected by filtration and washed with ester ether
(20x3). The orange powder was dried in vacuum at 40° C.
for 12 h. After drying, the powder was dissolved in 20.0 mL,
of deionized water and flushed through an anion exchange
column with an Amberlite IRA-900 chloride form anion
exchange resin. Yield was 73% (1.44 g).

Example 2: Electrochemical Characterization of
Ionic TEMPO Dimer Synthesis

[0223] The 21 i-TEMPODs synthesized in Example 1
were electrochemically characterized. Four representative
TEMPO dimers, two mono-cation and two di-cation, were
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selected based on redox potential, feasible capacity, chemi-
cal/electrochemical stability, and synthetic ease for further
in-depth evaluation.

[0224] To delineate structure-property relationships for
rationalized TEMPO dimer molecular engineering, the for-
mal potential (E°) of each i-TEMPOD was measured using
Cyclic Voltammetry (CV). All 21 exhibited highly positive
E? values ranging from +0.804 V to +0.981 V vs. SHE that
are close to the OER potential limit of neutral pH aqueous
electrolyte (Table 1). These results show a clear relationship
between E° and the electronic properties of the 4-position
functionalization for TEMPO derivatives. As the electron
withdrawing strength of the functionalizatio