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n-Conjugated polymers composed of quinoidal or proquinoidal building blocks represent an intriguing
class of macromolecules in terms of both fundamental research and practical applications. They have
received increasing research interest in recent years on account of their distinct structural features and
unique properties including open-shell electronic configurations and delocalization of polarons.
Investigations of the influences of the quinoidal character on optical, electronic, and magnetic properties
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demonstrated a great prospect of these polymers in diverse application fields. This review summarizes the
recent development of quinoidal conjugated polymers with regard to design, synthesis, fundamental pro-
perties, and representative applications, with emphasis on their open-shell character and high-spin
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1. Introduction
1.1 Quinoidal character of nt-conjugated systems

An organic n-conjugated system is a molecular entity featuring
side-to-side interactions of p-orbitals across intervening
o-bonds, typically in the form of alternating single and mul-
tiple bonds." n-Conjugated polymers have been investigated
extensively and employed in a wide range of applications on
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materials properties. The challenges and outlook associated with this research field are also discussed.

account of their intriguing electronic and optical properties.
Most conjugated polymers contain cyclic n-units in the main
chain. These building blocks can be represented by either a
Hiickle aromatic form or a “quinoidal” form. In the aromatic
form, the aromatic (poly)cyclic building blocks are typically
connected with one another by single bonds. In contrast, in
the quinoidal form, a n-unit exerts no local ring aromaticity
and is typically connected with others by double bonds. An
aromatic m-conjugated unit can also be described as “proqui-
noidal” if it possesses a significant resonance contribution
from the quinoidal form. Herein, we use the term “quinoidal
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conjugated polymer” to describe conjugated polymers that
exhibit significant quinoidal character due to the presence of
quinoidal or proquinoidal building blocks in the backbone.
Quinoidal conjugated polymers often exhibit drastically
different structural features, such as bond lengths, confor-
mation, open-shell character, etc., compared to their counter-
parts composed of non-quinoidal aromatic  units.
Consequently, they can exhibit distinctive electronic, optical,
and magnetic properties that are often not accessible in aro-
matic conjugated polymers, promising for a wide range of
intriguing applications.

For a certain z-system, the degree or ratio of the quinoidal
character, with respect to the aromatic character, can be con-
veniently quantified using the parameter bond length alterna-
tion (BLA), which is defined as the average of the differences
in bond lengths between the alternant single and double
bonds.> As an important structural parameter, BLA is related
to the electronic properties of a conjugated polymer, such as
the bandgap energy [the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO)]. To illustrate these concepts,
here we take one of the simplest conjugated polymers—poly-
acetylene (Fig. 1a)—as an example. Ideally, an infinite poly-
acetylene chain with equal length alternant bonds (zero BLA)
possesses the largest n-conjugation, exhibiting zero bandgap
energy and metallic properties. Such a metallic state, however,
is unstable. Therefore, Peierls distortion takes place to afford
two stabilized degenerate forms with |BLA| > 0. As a result,
polyacetylene possesses a non-zero energy bandgap and is
non-metallic in reality. For an infinite chain of a conjugated
polymer constituted by cyclic aromatic n-units, such as poly-
para-phenylene (PPP) (Fig. 1b), polythiophene, or polypyrrole,
etc., the potential energy curve of the ground state possesses
two minima, corresponding to the quinoidal and aromatic
forms, respectively. In Fig. 1, BLA is defined as (d, — d;)/2 as
labeled on the structure; therefore, the quinoidal form shows a
negative BLA value while the aromatic form exhibits a positive
BLA value.®? Peierls stabilization contributes to both minima,
while the aromatic form is more favorable than the quinoidal
form due to the additional stability imparted by Hiickle aro-
maticity, and thus is typically representative of the polymer
ground state. To transform between the quinoidal and aro-
matic forms, the system would go through a high-energy point
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at which BLA is close to zero on the potential energy curve.
The quinoidal character and hence the BLA are closely related
to the bandgap energy of n-conjugated systems.” In a pioneer-
ing study by Brédas, BLA was used as an indicator of the qui-
noidal character of PPP, polypyrrole, and polythiophene and
the calculated bandgaps decrease linearly with increasing qui-
noidal character.” In some recent computational study, the
correlation between the quinoidal character and bandgaps of
conjugated copolymers was explored with new quantum
chemical descriptors that possess higher compatibility and
universality than the simple BLA parameter.®’

Apart from BLA, the backbone conformations are often
different between a quinoidal conjugated polymer and its aro-
matic analogue.’ On account of the double-bond connections
between cyclic m-units, a quinoidal structure often exhibits
higher coplanarity and rigidity, while its aromatic counterpart
possesses a higher degree of freedom for torsional rotation
about the single bond linkages.'® The coplanarity of the qui-
noidal structure further facilitates electron delocalization
throughout the n-system, contributing to a more extended
n-conjugation scale.

1.2 Open-shell character of quinoidal structures

The past four decades have witnessed increasing research
interest in quinoidal small molecules and oligomers. The reso-
nance between the closed-shell and open-shell forms of qui-
noidal molecules has been studied extensively, providing
advanced fundamental understanding of the nature of mole-
cular orbitals and spin-spin interactions in these systems.''
Their electronic, optical, and magnetic properties also show
promising potential to be applied in organic electronics and
spintronics."”™'® Quinoidal molecules with open-shell diradical
character are also good candidates for singlet fission pro-
cesses, which play an important role in the latest development
of organic photovoltaic applications.””'® Related literature
reports on small molecules and oligomers have already been
summarized in several reviews and accounts.""">**"** Similar
to quinoidal small molecules and oligomers, the open-shell
diradical character and spin-active states can be derived from
quinoidal building blocks in conjugated polymers.'"** In this
article, we focus on quinoidal conjugated polymers with open-
shell character.

: » BLA
0

Quinoidal Aromatic

Fig. 1 Energy diagrams of the ground states of the infinite chain of (a) polyacetylene and (b) poly-para-phenylene (PPP) as a function of BLA, which
is defined as (d, — d;)/2. Reproduced (adapted) from ref. 8 with permission from John Wiley and Sons.
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Fig. 2 Change of energies of triplet and singlet electron pairs with the
increase in the one-electron overlap integral Sag and resonances
between open-shell diradical and closed-shell quinoidal structures.

Reproduced (adapted) from ref. 11 with permission from the Royal
Society of Chemistry.

From the perspective of resonance forms, the open-shell
diradical character of a quinoidal n-system can be considered
as a result of the increased resonance contribution of the dira-
dical form due to the stabilization effect of the original quinoi-
dal ring gaining Hiickle aromaticity.”* In the energy diagram
(Fig. 2), with increasing one-electron overlap integral Syp
between two localized orbitals, the singlet molecular orbital is
stabilized while the triplet state energy increases, resulting in
the progress from open-shell to closed-shell. The energy gap
between the singlet and triplet states also changes depending
on S,p, leading to varied electronic and magnetic properties.
We would like to point out that for quinoidal small molecules
and oligomers with defined end groups, the preference of reso-
nance contributions can be critically impacted by the end
groups. The impact of end groups in a longer polymeric
system, however, is diluted as the molecular weight increases,
and the open-shell character is analyzed mainly within the
repeating units. Overall, the underlying diradical character
often plays an essential role in governing the electronic and
magnetic properties of many quinoidal conjugated polymers.

1.3 Quinoidal polarons/bipolarons in doped conjugated
systems

Doped n-conjugated polymers are important organic materials
that often exhibit open-shell, high-spin properties. Upon redox
doping, electrons are injected into/removed from the neutral
polymers, leading to anionic/cationic charged segments. In
this process, the aromatic building blocks are partially con-
verted into the quinoidal form, thereby affording drastically
changed chemical, electronic, and magnetic properties. For
example, without doping, polypyrrole or polythiophene is in a
dominant aromatic form (Fig. 3a). The energy gap between the
overall n-bonding and n*-antibonding orbitals, corresponding
to the valence and conduction bands, respectively, renders
semiconducting properties.*® Upon oxidative doping, positive
charges are created and local reorganization leads to an

This journal is © The Royal Society of Chemistry 2021
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ionized quinoidal form. In the solid state, the lattice defor-
mation with a radical cation is termed as a “polaron”, whose
energy levels are localized in the forbidden band, leading to a
simultaneous shift in the Fermi level and electrical conduc-
tivity. At a higher doping level, radical cations in close proxi-
mity can combine so that the two neighboring positive charges
are coupled in the quinoidal unit.*” Such a doubly-charged
quinoidal section can be considered as a “bipolaron” that
delocalizes over several rings. In this case, two localized states
form in the original bandgap and evolve into two bipolaron
bands with increased doping levels. In doped polymers, both
high-spin polarons and spinless bipolarons are charge car-
riers. The low effective mass of polarons and bipolarons and
high carrier mobility give rise to the high electrical conduc-
tivity of polymers with quinoidal segments,*® while a study on
doped poly(3-hexylthiophene) suggested®® that polarons
possess higher mobility than bipolarons. Polyaniline is
another representative conducting polymer material that can
be doped into a quinoidal form. Half-oxidation of the neutral
polyaniline affords the quinoidal bipolaron structure, which
has been proposed to dissociate into polarons and further
delocalize into the polaron lattice, rendering high electrical
conductivity (Fig. 3b).*>*! Overall, the quinoidal form is ubi-
quitous in the doping process of conjugated polymers, and
plays an important role in the generation of polarons and
bipolarons for the electrical conductivity of conducting
polymers.

Although the importance of the quinoidal structure has
been revealed for a long time, polymeric n-systems composed
of quinoidal or proquinoidal building blocks (defined as “qui-
noidal conjugated polymers” in this article) and the investi-
gations on their open-shell character are less reported due to
the challenges associated with their synthesis and stability."”
Despite these challenges, a number of important advances
have been made to further our knowledge on the design and
synthesis of such polymers and to deepen our understanding
of the quinoidal properties in macromolecules for a wide
range of applications. In this review article, the progress
throughout recent decades in this field is summarized based
on quinoidal conjugated polymers with open-shell character.
Emphases are placed on the synthesis, key features of quinoi-
dal structures, and representative applications. In contrast to
the well-reviewed quinoidal conjugated polymers with nar-
rowed bandgaps commonly applied in organic field-effect tran-
sistors and photovoltaic applications,>*™> in this paper, we
would like to bring attention to the fundamental properties of
quinoidal conjugated structures, including open-shell elec-
tronic configurations and state delocalization, and their
related applications as high-spin materials.

2. Design and synthesis

In this section, we categorize quinoidal conjugated polymers
into two types with (1) proquinoidal and (2) quinoidal building
blocks. It is worth noting that the first category can be drawn

Polym. Chem., 2021,12,1347-1361 | 1349
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Fig. 3 (a) Graphical illustration of the structures of polyacetylene, polypyrrole, and polythiophene in their undoped form and partially quinoidal
form after doping and energy diagrams of the neutral, polaron, and bipolaron states. (b) Polyaniline in the undoped form and doped form with

polaron—bipolaron equilibrium.

in fully aromatic formulae in a strict definition. Here they are
considered as quinoidal conjugated polymers and are included
in this review because of their significant open-shell character
and properties associated with their quinoidal resonance
forms.

2.1 Proquinoidal polymers

A homopolymer consisting of aromatic yet proquinoidal
repeating units is expected to exhibit quinoidal characteristics
as a result of the significant contribution of its quinoidal reso-
nance form. Such proquinoidal character can be imparted to
the main chain by fusing additional conjugated rings in a way
that the aromaticity of the additional rings strengthens the
quinoidal contribution of the main-chain units. For example,
to render a higher proquinoidal nature in polythiophene,
Wudl et al. designed and synthesized®® polyisothianaphthene
(PITN). A benzene unit is fused to the 3,4-position of each thio-
phene repeating unit in the polymer, so that the quinoidal
resonance form of the thiophene backbone is augmented by
the aromatization of the fused benzene units (Fig. 4a).”’
Compared to conventional polythiophene, PITN exhibits a
drastically decreased bandgap energy (~1 eV),*®**? which is
attributed to the increased quinoidal character with smaller
BLA according to computational studies.’® Following this pio-
neering work, the strategy of imparting the proquinoidal char-
acter by fusing an additional aromatic ring has been employed
extensively in the synthesis of proquinoidal homopolymers
(Fig. 4b). Notable examples include poly(thieno[3,4-b]
pyrazine),"™** poly(thieno[3,4-b]thiophene),**® poly(naphtho
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Fig. 4 (a) Resonance structures of polythiophene and polyisothia-
naphthene; (b) representative examples of proquinoidal homopolymers;
(c) oxidation polymerization of thieno[3,4-b]thiophene and the doped
product with charged quinoidal structures.

[2,3-c]thiophene),***®  poly(dithieno[3,4-b:2',3"-d]thiophene),>*
poly(thieno[3,4-b]quinoxaline),>® etc. Many of these polythio-
phene-derived homopolymers were polymerized by electro-
chemical or chemical oxidation (Fig. 4c).*® Other methods

This journal is © The Royal Society of Chemistry 2021
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have also been reported, such as Grignard metathesis polymer-
ization®® and nonoxidative polymerization based on phthalide-
derived monomers.’>>* Under oxidative conditions (Fig. 4c),
the afforded polymers are in the doped state, containing
charged quinoidal structures and featuring narrowed band-
gaps and enhanced n-conjugation.

Compared to proquinoidal homopolymers, proquinoidal-
aromatic alternating copolymers are much more commonly
seen in the recent literature. In such a polymer, one can antici-
pate a significant resonance proportion in which the proqui-
noidal unit adopts the quinoidal form. In comparison with
aromatic homopolymers, the alternating arrangement of pro-
quinoidal and aromatic building blocks usually generates nar-
rower energy bandgaps. Numerous proquinoidal-aromatic
copolymers with proquinoidal building blocks, including
thieno[3,4-b]pyrazine,*****>  thieno[3,4-b]thiophene,"****!
dithieno[3,4-b:2,3"-d]thiophene,**  isothianaphthene,*® etc.,
have been developed as active materials for organic field-effect
transistors, photovoltaics, organic light-emitting diodes, and
many other applications.

In the syntheses of these polymers, Stille coupling polymer-
ization is the most commonly used method to construct copo-
lymers containing alternating proquinoidal and aromatic
repeating units (Fig. 5). A number of comprehensive review
articles have been published on this topic.?*?%**47:6477 1y this
context, only several recent representative copolymers with
open-shell character are shown here. Benzo[1,2-d:4,5-d'|
bistriazole®®®® and benzo[1,2-c:4,5-c']bis[1,2,5]thiadiazole”® ">
are  proquinoidal  while electron-accepting  building
blocks. Conjugated polymers including these two moieties,
P1-4’® and P5 and P6,”° were reported by Tam and Xu.
Thiadiazole[3,4-g]quinoxaline is another strong proquinoidal
acceptor unit and the derived polymers P7 and P8 were
synthesized by Azoulay.”®”” The open-shell diradical character
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of these proquinoidal building blocks leads to appealing con-
ducting properties in their applications.

2.2 Quinoidal-aromatic alternating copolymers

Compared to “proquinoidal” units, “quinoidal” units that
adopt a true quinoidal constitution in the ground state are
typically less accessible, so that the synthesis of quinoidal-aro-
matic conjugated polymers requires more careful design to
mitigate the stability issue. Two general strategies have been
employed for the synthesis: (1) direct polymerization of stabil-
ized quinoidal monomers and (2) post-polymerization modifi-
cation (e.g. oxidation) of an aromatic polymer precursor into
its corresponding quinoidal-aromatic form.

Certain quinoidal units derived from thiophenone and
pyrrolidone®®™®* can be incorporated into conjugated copoly-
mer backbones by Stille coupling polymerization based on
monomers with aromatic terminal groups (Fig. 6). Kim’s group
synthesized copolymers with isatin-terminated indolone qui-
noidal moieties. Possible E- and Z-configurational isomers
were obtained in thiophene and bithiophene building blocks.
When using the 3,4-ethylenedioxythiophene (EDOT)-like
repeating units, the noncovalent interactions between sulfur
and oxygen atoms lock the conformation of the polymer chain,
leading to high coplanarity and stereoregular polymer pro-
ducts. Other quinoidal moieties, such as thieno[2,3-b]thio-
phene and thiophene dioxide, are also designed and syn-
thesized. The afforded copolymers with low energy bandgaps
are usually studied in organic field-effect transistor and
organic photovoltaic applications. These works have been
reviewed in a recent publication.®* Recently, quinoidal build-
ing blocks derived from para-aza-quinodimethane were
designed and incorporated into copolymers P9-12 by Liu and
coworkers.***® para-Quinodimethane is a highly reactive qui-
noidal moiety with large open-shell diradical character.

78,79
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Fig. 5 Synthesis and structural formulae of recently reported proquinoidal—aromatic alternating copolymers demonstrating open-shell character.
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Fig. 6 General synthetic scheme, structural formulae of representative quinoidal building blocks, and structures of para-aza-quinodimethane-

derived quinoidal—aromatic alternating copolymers.

However, good stability is conferred by introducing hetero-
atoms into the z-system. The effects of different main-chain
building blocks and side chain bulkiness on the film mor-
phology and charge transport were investigated systematically
by comparing the P9 and P11 series.**> By replacing the ether
solubilizing groups with cationic triphenylphosphonium
groups, P12 was obtained as a conjugated polyelectrolyte with
reasonable stability and water-solubility.®®

An alternating quinoidal-aromatic constitution can also be
achieved by post-polymerization modification of a fully aro-
matic precursor. For example, Fang’s group designed®” a series
of cyclohexadiene-1,4-diimine-derived, quinoidal-aromatic
alternating copolymers featuring a ladder-type constitution
(Fig. 7). First, a fully aromatic copolymer is synthesized®® by
polymerizing para-diaminophenylene- and fluorene-derived
monomers. The ladder-type constitution is subsequently con-
structed by a ring-annulation reaction, affording P13a as a
ladder-type analogue of the fully-reduced form of polyaniline
(leucoemeraldine). Post-polymerization oxidation converts the
para-diaminophenylene units into their quinoidal form,
namely, cyclohexa-2,5-diene-1,4-diimine units. The partially
oxidized polymer P13b, as an analogue of an emeraldine base,
can be obtained under mild oxidation conditions. The fully-
oxidized, alternating quinoidal-aromatic copolymer P13c is
prepared by peroxide oxidation. The quinoidal structure is con-
firmed by "*C NMR compared to small molecular models. The

1352 | Polym. Chem., 2021, 12, 1347-1361

redox interconversion between the aromatic form P13a and the
quinoidal-aromatic form P13c is highly reversible thanks to
the significantly improved robustness of the n-system imparted
by the ladder-type constitution.

Oxidation of methine-bridged polythiophenes represents
another interesting strategy for the synthesis of quinoidal-aro-
matic copolymers (Fig. 8). Chen and Jenekhe synthesized® such
polymers through a two-step route. First, a thiophene-derived
monomer is polymerized with benzaldehyde through an acid-
catalyzed Friedel-Crafts reaction. Then the resulting polymer is
oxidized to introduce the quinoidal thienomethine moieties in
P14 and P15.°>°" Each quinoidal moiety contains three diastereo-
isomers, ie., E/E, E/Z, and Z/Z, leading to isomeric mixtures in
the product. In a recent report, a C-C bulk polycondensation reac-
tion was used on the bisthiophene methine monomer, affording
P16 after partial oxidation.”” Other aromatic building blocks, e.g.,
diketopyrrolopyrrole, could also be connected with thienoquino-
dimethane units through Stille coupling polymerization,
affording the donor-acceptor copolymer P17.%

3. Properties and applications
3.1 Open-shell diradical character

The unpaired electrons and their corresponding magnetic
moments render intriguing behaviors of quinoidal conjugated

This journal is © The Royal Society of Chemistry 2021
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Route 1 CHO = "
d o HZSO4 8 8 Oxidant R = H, methyloxy, nitro,
S S S diphenylaminyl
R

R CHO
1
S R, = methyl, butyloxy, octyloxy,
| Y/ 4 | + —_— decanyloxy, dodecyloxy
R3 R, = methyl, 3-bromopropyloxy, nitro
R¢ Ry
Route 2
R4 R¢ Ry Rq
r—_| [ Der 7\ H 1Y =H,R,=H
s S C-C Bulk Polymerization S S Oxidant = H, R = n-octyoxy
n J— H, R, = nitro
octyoxy, R, =H
Ry Ry
Route 3

a. R, =t-butyl
Rz b. R; = octyoxy
Ry R, = 2-ethylhexyl

Fig. 8 Three synthetic routes to methine-bridged polythiophenes featuring alternating quinoidal and aromatic units on the main chain.

polymer that are typically not observable on their closed-shell ~diverse research fields, on topics of spin manipulation,
counterparts. Therefore, the investigation of quinoidal poly- organic magnetism, quantum functionalities, and interrelated
mers with isolable stability of high-spin states has emerged in  optoelectronic properties.
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In proquinoidal-aromatic copolymers such as P5 and P6,
the open-shell resonance was characterized, exhibiting increas-
ing electron paramagnetic resonance (EPR) intensities with
decreasing temperature, indicating the triplet open-shell
ground state (Fig. 9). The smaller temperature dependence of
P5 can be seen as evidence of its larger energy gap between the
triplet and singlet states. Magnetic susceptibility y is a sum of
three components: antiferromagnetic coupling between
polymer chains (yapm), ferromagnetic coupling from the triplet
state (ypm), and temperature-independent paramagnetism
arising from coupling between a magnetic ground state and
non-thermally populated excited states (yrrp). The coupling
constant of antiferromagnetic coupling Jaipy (kcal per mole
repeating unit) is calculated to be —0.63 for P5 and —0.55 for
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P6, indicating a more extended spin coupling of P6. According
to glazing incidence small- and wide-angle X-ray scattering
measurements on thin film samples, the n-n distances of P5
and P6 are 3.45 A and 3.51 A, respectively. These data support
the hypothesis that smaller n—n distances lead to larger |Japm|
for these proquinoidal polymers.

For P7 composed of cyclopentadithiophenyl and
thiadiazoloquinoxaline units’® (Fig. 10a), a paramagnetic
ground state was also observed and the singlet-triplet energy
gap (AEs.r) was calculated to be 9.30 x 107* kcal mol™
(Fig. 10b and c) based on superconducting quantum inter-
ference device (SQUID) magnetometry results. The triplet
ground state, with weak interchain ferromagnetic interaction,
was also found to be independent of the spin concentration.
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Fig. 9 Closed-shell and open-shell structures of P5 (a) and P6 (b), and their variable-temperature-EPR spectra, y—T and yT-T plots [inset: diagram
showing ferromagnetic (FM) and antiferromagnetic (AFM) coupling of spins]. Reproduced from ref. 94 with permission from the American Chemical

Society.
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(a) Closed-shell and open-shell resonance forms of P7; (b) y—T and yT-T plots obtained by SQUID measurement; (c) energy diagram of

singlet and triplet states; (d) two-pulse electron spin echo instantaneous diffusion data. Reproduced from ref. 76 with permission from the American

Association for the Advancement of Science.

The distribution of spins was characterized by two-pulse spin
echo measurements of instantaneous diffusion (Fig. 10d), indi-
cating that the nearest electron spins are approximately dis-
tributed in one dimension, as if randomly placed on a linear
polymer chain. Similarly, a high spin concentration was also
observed for the P8 series with the triplet ground state and
weak ferromagnetic coupling.”’

Interestingly, the quinoidal-aromatic copolymer P10 was
reported recently as a good singlet fission candidate.’” The ful-
fillment of energetic requirements for singlet fission is primar-
ily ascribed to the distinctive biradical character of the hetero-
cyclic quinoidal core.’®®” P10 was found to produce long-lived
triplet pairs efficiently in strongly coupled polymer thin films,
showing the promising potential of quinoidal conjugated poly-
mers in developing next-generation singlet-fission-based
organic solar cells.

(a) (b)

(C) [ (d)

3.2 Delocalization of polarons/bipolarons

Recently, Wang and coworkers reported'® direct observation of
quinoidal units in PPP chains as charge carriers. Polymers and
oligomers were synthesized on the surface of the Cu (111) sub-
strate. The aromatic (benzenoid) and quinoidal forms can be
distinctively visualized by scanning tunneling microscopy
(STM) and noncontact atomic force microscopy. Most quinoi-
dal segments are found with a length of around 8 rings. The
excitation from the ground state aromatic to the quinoidal
forms can be facilitated either by a surface adsorption process,
which enforces a planar chain conformation, or by the charge
transfer from underlying Cu (111). Using STM with a voltage
bias, the intrachain transport of quinoidal segments can be
observed (Fig. 11a and b). Interchain transport is also directly
observed as the quinoidal segment hopped from one chain to

Y Y RT  vy

Er T 1= R T ) 1L TSRS WSS BTN AR SO 1

Pt ssanavetsrnaas

Intra-chain Hopping

B L LRIt v

Inter-chain Hopping

B .

Fig. 11 (a and b) (Top) Experimental STM images of PPP chains showing the transport of the quinoidal segment in one of the chains; (middle) simu-
lated STM images; (bottom) structural representation of the three chains shown above. (c and d) (Top) Constant-height STM images of PPP chains
showing the hopping of the quinoidal segment from the middle chain to the bottom chain; (middle) simulated current images; (bottom) structural
representation of the three chains shown above. Reproduced from ref. 10 with permission from the American Chemical Society.
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temperature-dependent Seebeck coefficient and power factor of
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Sons.

another (Fig. 11c and d) under a bias of 1 mV. These results
suggest a high-mobility character of the quinoidal polarons or
bipolarons in PPP on the Cu (111) surface.

The high conductivity rendered by the hopping of quinoidal
segment has been applied in organic conducting and thermo-
electric devices.”” For example, the electrical conductivity of up
to 6 S cm™" can be achieved on proquinoidal poly(thieno[3,2-b]
thiophene) (PTT).”® To further enhance the conductivity, Zhu’s
group developed® an in situ solution casting polymerization
method to prepare doped PTT-Tos with tosylate dopant anions
(Fig. 12a)."®° The polymer with the shortest alkyl chain
(methyl) shows electrical conductivity up to 450 S cm™" at
300 K and 4444 S cm™" at 370 K. Different from the metallic
conducting poly(3,4-ethylenedioxythiophene) (PEDOT)-tosylate
system, the strong temperature dependence of conductivity
indicates a thermally activated hopping mechanism of the
transport of quinoidal quasiparticles (Fig. 12b). A polaron-
dominant carrier transport mode is proposed based on strong
EPR signals. In this work, the increased electrical conductivity
at higher temperatures also contributes to the enhanced ther-
moelectric performances (Fig. 12c).

Other proquinoidal polymers, such as P5 and P6, have also
demonstrated promising properties as electrical conducting
and thermoelectric materials after doping. After doping with
Fe(m), polaron/bipolaron species are generated in P5 and P6
(Fig. 13a).”* With an increased doping level, a broad absorp-
tion band spanning from 1000 nm beyond 3100 nm (transition
energy lower than 0.4 eV) emerges and increases, suggesting
the presence of highly delocalized polarons/bipolarons
(Fig. 13b). The electrical conductivities of P5 and P6 reach
313.9 S em™" and 287.0 S cm™" after doping, respectively. The
extended intra- and intermolecular delocalization of polarons
or bipolarons also renders high Seebeck coefficients via
carrier-induced softening (46.6 pV K™ 'for P5 and 65.4 pv K™*
for P6). The conductivity and the Seebeck coefficient contrib-
ute cooperatively in enhancing the thermoelectric power factor
up to 43.5 pW m~" K2 for P5 and 65.2 pW m~"' K2 for P6.
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Fig. 13 (a) Structural representation of P5 before and after oxidative
doping; (b) evolution of thin film UV-vis-NIR absorption spectra of P5
immersed in FeCls solution as a function of time; (c) electrical conduc-
tivity, Seebeck coefficient, and power factor of P5 as a function of
immersion doping time. Reproduced from ref. 94 with permission from
the American Chemical Society.

Based on DFT calculation results, the formation of stable
triplet bipolarons in doped P6 is proposed to be the reason for
its large Seebeck coefficient despite the high electrical
conductivity.

The ladder-type polyaniline analogue P13¢ with quinoidal
building blocks can be doped by acid (Fig. 14a) to generate an
analogue of pernigraniline salt P13c-H. For conventional perni-
graniline salt, the iminium bonds are labile under ambient
conditions so that the polymer is unstable and cannot be
extensively investigated for its intrinsic spin properties, while
with a ladder-type constitution, the originally labile iminium
linkage is stabilized by the extra strand of bonds.'** The good
stability of P13c-H enables the comprehensive study of its
strong open-shell character by EPR spectroscopy and SQUID
magnetometry (Fig. 14b).>” The radical cations are delocalized
along the ladder-type backbone with extended conjugation.
P13c-H possesses dominant Pauli paramagnetism and negli-
gible Curie spin character in the solid state (Fig. 14c). The
high Pauli paramagnetic susceptibility (ypau;) value indicates a
significantly enhanced polaron delocalization range, in terms
of both intrachain and interchain, and high density of states at
the Fermi level.'%*

3.3 Narrowed bandgaps and tunable energy levels

Energy bandgaps of conjugated polymers are determined by a
number of factors, including BLA, aromatic resonance energy,
substituents, planarity, and intermolecular
interactions.”%37'% The relationship between energy bandgap
and BLA in organic conjugated polymers has been extensively
investigated, revealing that quinoidal structures with smaller
BLA would efficiently decrease the energy
bandgap.”>3103:104,106-110 Begides the small BLA, another
important feature of quinoidal structures is their preferred
coplanar conformation. The coplanar conformation can
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further lower the energy bandgap®® by facilitating delocaliza-
tion of electrons, states, and quasiparticles not only along the
backbone but also in between polymer chains through inter-
molecular electronic coupling. In many cases, quinoidal struc-
tures are also the electron-withdrawing units in donor-accep-
tor systems, leading to intramolecular charge transfer and

0 50 100 150 200 250 300
Temperature (K)

P13c-H with closed-shell and open-shell resonance structures; (b) EPR
dominant Pauli paramagnetism. Reproduced from ref. 87 with permission

further reduced energy bandgap. In this context, the quinoidal
design has been employed in the development of many conju-
gated polymer materials for photovoltaic application and field-
effect transistors. These examples have been already reviewed
in other publications®*3%3>%411% 5o that they are not discussed
extensively here. For the polymers covered in this review, their

Table 1 Summary of energy levels and charge mobilities of quinoidal polymers

Ref. Polymer Enomo (eV) Erumo (eV) Egope (€V) un (em?> v s™) Device® o intrinsic (S em™)
111 P1 —4.82 1.08 0.0011 BGBC 1072
P2 —5.01 -3.60 1.22 0.092 1073
P3 —5.02 —-3.50 1.26 0.13 107
P4 —5.16 -3.60 1.38 107°
P5 —5.06 -3.79 0.70 1.8 (ref. 112)
P6 —5.09 -3.84 0.52 1.0 (ref. 113)
76 P7 —4.79 —-4.23 <0.30 1072
77 P8a —4.93 -3.90 0.57 1.75 x 107 BGBC 8.18
P8b —5.06 -4.19 0.59 4.50 x107* 2.89x 1073
P8c —4.95 -4.15 0.54 1.95 x 1073 3.75x107°
84 P9a —4.90 -3.58 1.32 0.024 BGTC
P9b —5.02 -3.53 1.49 0.47
P9c —5.07 —-3.54 1.53 0.082
95 P10 1.78
85 P11 5.0 -3.6 1.38 0.0039 BGTC
86 P12a —5.04 —-4.11 1.22
P12b —5.07 —4.09 1.33
87 P13a —4.88 3.10
P13b —4.90 -3.68
P13c —5.33 -3.76 1.57
91 P14 1.81-1.95
90 P15 —5.89 to —5.66 —4.11 to —3.88 1.26-2.07
92 P16a —5.30 -3.73 1.67
P16b —5.13 -3.70 1.70
P16¢c —5.06 -3.87 1.59
P16d —5.12 -3.63 1.81
93 P17a —-5.2 —-4.0 1.2
P17b —-4.9 -3.7 1.2

“BGBC: Bottom-gate/bottom-contact; BGTC: bottom-gate/top-contact.
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parameters and performances associated with these appli-
cations are summarized in Table 1.

The low energy bandgap also warrants quinoidal polymers
as promising active agents for near-infrared (NIR) photother-
mal therapy. For example, P12a and P12b possess NIR absor-
bance edging at 1010 nm and 940 nm, respectively.®®
Reasonable water solubility of these polymers can be achieved
by installing cationic groups on the polymer backbone. In a
diluted aqueous solution of P12b, a significant photothermal
effect is observed. The solution temperature increases to
50.6 °C in 5 min under excitation of an 808 nm laser
(Fig. 15a), in drastic contrast with the blank solution. The
extent and rate of warming can be controlled and employed to
cause the death of bacteria through damage to proteins and
lipids on the cell membrane. A 95% reduction of the model
bacterial colony is observed after 5 min of irradiation when
treated with P12 solution (Fig. 15b).

4. Conclusion and perspectives

This review summarizes recent advances on the syntheses, pro-
perties, and applications of quinoidal conjugated polymers
featuring open-shell character. The quinoidal structure
imparts a number of intriguing properties—including but not
limited to extended m-conjugation, open-shell character, and
polaron/bipolaron delocalization—to these polymers. A wide
range of polymers with diverse structural constitutions have
been investigated to demonstrate great potential as novel high-
spin organic materials. However, various challenges still
remain in this research topic. First, the scope of structures and
syntheses of (pro)quinoidal monomeric building blocks is
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relatively narrow compared to traditional aromatic conjugated
polymers. Although small energy bandgaps have been exten-
sively demonstrated in quinoidal conjugated polymers, studies
on their open-shell character are still scarce. Second, it is still
challenging to precisely predict and control energy levels of
(pro)quinoidal building blocks due to the complex contri-
bution from BLA, intrachain charge transfer, and Peierls dis-
tortion.>® Last but not least, the open-shell character of the
quinoidal structure could bring in reactivity and stability
issues for fundamental characterization and practical
applications.

In future research, the discovery and development of novel
quinoidal building blocks and synthetic methodologies are
desired in order to achieve precision control of the unique pro-
perties of quinoidal conjugated polymers. Further fundamen-
tal investigations on the open-shell, high-spin character and
polaron and/or bipolaron delocalization properties are critical
to understand the nature of quinoidal structures and to render
high stability in these materials.

In terms of applications, it is anticipated that quinoidal
conjugated polymers will play an impactful role in the future
development of organic photovoltaics and field-effect transis-
tors, on the basis of the thriving accomplishments made in
these fields and recent progress in singlet fission study.
Besides, the incorporation of quinoidal units in doped conju-
gated polymers can be a viable strategy to achieve robust
organic materials with metallic ground states.”” Last but not
least, advances in the understanding of the open-shell charac-
ter have also enabled the use of quinoidal polymers in organic
thermoelectricity, spintronics, nonlinear optics, etc.
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