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Carbon-centered radical based dynamic covalent
chemistry for stimuli-responsive
chromic materials

Tingting Xu, Jun Zhu, Yi Han and Chunyan Chi @ *

As an essential smart material, stimuli-responsive chromic materials have received increasing research
attention because of their visualization effects induced by external stimuli, including temperature, light,
and mechanical stress. According to the types of stimuli, they can be categorized as thermochromic,
photochromic, and mechanochromic materials, respectively. In recent studies, organic radical-based
dynamic covalent chemistry (DCC) has demonstrated great potential to serve as a prototype for the
preparation of stimuli-responsive chromic materials because the process is facilitated by simple radical-
radical coupling reactions without the addition of catalysts or the generation of by-products and is
usually accompanied by a distinct color change. This review aims to highlight carbon-centered radicals
that can associate and dissociate reversibly with external stimuli and explore their potential as building
blocks for the preparation of stimuli-responsive chromic materials.

This year marks the 10th anniversary of Journal of Materials Chemistry C. It has been a great honor for me to serve as an international advisory board member

since 2017. During my service, I have been impressed by many high-quality works in the research field of organic functional materials from diversified research

groups all over the world. In this duty, it has been my honour to witness the growth and development of both this flagship journal of materials science and our
research field. With the growing requirement for “smart” materials, there has been increasing research interest in dynamic covalent chemistry compared to

classical covalent chemistry and supramolecular chemistry. I would want to take this opportunity to present our latest review ‘“Carbon-centered Radical Based

Dynamic Covalent Chemistry for Stimuli-responsive Chromic Materials”. We hope this review will draw more attention to this rising research topic.
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1. Introduction

Chromic materials have gained increasing research attention in
the past few decades because color change phenomena can be
easily perceived with the naked eye, giving rise to a wide range
of applications, including smart windows," optical switches,*®
sensors,”® etc.”™" Stimuli-responsive chromic materials are
defined as dyes that exhibit a distinct color change when exposed
to an external stimulus. These color change phenomena are
classified and named according to the stimulus which causes
the change, like photochromism, thermochromism, mechano-
chromism and electrochromism.'>™® These chromic materials
are useful and valuable in daily life and industry, especially for
materials in which the color change is reversible and controllable.

The synthesis of organic molecules is generally dominated
by kinetically controlled reactions, which irreversibly form
strong covalent bonds. In the reactions, the reactants are prone
to generating a product with a more stable transition state
instead of others. Once the product is formed, it can never
revert to the reactants under the same conditions because of
the irreversible nature of the reaction. However, the covalent
bonds can be formed and cleaved reversibly in dynamic cova-
lent chemistry (DCC)"” because the dynamic process allows the
exchange of molecular components at equilibrium to achieve
thermodynamic minima of the system. It has been widely
employed by chemists from different research fields for
the preparation of complex molecular assemblies, including
molecular knots,'® macrocycles,"*™>" polymers®*** and covalent
organic frameworks.>*">” Meanwhile, the thermodynamic equi-
librium can be disturbed dramatically by external conditions,
like temperature, light, electricity, mechanical stress, etc.,
which makes it suitable for self-healing systems, sensors, and
actuators.>®73°

Unlike traditional supramolecular chemistry involving only
weak non-covalent bonds, dynamic covalent chemistry deals
with covalent bonds with higher bonding energy and lower
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kinetics of bond formation and dissociation. In the practical
application of dynamic covalent chemistry, the lifetime of the
dynamic covalent bonds, which is an essential factor for
dynamic behavior, must be long enough for the detection and
isolation of the product. When the lifetime is too short, the
associated product does not exist, whereas too long a lifetime
yields a product without the desired dynamic behavior. Practi-
cally, the lifetime should be in the range from 1 ps to 1 min*'
to ensure reasonably fast kinetics of the reversible bonds for
error-correction and error-proof during the reaction period.
In some cases, the presence of a catalyst that promotes reversible
bond formation and dissociation is crucial to maintain the fast
kinetics of the reversible bonds to reach thermodynamic equi-
librium within a reasonable period. In contrast, radical-based
dynamic covalent chemistry does not involve a catalyst. The
reversibility is induced by radical-radical coupling reactions to
form dynamic covalent bonds that can break and form under
certain conditions. In addition, the reactions do not generate
any by-product so that the products can be simply isolated and
purified. These specific features have made organic radicals
promising motifs for dynamic covalent chemistry.*>™*° The
definition of organic radicals reveals that organic radicals are
open-shelled molecules whose highest molecular orbital is occu-
pied by an unpaired electron, which enables them to have
special spectroscopic properties and largely expands the scope
of their applications, especially as stimuli-responsive chromic
materials (Fig. 1). Recently, stable organic radicals and their
applications as functional materials have been actively explored.
While there are many reviews focused on stable radicals and
their applications,*" ™ few reviews have discussed radical-based
dynamic covalent chemistry on their potentials as stimuli-
responsive chromic materials.*® Among all organic radical spe-
cies, carbon-centered radicals are more attractive, because the
trivalent feature of carbon-centered radicals guarantees struc-
tural diversities and intricate molecular designs.*’ Therefore,
this review aims to highlight the most reported carbon-centered
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Fig.1 Schematic representations of radical-based dynamic covalent
chemistry.

radical-based dynamic covalent chemistry. With a focus on their
structures and properties, the applications as stimuli-responsive
chromic materials are also explored and discussed.

2. Carbon-centered radical-based
dynamic covalent chemistry

Ever since the successful isolation of the first stable organic
radical, triphenylmethyl radical (1, Fig. 2(a)), by Gomberg in
1900,"” radical chemistry has become a popular research field.
Much research effort has been dedicated to the development of
stable organic radicals in recent decades due to their unique
optoelectronic and magnetic properties that are crucial in many
research fields.”®*° It has been reported that the triphenyl-
methyl radical (1) can dimerize spontaneously at its para-
position to form its dimer 1, (Fig. 2(a)). After some pioneering
studies on the monomer-dimer equilibrium with various para-
substitutions (CF3, tBu, OMe, OPh, CN, COPh, COMe, Ph, SMe
and NO,) of 1,°"°> the dynamic properties of radicals in the
monomer-dimer equilibrium have been continuously explored.

0 g _C
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Fig. 2 (a) Equilibrium between triphenylmethyl radical (1) and its dimer
(1,), and (b) chemical structures of most reported carbon-centered radi-
cals that are unreactive to oxygen.
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It was found that all substituents caused facilitated dissociation
of the dimer, hence stabilizing the radical form. Seki’s group
reviewed many stable radicals based on dynamic covalent
chemistry.*® The reversible formation of dynamic covalent bonds
is mainly triggered by the dimerization and dissociation of
organic radicals. Due to the fact that the intrinsic instability of
organic radicals could largely restrict their practical applications,
appropriate stabilization strategies to make the radicals less
sensitive to water and oxygen are necessary. Kinetic stabilization
and thermodynamic stabilization are two common approaches.
Kinetic stabilization introduces bulky substituents on the active
sites to avoid adverse side reactions while thermodynamic
stabilization involves the facilitation of spin delocalization.
A series of stable carbon-centered radicals have been reported
based on these two approaches.*"**** However, some radicals
are too stable to undergo dimerization to form covalent bonds in
solution or solid state, for instance, (pentachlorophenyl)methyl
radical® and trioxoriangulene.>**® Therefore, carbon-based
organic radicals that possess good resistance to undesired side
reactions, yet can still reversibly undergo association and
dissociation, are fundamental. Representative stable carbon-
centered radicals for dynamic covalent chemistry are discussed
in this section, including fluorenyl radicals, benzofuranone
radicals, dicyanomethyl radicals and others (Fig. 2(b) and
Table 1).

2.1 Fluorenyl radicals

The bond dissociation energy of 9,9’-diphenyl-9,9’-bi-9H-fluorene
to 9-phenylfluorenyl radicals was theoretically calculated to be
15.2 kcal mol™', which makes fluorenyl radicals suitable for
dynamic covalent chemistry.>®*” The bulky substituents could
offer kinetic stabilization to lower the bond dissociation energy
and stabilize the radical form.”®*® In 1969, G. Wittig tried to
synthesize quinoidal compound 5 (Fig. 3) by dehydrogenation
of 1,4-bis(9-bromofluorenyl)benzene. Unexpectedly, tetramer
macrocycle 5, was obtained as a colourless solid. It was striking
to observe that the color of 5, can change from colourless to deep
blue with external stimuli, including temperature and mechan-
ical stress, which indicates the existence of diradical 5 with a
deep blue color. Dissolving colorless 5, in organic solvents
resulted in a deep blue solution, suggesting an equilibrium
between 5 and 5, in solution.®® Ipaktschi et al., in 1999, investi-
gated the self-assembly process of the substituted derivatives
of Wittig’s hydrocarbon 5. Reduction of the di-hydro precursor
with acidic tin(u) chloride solution resulted in macrocycles with
a high yield of 82%. The high yield could be attributed to
dynamic covalent features, which favor the formation of more

Table 1 Bond dissociation energy and some other properties for the
dimers of 1-4

Radical BDE (kcal mol™") Reacts with oxygen? /.y of dimer (nm)

1 Not reported Yes 315
2 15.2 No 320
3 23.6 No 346
4 Not reported No Not reported
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Fig. 3 Resonance structure of Wittig's hydrocarbon 5, and the equilibrium
between diradical 5 and its macrocyclic tetramer 5,4.

thermodynamically stable macrocyclic products. The substituted
derivatives of Wittig’s hydrocarbons can also produce a colored
solution after dissolving in organic solvents. The structures of the
tetramer macrocycles were unambiguously confirmed and char-
acterized using X-ray crystallography.®"*> In 2016, Beaudoin et al.
synthesized two giant carbocycles 6as and 6b,, which are formed
from fluorenyl radical monomers using a reversible C-C bond.
The precursor 6a/6b are spirobifluorene-substituted derivatives of
Wittig’s hydrocarbon 5 (Fig. 4(a)).®* Based on crystallographic
analysis of the structures, it can be observed that the bifluorenyl
units in the hexamer 6a, adapt a gauche conformation which could
have promoted the cyclization for macrocycle formation (Fig. 4(b)).
Bond length analysis revealed that the C-C bond lengths between
the monomers in 6as and 6b, were significantly longer (>1.61 A)
than common C(sp*)-C(sp®) bonds, suggesting an evident feature
of dynamic bonds. The selective formation of the cyclic hexamer
can be attributed to intramolecular C-H-: - -n networks among the
peripheral fluorene units as donors and the spirobifluorenyl units
as acceptors in 6as. While the tert-butyl groups at the peripheral
fluorene units in 6b disturb intramolecular C-H- - -7 interactions, a
more discrete tetramer macrocycle is formed instead. The results
imply that the presence of weak interactions is critical for the
self-assembled structures of DCC radicals.

Fig. 4 (a) Resonance structures of 6a/6b; (b) X-ray crystallographic
structure of macrocyclic hexamer 6ag and macrocyclic tetramer 6bg.
Reprinted with permission from ref. 63. Copyright 2016 Wiley-VCH.
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Fig. 5 The equilibrium between cyanofluorene radical (7) and its dimer

difluorenylsuccinonitrile (7,) and the example of a polymer bearing cyano-
fluorene radical (8,).

Other than a phenyl substituent at the 9-position of fluorane,
it can also be substituted with a cyano group to achieve stabliza-
tion of the fluorenyl radical for dynamic covalent chemistry since
the cyano group is a strong electro-withdrawing group that can
induce spin delocalization. Besides, the cyano substituent can
also offer kinetic stabilization to some extent. The reported
9-cyanofluorenyl radicals have demonstrated good stability,
especially in their inertness toward oxygen.®* Meanwhile, the
dynamic process between difluorenylsuccinonitrile (DFSN, 7,),
the dimer of cyanofluorene radicals, and its monomer (7) was
investigated with application of external mechanical stress
induced by grinding (Fig. 5). DFSN has been widely employed
as thermally stable mechanophores when combined with poly-
mers (such as 8,), which can be potentially used as stress or
damage detecting sensors.*>®”

2.2 Benzofuranone radicals

As a typical antioxidant, benzofuranone radicals exhibit excel-
lent resistivity toward oxygen due to the electro-withdrawing
nature of the lactone ring which offers a thermodynamic
stabilization effect on the radical.®®®® As reported by Scaiano’s
group in 2004, the reversible dimerization and dissociation of
benzofuranone radicals was observed without any degradation
in air, which suggested the attenuated reactivity of the radicals
toward oxygen.>® An experiment on the temperature dependent
dissociation of the dimers was performed and the bond dis-
sociation energy (BDE) of the central C(sp*)-C(sp®) bonds was
estimated to be 23.6 kcal mol ™" (Fig. 6(a)). The crystallographic
analysis results revealed the length of the C-C bonds between
the two monomers was 1.596 A, which is rather long for typical
o C(sp®)-C(sp®) bonds and suggests the bonds can be easily
broken with external stimuli. Thermochromism of the dimers
of 3 (3,) and its derivatives was reported previously in 1925.”°
A toluene or chloroform solution of 3, showed a pale-blue color
at room temperature, and it turned colorless after cooling in an
ice-water bath.”*

When benzofuranone radicals are grafted into polymer chains,
the materials display responsive self-healing properties.”” In 2012,
Otsuka’s group reported a polymeric gel whose polymer chains

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) The equilibrium between benzofuranone radical (3) and its
dimer (32); (b) examples of polymers bearing the benzofuranone radical
(92 and 102)

were crosslinked by diaryldibenzofuranone (dimer of arylbenzo-
furanone radicals). The gel was able to autonomously self-repair
under mild conditions (in air and room temperature) without
any external stimuli.”> Furthermore, a few polymeric stimuli-
responsive chromic materials consisting of benzofuranone radical
dimers as the chromophores have been successfully prepared
including co-polymer 9, that is linearly linked with a benzofur-
anone radical dimer and polymer 10, crosslinked by the dimers
(Fig. 6(b)).”* Details of the chromic process are elucidated in
Section 3.

2.3 Dicyanomethyl radical

The dicyanomethyl radical is a commonly used carbon-centered
radical in dynamic covalent chemistry. Recently, dicyanomethyl-
substituted aromatic compounds with self-healing properties
have been extensively studied and reported due to their effective
reversible dimerization and dissociation process. The strong
electro-withdrawing effect of two cyano groups largely improves
the spin delocalization and provides thermodynamic stabili-
zation of the correlated radical. In 1966, Hartzler et al. synthe-
sized 1,2-diphenyl-1,1,2,2-tetracyanoethane (4,) which could
be considered the dimer of phenyl-dicyanomethyl radicals (4).

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) The equilibrium between phenyl-dicyanomethyl radical (4) and
1,1,2,2-tetracyanoethane (4,), and its isomerization to 4,’; (b) the equili-
brium between substituted phenyl-dicyanomethyl radicals (9) and their
dimers (11,); (c) structures of N-substituted dicyanomethylphenyl radicals
(12 and 13); (d) structures of phenyl-dicyanomethyl radical with different
substituents (14a—k).

As reported, there is an equilibrium between 4, and 4 in
solution®> (Fig. 7(a)). Due to the high reactivity at the para-
position of 4, the radical species can undergo dimerization at
the para-position to form 4,’ as an isomer of 4,. Nevertheless,
this dimerization can be prohibited by the introduction of a
substituent at the reactive para-position”>”” (11, Fig. 7(b)).
Thereafter, dicyanomethyl radicals have been widely employed
in radical-based dynamic covalent chemistry because of their
symmetric and sterically unhindered structures, which can avoid
the formation of diastereomers during dimerization. However,
dimers are the dominant form at equilibrium under room
temperature, suggesting the radicals prone to dimerize and the
association rate of dicyanomethyl radicals is much faster than
the dissociation rate at room temperature. As emphasized, a
sufficiently fast equilibration is necessary for dynamic covalent
chemistry for practical applications."”” On this account, it is
crucial to consider stabilization of dicyanomethyl radicals in
their structural design. A straightforward strategy is to promote
spin-delocalization to stabilize the radicals by introduction of an
electron-donor into the radical system as the unpaired electron
can spin-delocalize onto the donor group. Kobashi et al. success-
fully synthesized two N-substituted dicyanomethylphenyl radi-
cals (12 and 13, Fig. 7(c)) as a triphenylamine and a carbazole
derivative.”® The N-substituents serve as electron-donors on the
para-position of the dicyanomethyl radicals, which can avoid
isomeric dimerization and induce some degree of stabilization.
The crystallographic analysis revealed that the C-C bond length
between monomers was significantly longer than typical C(sp®)-
C(sp®) bonds (1.616 A for 12, and 1.626 A for 13,, respectively).
During the bond dimerization and dissociation, the color of
the solution was changed notably at elevated temperatures,
evidently suggesting its thermochromic properties. The existence

J. Mater. Chem. C, 2023, 11, 7957-7969 | 7961
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of radical species was confirmed by variable-temperature UV-vis
absorption measurements, which shows increased absorption
intensities when the temperature is increased. Besides, it was
demonstrated that a corelation could be established between the
bond dissociation energy (BDE) and the theoretically calculated
spin density on the central carbon of the dicyanomethyl radical.
In general, the central carbon with a lower spin density results in
a smaller BDE. In 2017, Winter’s group synthesized a series of
phenyl-dicyanomethyl radicals with various substituents (14a-k,
Fig. 7(d)), which were in equilibrium with their o-dimers in
solution. Meanwhile, thermodynamic parameters for the self-
dimerization were evaluated to determine the effect of substitu-
ents on the phenyl-dicyanomethyl radicals.”” Their results
revealed that the Hammett parameter was linearly correlated
to the binding constants (K,). Electro-donating substituents
weaken the o-dimers, whereas electron-withdrawing substitu-
ents strengthen the c-dimers. Additionally, the solvent effect on
the stability and delocalization of dicyanomethyl radicals was
also explored by the same group,®® which revealed that captoda-
tive stabilization of the radicals was more pronounced in polar
solvents than nonpolar solvents or in the gas phase. Interest-
ingly, the dimerization behavior of the dicyanomethyl radicals
can also be modulated through slight structural modifications.
Two types of naphthodithiophenes consisting of two cyano-
alkyloxycarbonyl-methyl radicals (15) and two dicyanomethyl
radicals (16) have been reported by Takimiya and Casado
et al., which can be regarded as the resonance hybrids between
closed-shell quinoids and open-shell diradicals (Fig. 8). The two
molecules behaved differently in the self-assembly process, in
which 15 formed the cyclic dimer or higher oligomers bound via
o-bonds (c-15,), instead, a m-dimer (r-16,) was formed for 16.
In addition, c-(15 + 16) and n-(15 + 16), as two hetero-dimers,
were also observed in the mixture solution of 15 and 16.%'
In 2017, Sakamaki and Seki et al. demonstrated the dimerization
of dicyanomethyl radicals with a julolidine skeleton to form a
n-dimer instead of a o-dimer.*> It was found out that the
electrostatic interactions played a key role in the n-dimer for-
mation from neutral radicals with an intrinsic dipole moment.
This finding provides new insights for the structural design of

o-(15+16) +

7-(15+16)

Fig. 8 Structures of quinoidal naphthodithiophenes and the formation
reactions of 6-15,, n1-165, 5-(15 + 16), and n-(15 + 16).
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radicals for dynamic covalent chemistry. Later, Winter and
co-workers reported systematic investigations of the structural
and molecular effects on the dimerization behavior.*** 1t was
claimed that the dimerization behavior was dictated by radical
spin densities, radical polarizability, and London dispersion
stabilization of the dimers.

It has been observed that cyclic oligomers can be formed
when a monomer is designed to possess two dicyanomethyl
radical centers. Seki et al. reported the synthesis of macrocyclic
oligomers, 17,, 18; and 18, (Fig. 9(a)), using triphenylamine
(TPA) and carbazole derivatives with two dicyanomethyl as the
monomers.”® These oligomers in the solid state are responsive
to external stimuli, including temperature and mechanical
stress, with a notable change of color from colorless or pale
yellow to green or blue. The color change was reversible after
the addition of a few drops of solvent onto the solids, which
makes them potential candidates for thermochromic and
mechanochromic materials.

In addition, complex three dimensional macrocyclic struc-
tures based on aryl-dicyanomethyl radicals were reported in
2018 by Chi’s group.®® The radical monomer was based on a
triphenylamine substituted structure with three dicyanomethyl
radical centers as the reactive sites, which subsequently under-
went oligomerization to form a macrocycles-in-a-macrocycle
superstructure with helical chirality. The crystallographic ana-
lysis indicated that the structure involved six monomers linked
by nine elongated C(sp®)-C(sp®) bonds, depicting dynamic covalent
characters (Fig. 9(b)). Firstly, the TPA-substituted dicyanomethyl
radicals (19) are prone to form small cyclic dimers by a C(sp®)-
C(sp®) bond with gauche-conformation, then three dimeric
segments continue to link with each other to form a three-
dimensional hexamer cage (19¢). The elongated C-C bonds that
link the monomers were reversible and can undergo disso-
ciation at elevated temperatures with a remarkable change of
color. Hiroto and Shinokubo et al. synthesized a hexa-peri-
hexabenzocoronene (HBC)-substituted dicyanomethyl radical
with enhanced stability because of significant spin delocalisa-
tion over the large n-conjugated HBC unit.®® Firstly, a hydro-
precursor consisting of one dicyanometyl radical center
was oxidized with PbO,, and the resulting radical underwent
association to afford a tetracyanoethylene-linked dimer. The
structure of the dimer was ambiguously confirmed by X-ray
crystallography. Subsequently, a HBC precursor with two dicya-
nomethyl radical centers at the 2,5-position (20) was employed,
and it was found out that the radicals self-assemble into a cyclic
trimer (203) at room temperature. The structure of 20; was
confirmed by high-resolution mass spectroscopy, NMR and
preliminary X-ray crystallography. The mechanochromic beha-
vior of 20; was also investigated, in which the color of the
powder sample of 20; changed from yellow to brown after
grinding. The UV-vis-NIR absorption spectra in the solid state
demonstrated that the dark color corresponded to the disso-
ciated radical species 20. After the addition of one drop of
dichloromethane onto the brown powder of 20;, the color
recovered back to the original yellow and the characteristic
NIR absorption bands corresponding to radical 20 disappeared.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Equilibrium between dicyanomethyl diradicals/poly-radicals and their oligomers (all the conditions for oligomers to their corresponding

monomers are a high temperature or external force).

In 2017, H. Li et al. reported the equilibrium between 2,7-
dicyanomethylenecarbazole-based biradicaloid (21) and its
corresponding cyclic tetramer 21, (Fig. 9(c)).*” X-ray crystal-
lographic analysis revealed that four monomers were linked
by elongated C(sp®)-C(sp®) bonds (ca. 1.631 A), which were
resulted from couplings of the unpaired electrons in biradica-
loid 21, to form a cyclic tetramer. Based on the biradicaloid 18
and 21, the effect of different substitutional positions of the
dicyanomethyl radical on the self-assembly of carbazole-based
diradicals was investigated by Delgado et al.®® It was found out
that the meta-substituted cyclophanes are more difficult to
dissociate both in solution and solid state as compared to
the para-substituted carbazole homologues, indicated by the
formation of more stable macrocycles with shorter C-C bonds.
Recently, an indolo[3,2-b]carbazole compound containing
terminal dicyanomethylene groups in the 3,9-positions (22)
was synthesized and characterized by Li and Delgado et al. as
a continuing work to investigate how the expansion of
the conjugated core can affect the intermolecular c-bonding
reactivity of carbazole-based diradicals.®® After comparing with

This journal is © The Royal Society of Chemistry 2023

shorter chain carbazole-based analogue 21, it was revealed that
the larger conjugated core results in an increased diradical
character as well as a smaller open-shell singlet-triplet gap. The
biradicaloid 22 was isolated as a stable o-dimer (22,) in the
solid state with two co-facial indolocarbazole units featuring
attractive n-r interactions.

As another conjugated core extension of dicyanomethyl
radicals for dynamic covalent chemistry, Osuka and co-workers
prepared dicyanomethyl radicals containing porphyrins (Fig. 10).
Firstly, a simpler subporphyrin molecule 23 with one dicyano-
methyl radical center at the meso-position was synthesized
to validate the feasibility for reversible o- or mn-dimerization
in solutions or the solid state.”® However, 23 was not prone
to undergo association because of its outstanding stability
induced by the efficient spin delocalization over the subpor-
phyrin skeleton. Next, another two types of porphyrins bearing a
dicyanomethyl radical at the meso-position (24) and B-position
(25) of the porphyrin ring were prepared.’’ Similar to radical 23,
the meso-substituted porphyrin 24 did not exhibit any dimeriza-
tion behavior and remained as monomeric radicals both in
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Fig. 10 Mono or bi-dicyanomethyl radical-substituted (sub)porphyrins.

solution and the solid state for the same reason. In contrast, the
B-substituted porphyrin 25 was in equilibrium with its o-dimers
(25,) in solution. The dynamic behavior was confirmed and
characterized by variable temperature 'H-NMR, UV-vis and
ESR measurements. It was observed that the monomeric radical
species were predominant at high temperature while o-di-
merization was favorable at low temperature. The structures of
monoradical 24 and the o-dimer 25, were unequivocally con-
firmed by X-ray crystallography. The difference in the dynamic
properties between 24 and 25 can be explained by the spin
density distribution. The spin on 24 can be fully delocalized over
the meso-substituted porphyrin skeleton, leading to excellent
stabilization of the monoradicals. In contrast, the spin on 25 is
relatively more localized on the dicyanomethylene moiety
because it resides at the B-position of the porphyrin skeleton,
which can only provide limited stabilization. Additionally, por-
phyrins with two dicyanomethyl radical centers were also
reported.”>®* In 2020, Osuka et al. prepared 2,18-bis(dicyano-
methyl)-substituted Ni"" porphyrin radical 26 and Zn" porphyrin
radical 27, which can undergo dimerization to afford cyclophane
type chlorin dimers 26, and 27,, respectively.®* The X-ray crystal-
lographic analysis revealed that dimer 26, adapted a syn-
conformation with two distorted Ni" chlorins while 27, dis-
played an anti-conformation with relatively planar Zn" chlorins.
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Fig. 11 Carbon-centered radicals with heteroatoms in reversible equili-
brium with the dimers (all the conditions for dimers to their corresponding
monomers are external force).

The equilibrium between monomers 26/27 and respective
dimers 26,/27, based on reversible radical-radical dissociation
and a recombination process was observed at high temperature
for 26/26, and at room temperature for 27/27,. The existence of
radical species during the dynamic process was detected by the
broadening of 'H-NMR signals, changes in the UV-vis-NIR
absorption spectra, and the active monoradical signals in the
ESR spectra.

2.4 Others

Apart from the fluorenyl radicals, benzofuranone radicals and
dicyanomethyl radicals, there are some other carbon-centerd
radicals showing dynamic covalent chemistry characters.*® For
example, similar to benzofuranone radicals, the introduction of
some heteroatoms can provide additional stabilization to the
radicals because of promoted spin delocalization (Fig. 11),
including 2,3,4-trisubstituted chromenyl radicals (28a-e),”>*°
2-arly-3-benzothiophenonyl radicals (29a-d)*>°’~°° and arylin-
dolinone radicals (30a-f),"*® etc. These radicals were reported
to undergo dimerization spontaneously to form the corres-
ponding dimers, and the as-formed dimers can also dissociate
into individual radicals by external stimuli.

3. Carbon-centered radical as
stimuli-responsive chromophores

Dimeric compounds are usually colorless or light colored, while
the radical species exhibit a dark color due to their special
spectroscopic properties. Taking advantage of the radical-based
dynamic covalent nature, carbon-centered radicals have been
used as promising stimuli-responsive chromophores to work
as stimuli-responsive chromic materials."”""°* This kind of
radical-based chromophore contains dynamic C-C ‘“bridges”
connecting two identical moieties and can undergo homolytic
bond cleavage when an external stimulus is applied, leading to
the formation of radical monomers together with a remarkable
color change.

Diarylbibenzofuranone (DABBF), the dimer of an arylbenzo-
furanone radical, has been widely used as a new mechanically

This journal is © The Royal Society of Chemistry 2023
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sensitive probe in the preparation of stimuli-responsive poly-
mer materials”>”**°>71%” because the fast equilibrium between
DABBF and its corresponding radicals occurs at room tempera-
ture and there is no byproduct formed during the process.
In addition, the benzofuranone radicals show blue color as an
obvious sensory signal.®*””" In 2015, Otsuka et al. reported the
preparation of a linear polymer and a cross-linked polymer with
DABBEF linkages as the mechanophores. To estimate the mag-
nitude of force required to cause the dynamic bond dissocia-
tion in the polymer chains, the BDEs for the central C-C bonds
between the two monomers was calculated through ESR mea-
surements under different conditions. As shown in Fig. 12(a),
upon cooling, the color was changed from colorless to dark
blue, suggesting there was a freezing-induced force that caused
cleavage of the dynamic bonds between the radical monomers,
and the materials can revert to colorless after thawing. The
results indicated that DABBF derivatives could serve as rever-
sible color-changing mechanophores. Furthermore, the system
can be employed for the estimation of force induced by freezing
of the polymer. Therefore, benzofranone radicals are promising
materials for applications as a mechanical stress indicator and
sensor.”*

As mentioned in Section 2, the mechanochromic and
thermochromic behaviors of dicyanomethyl radical based
dynamic covalent chemistry have also been frequently reported.
For example, the elongated bonds in 21, can undergo dissocia-
tion when an external stimulus is applied, including light,
temperature and mechanical stress.®” As shown in Fig. 12(b),
when the purple solution of monomer 21 in chloroform was
slowly cooled from 293 K to 210 K, the color faded gradually,
with decreased absorption at 450 and 850 nm, along with
increased UV absorption at 250-400 nm, typical to that of
tetramer 21,. The purple color recovered quickly when the
solution was warmed up to room temperature, thus revealing
the reversible thermochromic properties of these materials.
Similar phenomenon was also observed in dimer 22,.%° The
weak C-C bonds between monomers in 22, are susceptible to
thermal and mechanochemical cleavage both in the solid state
and solution, which is accompanied by a strong chromism
from light yellow to blue-green (Fig. 12(c)). TDDFT calculation
results revealed that the blue-green color originated from
the specific absorption of the cleaved diradical species 21.
Sakamaki and Seki et al. prepared three novel dicyanomethyl
radicals with a triphenylamine skeleton, which show thermo-
chromism in the near-infrared (NIR) region based on reversible
dimerization-dissociation reactions.’®® A. H. Winter et al.
synthesized a series of 14 tethered aryl dicyanomethyl diradi-
cals and investigated their thermodynamic properties.'®
Significant thermochromic behavior was observed, thus they
determined that these diradicals are promising building blocks
for stimuli-responsive polymers and plastics, as well as dynamic
covalent assemblies, possessing remarkable stability. Very
recently, L. Zhao, G. Frenking and X. Wang et al. reported a
strategy not only to isolate a dynamically stable radical with
tunable physical properties, but to efficiently regulate the
radical dissociation with reversibility and photo controllability.

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Photographs of the gel swollen with 1,4-dioxane before and
after freezing with liquid nitrogen in the air. Reprinted with permission
from ref. 74. Copyright 2015 Wiley-VCH. (b) Images of the thermochromic
behavior of dicyanomethyl diradical 21 and its tetramer 214. Reprinted with
permission from ref. 87. Copyright 2017 Wiley-VCH; (c) Images of the
thermochromic behavior of dicyanomethyl diradical 22 and its dimer 225.
Reprinted with permission from ref. 89. Copyright 2021 Wiley-VCH.

The dissociation of the dimer and the formation of the radical
adduct become photocontrollable through introducing a photo
BCF generator."'® All these results demonstrated that dicyano-
methyl radicals could potentially work as promising chromo-
phores for stimuli-responsive materials.

The cyano substituted diphenylmethyl radicals (31, Fig. 13(a))
have been reported to demonstrate reversible equilibrium with its
dimer (31,). The bond dissociation energy of the C-C bond
between monomers in 31, is theoretically calculated to be
26.2 keal mol ', which is quite low and suggests the bonds
can be easily broken.”®'"" In addition, radical 31 shows a
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Fig. 13 (a) Equilibrium between radical 31 and its dimer 31, and the
images of the thermochromic behavior of radical 31 derivatives. Reprinted
with permission from ref. 112. Copyright 2017 Royal Society of Chemistry.
(b) freezing-introduced mechanochromism and mechanoluminescence
of TASN gel swollen with 1,4-dioxane under ambient conditions and under
UV irradiation. Reprinted with permission from ref. 113. Copyright 2018
American Chemical Society; (c) schematic illustration of the integration of
shape morphing, color change, self-healing and recycling functions in a
starfish-mimic soft actuator containing a tetraarylsuccinonitrile chromo-
phore. Reprinted with permission from ref. 114. Copyright 2022 Wiley-VCH.

characteristic pink color and emits yellow light under UV
irradiation, making radical 31 and its derivatives promising
materials for mechanochromism and mechanoluminescence.'*>
Interestingly, freezing-induced mechanoluminescence pheno-
menon was demonstrated for the first time by Otsuka’s group
in 2018, which enables the visualization of mechanical stress and
chain cleavage induced by freezing indicated by changes in color
and light emission."*® A cross-linked polyurethane consisting of
tetraarylsuccinonitrile (TASN) moieties at the cross-linking points
was successful prepared through polyaddition reaction. As shown
in Fig. 13(b), when the as-prepared TASN gel swollen with
1,4-dioxane was frozen using liquid nitrogen, the color of the
gel changed from colorless to passion pink with an emission
of brilliant yellow light under UV irradiation (/x = 365 nm).
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The mechanochromism and mechanoluminescence can be
attributed to the generation of radicals from dissociated TASN,
which is induced by freezing of the swelling solvent. The
freezing-induced mechanochromism and mechanolumines-
cence mechanisms were studied using ESR spectroscopy, which
revealed that the affinity and freezing point of the swelling
solvents are the critical factors affecting the mechanochromism
and mechanoluminescence properties. The ultimate advantage
of radical-based mechanochromic polymers involves not only
qualitative visualization of the effect, but also its quantitative
evaluation by ESR spectroscopy both in solution and solid state.
The reports on freezing-induced mechanochromism and mechano-
luminescence pave a new way for the design and preparation of
radical-based polymers and materials. In 2022, Li’s group chemi-
cally introduced a multi-stimuli-responsive tetraarylsuccinonitrile
(TASN) chromophore into a liquid crystal elastomer (LCE) network
through a facile thiol-ene photoaddition method.'** As shown in
Fig. 13(c), the obtained TASN-LCE soft actuators not only exhibit
reversible shape-morphing and reversible color-changing behavior
in response to heat and mechanical compression, but also show
excellent self-healing, reprogramming and recycling characteristics.

Additionally, it has also been reported that a non-symmetric
radical-based mechanophore can be prepared through molecular
crossing between two different types of radical mechanophores.'"?
UV-is absorption and ESR results have demonstrated that
the newly formed daughter mechanophore exhibits properties
intermediate to those of its parents. In this way, new radical-
based mechanophores with tuneable properties, such as ther-
mal stability, colors and mechanoresponsiveness, could be
achieved through structural modifications on their parent
radical-based mechanophores.'*®*"”

4. Conclusions and outlook

Carbon-centered organic radicals as a promising motif for
dynamic covalent chemistry have attracted increasing research
attention during recent decades not only due to the simplicity
of their synthesis, but also their remarkable color change in
the dynamic process. Their applications as stimuli-responsive
chromophores have been extensively explored. In this review,
we scrutinized and summarized the recent progress of stable
carbon-centered radicals showing reversible association/disso-
ciation with a distinct change of color. The unique responsive
chromic properties induced by external stimuli (light, mechan-
ical stress, and temperature) have been receiving more recogni-
tion in radical-based dynamic covalent chemistry to serve as
novel materials for applications in various fields, including
but not limited to wide-range dyes, sensing, and spintronics.
However, the types of carbon-centerd radicals based on
dynamic covalent chemistry are still limited, and some of them
are not stable enough within a wide range of practical condi-
tions. Therefore, stable radicals with various new structures
that are easy for further modification and functionalization
are expected to largely expand their applications as stimuli-
responsive materials. We hope this review outlines the current

This journal is © The Royal Society of Chemistry 2023
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exploration progress of radical-based dynamic covalent chem-
istry and provides insights into the design and stabilization of
new radicals for diverse structures and properties to broaden
their applications as radical-based stimuli-responsive chromic
materials.
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