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Abstract Open-shell oligomers and polymers have exhibited intriguing electronic and magnetic properties, making them highly desirable for a
wide range of applications, including ambipolar organic field-effect transistors (OFETSs), photodetectors, organic thermoelectrics, and spintronics.
Although open-shell ground states have been observed in certain small molecules and doped organic semiconductors, the exploration of open-
shell ground-state conjugated polymers is still limited, and the strategies for designing these polymers remain obscure. This review aims to briefly
introduce the theory and characterization methods of open-shell conjugated polymers, along with an overview of recent progress and applica-
tions. The objective is to stimulate further advancements and investigations in this promising area by shedding light on the potential of open-

shell conjugated polymers and the challenges that lie ahead.
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1INTRODUCTION

Open-shell molecules have unpaired electrons and their total
spin quantum number S = n/2 21/2, and n refers to the number
of spins. Among them, molecules with S = 1 are called high-spin
ground state molecules. Molecules with high spin have multiple
radicals that interact in a way that causes the spins to couple
ferromagnetically, resulting in high spin multiplicity."! Due to
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the intriguing electronic and magnetic properties of open-shell
molecules, especially high-spin molecules, they have potential
applications in electronics and organic magnetism.>3! More-
over, due to their light atom composition, open-shell organic
molecules have weak spin-orbit coupling and long spin life-
times, which are critical to the realization of emerging organic
spintronics.) Open-shell radicals are usually thermodynamical-
ly and kinetically unstable due to their incompletely satisfied va-
lency,”! making the design, synthesis, and purification of these
molecules challenging. However, the rapid development of rad-
ical chemistry in the past decades has demonstrated the possi-
bility of preparing stable radicals by the use of large steric hin-
drance groups to protect unpaired electrons and the delocaliza-
tion of unpaired electrons to large conjugated systems.>® The
conventional spin pairing in organic molecules usually has a sin-
glet ground state (S=0), which has an energy gap of tens of
kcal-mol™" with the nearest excited triplet state (S=1). The sin-
glet-triplet gap (AEs 1 = Egingiet — Ewripler) is Negative (typically<—5
kcal-mol™"), and molecules have a closed shell (5=0). A stable
triplet ground state can only be achieved when AEg ; exceeds
0.6 kcalmol™ (the thermal energy at room temperature),
whereas all the high-spin conjugated polymers reported to date
only show a AF 1 value on the order of 1072 kcal-mol~! to 1073
kcal-mol~1.7-10

Open-shell ground states have been observed in some
quinoidal small molecules. Open-shell small molecules have
already been summarized in several reviews.['611-13] Open-
shell oligomers and polymers offer novel properties and sta-
bilize high-spin ground states on account of their extended 7-
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delocalization and stronger electronic correlations when
compared to small molecular materials, but few studies on
the progress of open-shell oligomers and polymers have
been published, and most of them focus on the realization of
stability, synthetic strategies, and related functions and appli-
cations.['4-16] Given the growing interest and fast develop-
ment of open-shell oligomers and polymers, there is a clear
demand for a comprehensive article focusing on the charac-
terization methods, which are important for facilitating a
deeper understanding of their magnetic properties. In this re-
view, we first introduce the basic theory of diradicals and
polyradicals that constitute open-shell molecules. We then
present the computational and experimental characteriza-
tion methods for open-shell oligomers and polymers, fol-
lowed by a detailed discussion of open-shell quinoidal r-con-
jugated molecules, quinoidal-aromatic alternating copoly-
mers, and polymers with polyradicals. Finally, the applica-
tions of these high-spin oligomers and polymers in field-ef-
fect transistors, photodetectors, thermoelectrics, and spin-
tronics are exemplified.

2 DIRADICAL AND POLYRADICAL

2.1 Diradical

In molecules, the distance (r) between the two radicals and the
one-electron overlap integral (Sag) are important factors that in-
fluence the ground state properties (Fig. 1a). When the r be-
tween two electrons is very large, Sz between the unpaired
electrons can be almost neglected. In this case, we can refer to it
as a "biradical", not a diradical, where two single radicals coexist
in one molecule. When the r between two electrons in a
molecule becomes close enough to generate spin-spin interac-
tion between them, we refer to it as a “diradical”. If the separa-
tion of the molecular orbitals is sufficiently small, Hund's rule
dictates that the triplet state is favored as the ground state. As
Sag increases, the two molecular orbitals split, with one orbital
becoming bonding and lowered, while the other becomes anti-
bonding and raised. This results in the triplet state being raised,
while the system tends to adopt a closed-shell singlet configu-
ration as the ground state, in which the two electrons are paired
in the lower orbital. As a result, the nature of the singlet wave
function gradually changes from an "open shell" to a "closed
shell" 3! A diradicaloid can be described as a system that is inter-
mediate between a diradical and a closed-shell molecule. In this
region, the AEg; is small, and the singlet state is preferred over
the triplet as the ground state (Fig. 1b).

A parameter is needed to describe open-shell diradical
species. Theoretically, natural orbital (NO) occupancy was
proposed to be a measure of diradical character.'”! In "closed-
shell" molecules, the NO occupancies are typically close to
two or close to zero, indicating a strongly coupled electron
pair or an empty orbital. In a pure diradical, the NO occupan-
cies of the two frontier NOs are close to one, indicating an un-
coupled electron pair. However, in the intermediate dirad-
icaloid state, the frontier orbitals can mix due to a small ener-
gy gap, resulting in NO occupancies in the lowest unoccu-
pied natural orbitals (LUNOs) ranging from zero to one. This
leads to a diradical character y,, which is always between 0
and 1. y, can be formally expressed by Yamaguchi's
scheme:[18]
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Fig. 1 (@) Electron coupling of biradical and diradical or
diradicaloid; (b) Change of the energies of the (triplet, singlet) pair
with the increase of the one-electron overlap integral Sy and the
corresponding change of the diradical character (y,); (c) Aromatic
and quinoid transformation of quinoidal conjugated polymers and
D-A conjugated polymers with quinoidal acceptor and aromatic
donor building blocks.
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where T is the orbital overlap between the corresponding or-
bital pairs and can also be represented by using the occupation
numbers (n) of the NO.

The majority of conjugated polymers consist of cyclic -
units incorporated into the main chain. These constituent
units can be depicted in either a Hickel aromatic or a
"quinoidal" form. In the aromatic form, the building blocks ex-
hibit aromaticity within their local rings and are typically in-
terconnected by single bonds. Conversely, in the quinoidal
form, a m-unit lacks local ring aromaticity and is commonly
linked to others by double bonds. If an aromatic 7-conjugat-
ed unit demonstrates significant resonance contribution from
the quinoidal form, it can also be referred to as "pro-
quinoidal".['6]

Yo = (1)
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Diradicals can be observed in two typical types of
molecules. One type is quinoidal conjugated polymers,['" The
open-shell diradical character in these molecules can be at-
tributed to the increased resonance contribution of the dirad-
ical form, which is stabilized by the original quinoidal ring ac-
quiring Hickle aromaticity.['® The second type is D-A conju-
gated polymers, which have received more attention in re-
cent years. This type of polymer is typically synthesized via
cross coupling (Stille or Suzuki coupling) polymerization us-
ing pro-quinoidal acceptors and aromatic donors.''®! They ex-
hibit significant quinoidal character due to the presence of
quinoidal or pro-quinoidal building accepter blocks. The
system undergoes aromatization resulting in an open-shell
ground state. These materials have gained widespread atten-
tion and are being extensively researched due to their attrac-
tive electrical properties and the availability of mature synthe-
sis methods, but the strategy for achieving a high-spin state
with simultaneously desired optoelectronic performance in
them by adjusting chemical structure, spin topology, and
molecular stacking is still unclear. Detailed examples will be
provided in sections 4.1 and 4.2.

2.2 Polyradical

Polyradical refers to a molecule or compound that contains
more than two unpaired electrons. Linear polyradicals can be di-
vided into two types: polymers with spin-containing units in the
main chain and those with spin-containing units in the side
chains. The first type of polymer exhibits a major weakness. If
spin is not generated in some of the spin-containing units, the
ferromagnetic interaction is interrupted, and the polymer is di-
vided into several clusters, showing lower multiplicities than
theoretically predicted. The second type of polymers are more
resistant to spin defects because they undergo magnetic inter-
action through the conjugated  system (Fig. 2). The design of
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Fig. 2  Description of polyradicals. Models of high-spin linear
polymers with spin-containing units in the main chain and those
with spin-containing units in the side chains. Models of high-spin
macrocycles with the ferromagnetic or antiferromagnetic coupling
of polyradicals.

oligomers and polymers consisting of conjugated main chain
and pendant groups of free radical nature was first proposed by
Ovchinnikov et al. (Fig. 2)?”! Ideally, their S is equal to n, but the
actual value is often lower than the theoretical value due to the
effect of system planarity?"! the sign of exchange
interactions,’?? and the influence of conformational changes.??!

The challenges encountered in the design and preparation
of high-spin linear polymers have been at least partially over-
come by using cyclic structures. Cyclic molecules have sever-
al advantages compared to linear ones: significantly reducing
the impact of spin defects on the total multiplicity of the sys-
tem, the existence of many spin-coupling paths that can in-
crease ferromagnetic interaction, and the rigid structure of
macrocyclic molecules reduces the number of possible con-
formations, but there is also the problem of antiferromagnet-
ic coupling in circular molecules, which will greatly reduce the
S.24 Detailed examples will be provided in section 4.3.

3 COMPUTATIONAL STUDIES AND
CHARACTERIZATION METHODS

Quantum chemical calculation enables scientists not only to un-
derstand the molecular structure and electronic properties of
these species but also provides an approach to rationally de-
sign new open-shell molecules with new characteristics. Elec-
tron paramagnetic resonance (EPR) spectroscopy and super-
conducting quantum interference device (SQUID) magnetome-
try are two major techniques utilized to characterize open-shell
conjugated polymers.

3.1 Quantum Chemical Calculations

The accurate energy distance between singlet and triplet states
is very important for understanding the characteristics of dou-
ble radicals. The AEg is calculated by the following equation:
AEg 1 = AE; — AF; = 2J. A positive J value indicates the triplet
state is more stable and a negative value indicates the singlet
state is more stable. Various quantum-chemical calculation
methods aiming at accurate prediction of AEg; have been de-
veloped. Multi-reference ab initio methods, such as coupled-
cluster singles and doubles with perturbative triples (CCSD
(M) and second-order perturbation theory (CASPT2),%® use
multiple slater determinants to provide a more flexible repre-
sentation of the electronic wave function. These methods are
excellent for predicting the reactivity and structures of diradi-
cals, as they can accurately reproduce experimentally deter-
mined AE, ! However, the computational cost of these meth-
ods is quite high, making it difficult to apply them to conjugat-
ed polymers. Density functional theory (DFT)?”) greatly reduces
the computational cost. The triplet states can generally be cal-
culated accurately by methods with conventional unrestricted
wave functions such as unrestricted density functional theory
(UDFT). However, it cannot accurately describe the electronic
configuration of open-shell singlet states, resulting in signifi-
cant uncertainty in AEg; computation. The broken symmetry
(BS) formalism proposed by Noodleman and Yamaguchi is a
possible compromise method that accurately describes singlet
diradicals and is now widely used in the computational study of
conjugated polymers.?32% The BS solution is not the pure
eigenstate of the singlet double radicals, but the mixed state of
the singlet state and the triplet state. To provide a reliable AEg 1,
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singlet energy values need to be improved, Yamaguchi and col-
leaguesB? developed a spin correction (SC) method to elimi-
nate spin pollution. Spin pollution can be determined based on
the calculated value of (S,) = (S(s+ 1)). For the pure triplet
state, the value of (S,)t is 2, while the value of (S,)gs for the
pure singlet state is 1. Therefore, when the (S, ) value is less
than 1, the contribution of the closed shell electronic configura-
tion is included in the singlet state. When the (S,)gs value is
higher than 1, it indicates that there is triplet-state pollution in
the singlet state. Kitagawa and colleaguesi" recently devel-
oped an approximate spin projection (AP) method to enhance
computational accuracy by minimizing the remaining spin con-
tamination in the singlet energy. Nakano et al.®? used the ap-
proximate spin-projected spin-unrestricted density functional
theory with long-range correction, approximate spin-projected
(ASP) long-range corrected (LC) UBLYP, and obtained the ap-
proximate results with the unrestricted coupled-cluster singles
and doubles with perturbative triples (UCCSD (T)) method.
SC SC (SZ)T

A T )~ () @

The commonly used DFT functional B3LYP only contains
20% Hartree-Fock (HF) exchange, and the calculated y-value
is significantly lower than ab initio calculations. Thomas
et al.B3! found BHandHLYP that containing 50% HF can better
reproduce the diradical character y, and reduce overestima-
tion of the delocalization of the conjugated system, but it is
easy to show wave function instability. Meanwhile, the LC-
UBLYP and coulomb attenuating method (CAM) UB3LYP
methods are found to be very suitable for evaluating the bi-
radical characteristics of open-shell singlet systems.3¥ LC-
UBLYP was found to give structures in close agreement with
those calculated by ab initio calculations. However, Sabuj
et al.B% compared the functions of different HF exchange
quantities and found that B3LYP has the lowest spin pollu-
tion among all considered mixed-density functional theories.
Other functional functions can generate significant spin pol-
lution, leading to an increase in the characteristics of double
radicals and even nonphysical polyradicals.

In addition to the direct calculation of biradical properties,
the calculation of aromatic properties is also an important
means to study open-shell conjugated polymers. The aromat-
ic and quinoidal properties of molecules can be studied by
bond length alternation (BLA) analysis and Nucleus-Indepen-
dent Chemical Shift (NICS) calculations. In compounds con-
taining quinoidal structures, the sharing of conjugated m elec-
trons and the dispersion of electron clouds lead to a minimal
difference in bond lengths between adjacent bonds. This is
due to the uniform distribution of electron density within the
conjugated system, resulting in closely matched electron
densities for neighboring bonds and consequently minimal
BLA. NICS values can be used to determine whether a
molecule exhibits aromaticity in its cyclic m-electron system.
The negative NICS values represent aromaticity, the positive
NICS values represent antiaromaticity, and the NICS values
close to 0 indicate non-aromaticity.

Azoulay et al.”! recently reported a novel conjugated poly-
mer (P1) comprising alternating benzo[1,2-b:4,5-b'ldithio-
phene donor units and a newly developed 6,7,8,9-tetrachloro-
[1,2,5]thiadiazolo[3,4-b]phenazine acceptor with strong elec-

tron-withdrawing properties. Their study included a compara-
tive analysis with a 6,7-dimethyl-[1,2,5]thiadiazolo[3,4-
glquinoxaline (TQ) acceptor (the acceptor in P2). They
showed that the incorporation of annulation and chlorina-
tion into the TQ framework facilitated a transition from
closed-shell aromatic to high-spin quinoidal forms (Fig. 3a).
BLA between the donor and acceptor units of the P1 and P2
are calculated. P1 with diradical properties has a significantly
smaller BLA compared to P2 with a closed shell. BLA of P1 re-
veals a quinoidal-to-aromatic transition emanating from the
center of the chain, with the shortest bonds of 1.413 A (bond
7) and 1.413 A (bond 8) localized to a single central acceptor
unit. This delocalized bonding transition ultimately requires
longer conjugation lengths for configuration mixing to stabi-
lize the quinoidal bonding pattern along the m-conjugated
backbone (Fig. 3b). NICS,, was computed by the gauge inde-
pendent atomic orbital (GIAO) method on the BS optimized
geometry by single point energy calculation at the UB3LYP/6-
31G** level of theory at 1 A perpendicular to the ring plane to
account for only the m electron contribution. At this distance,
the contribution of the m-electrons is maximized. The P2 ex-
hibited a greater degree of aromaticity, as evidenced by a
more negative NICS value of its benzenoid rings in the accep-
tor, whereas P1 underwent a quinone transformation, result-
ing in a high NICS value, and showed a high NICS value of
0.86 (Fig. 3¢, Ring 4A). The modulation of the spin density dis-
tribution controls the electronic and magnetic properties of
the ground state. Rai et al.['% introduced two D-A conjugated
polymers that combine cyclopentadithiophene (CPDT)
donors with benzobisthiadiazole (BBT) and iso-BBT acceptors,
compared with the previously reported CPDT-TQ system (Fig.
4a). CPDT-TQ exhibits a high-spin ground state, characterized
by a delocalized spin density distribution throughout the en-
tire chain. DFT calculations reveal that the CPDT-BBT system
exhibits a significant separation between the unpaired elec-
trons, resulting in a pure diradical nature, hampers the cova-
lency of m-bonds and confines the unpaired spins to the ends
of the polymer. Conversely, substituting the BBT acceptor
with iso-BBT produces a closed-shell configuration character-
ized by a low-spin ground state and localized spin density
within the polymer cores (Fig. 4b). Therefore, it seems that the
closed-shell materials with a low-spin ground state tend to
accumulate the spin density in the middle of the molecular
backbone, whereas the open-shell materials with a high-spin
ground-state show either a delocalized or an end-localized
orbital topology.353¢! Similar patterns have also been ob-
served in molecules reported by other researchers.[7.837]

3.2EPR

Continuous-wave electron paramagnetic resonance (CW-
EPR)383% is an effective method for studying open-shell poly-
mers, as it selectively detects paramagnetic components of the
sample with high sensitivity. In a CW experiment, low-intensity
monochromatic microwave radiation is continuously applied to
the sample. By sweeping the magnetic field over a specific
range, the applied microwave radiation brings different EPR
transitions into resonance. Triplet states are the only EPR-active
species in diradicals. The Zeeman effect does not apply for sin-
glet diradicals, because the spin quantum number of singlet
states is zero. Triplet states have three corresponding triplet
sublevels X, Y, and Z in zero fields, the energies of the triplet
sublevels are usually non-degenerate and the relative splittings

https://doi.org/10.1007/510118-024-3087-7
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Fig. 3 (a) Chemical structures of P1 and P2, (b) BLA between the donor and acceptor units of P1 and P2 upon m-extension. (c) NICS values are
computed for rings ‘A’, ‘B’, and ‘C’ of the octamers of P1 and P2 which exhibit aromatic and quinoidal (anti-aromatic) characteristics at the
DFT/UB3LYP/6-31G** level. (Reproduced with permission from Ref. [7]; Copyright (2023), American Chemical Society.)

depend on the zero-field splitting (ZFS) parameters, as sketched
in Fig. 4(a). The relative energies of the three levels are de-
scribed by two ZFS parameters: D and E. When an external field
is applied as customary in EPR, the electron Zeeman interaction
needs to be considered. When the applied magnetic field is par-
allel to the Z sublevel, the triplet sublevels are labeled as 0, +1
and -1 (Fig. 5a). The EPR spectrum features two allowed
(Amg=x1) transitions for each molecular orientation (Fig. 5a).
Since the sublevels are spin polarised, both enhanced absorp-
tion and emission peaks are observed (Fig. 5b). When the sam-
ple is isotropic and all possible orientations are present (i.e., in a
powder sample or frozen solution), the resulting powder aver-
age spectrum (Fig. 5¢) has six distinguishable turning points.
From their positions, the magnitude of the ZFS parameters can

be derived. If E=0 (ie, X = Y) only four turning points are
present.

The EPR signal intensity (/) could exhibit temperature (7)
dependence. The EPR signal of doublet state species shows a
linear relationship with temperature. As the temperature de-
creases, the EPR intensity of the triplet state deviates upward
from the linear fitting, while the singlet state is opposite (Fig.
5d). AEg; can be determined by fitting the data using the
Bleaney-Bowers equation:“%!

I—C[ 3exp(—2Jap/KT) }1
T L1+ 3exp(-2ap /KT | T

where Cis the Curie constant, J,, is the exchange integral, J,,<0
(singlet ground state), and J,,>0 (triplet ground state). For sin-

(3)
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Fig. 4 (a) Chemical structures of CPDT-TQ, CPDT-BBT and CPDT-iso-BBT. The ground-state geometry and pictorial representations of
the spin density distribution of the (b) CPDT-TQ, (c) CPDT-BBT, and (d) CPDT-iso-BBT. (Reproduced with permission from Ref. [35];

Copyright (2021), the Royal Society of Chemistry.)

glet-ground-state diradicals, this equation can be utilized to de-
termine singlet-triplet energy gaps of less than 1 kcal-mol™,
making it applicable for highly reactive diradicals. In the case of
triplet-ground-state molecules, this equation is particularly use-
ful when the energy gap is below 0.1 kcal-mol~".3!

Taking polymer p(TDPP-BBT) developed by Lei et al. as an
example,® in the presence of electron spins with a multiplici-
ty of S=1 (triplet ground state), the CW-EPR spectra exhibit
two characteristic features: (i) fine structure resulting from
electron-electron interactions, specifically the ZFS interaction
which dominates the EPR spectrum, and (ii) a weaker addi-
tional signal observed at half-field due to the forbidden
|Am¢|=2 EPR transition (Fig. 6b). Furthermore, the variable
temperature EPR of p(TDPP-BBT) in solution was also mea-
sured and showed a similar behavior compared to solid state
EPR. The EPR intensities decrease with the increase of temper-
ature (Fig. 6¢). The EPR data of p(TDPP-BBT) from 4.9 K to 50 K
were fitted by Eq. (3) (Fig. 6d), giving a positive AEgy of
4.92x1073 kcal-mol~" (corresponding to J=2.48 K), suggesting
the polymer has a triplet ground state.

3.3SQUID

SQUIDH'42 is the most popular technique to study the magne-
tic properties of open-shell polymers. Direct-current (DC) SQUID
can measure the bulk magnetic response properties that are not
available using EPR, which includes temperature-dependent
majority spin alignment, magnetic phase transitions, diamag-
netic susceptibility, morphological dependencies, and their rela-
tive contributions to the magnetic features. However, com-
pared with EPR, the SQUID requires a large amount of samples
(10—100 mg), and SQUID measures the paramagnetic signal and
diamagnetic signal at the same time, so the diamagnetic signal

needs to be deducted. The low-temperature DC-SQUID is com-
posed of two Josephson junctions. Because of the macroscopic
quantum interference effect, the voltage at both ends of the
tunnel junction is a periodic function of the change of the exter-
nal magnetic flux in the input loop. The input loop is connected
to a much larger pickup loop, which can greatly increase the ef-
fective area and improve the sensitivity of SQUID. In the detec-
tion of weak magnetic signals, the background field is often sev-
eral orders of magnitude larger than the signal. In this case, the
second-order gradiometer is particularly useful, which can dis-
tinguish the far-field noise from the near-field signal (Fig. 7a). In
the DC mode, the sample position moves from top to bottom
through the space gradiometer, producing a voltage waveform.
The magnetic moment of the sample is obtained after fitting the
voltage signal. In the vibrating sample magnetometry (VSM)
mode, the sample oscillates within a much smaller region of the
gradiometer, producing a simpler response (Fig. 7b). The accu-
racy of the DC mode reaches the order of 5x108 emu. Combin-
ing VSM and SQUID can further improve the measurement ac-
curacy by at least 5 times, with the accuracy of less than 1x1078
emu. The above two modes can be operated automatically to
measure sample magnetization as a function of magnetic field
and temperature.

The sample must be handled with care to avoid any type of
magnetic contamination. The background signal is always
significant and must be carefully removed. The presence of
background signals from the sample holder can effectively
obscure weak magnetic moment signals. Therefore, it is cru-
cial to take into account the characteristics of the sample
holder. Thus, aluminium capsules are widely utilized due to
their low intrinsic magnetic moment; however, defect-
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induced magnetic responses can occur from bending or
creasing.

Due to several factors, such as spin pairing, 7-conjugation,
and the presence of light elements, the magnetic moment of
organic materials is relatively low, making the negligible dia-
magnetic effect in most organic materials indispensable or

even significant. To accurately analyse the magnetic proper-
ties of such materials, Pascal's corrections should be applied
to the data to theoretically eliminate the intrinsic diamagnet-
ic contribution.*3! Closed-shell singlets typically exhibit a
large |AEsq|, resulting in unremarkable and predominantly
diamagnetic magnetometry behavior. Narrow-bandgap
open-shell conjugated polymers often possess a small |AEs 1],
allowing the first spin-excited state to be thermally populat-
ed. This thermally accessible triplet state can be detected by
measuring the magnetic moment as a function of tempera-
ture. Therefore, a singlet diradical with a thermally accessible
triplet state exhibits a noticeable diamagnetic-to-paramag-
netic transition as the temperature increases and the triplet
manifold becomes populated. On the other hand, triplet di-
radicals display a paramagnetic signal at low temperatures.
The magnetic properties of these systems can be quantified
by fitting experimental data to Curie-Weiss equations used
for ideal paramagnets.

The temperature-dependent x has been widely used to de-
termine the magnetic phase and thermally induced magnetic
property changes.[*¥ The relationship between y and T can be
described by Curie Weiss law:3!

x=;§§+xo )
where x is the magnetic susceptibility, C is the Curie constant, T
is the temperature, 6 is the Curie temperature and xj, is a vertical
offset that accounts for any observable diamagnetism. The
Curie temperature determines the magnetic behaviour of a ma-
terial. When 6 is positive, it indicates that the material exhibits
paramagnetism, whereas a negative 0 indicates diamagnetism.
The Curie-Weiss law is applicable when the temperature is sig-
nificantly lower than the Curie temperature and remains valid
within a specific temperature range.

Fig. 7(c) shows the temperature dependence of the pro-
cessed voltage of a high-spin polymer (14) in a constant mag-
netic field of 1 T over a temperature range of 2 K to 400 K. Fig.
7(d) illustrates the corresponding magnetic susceptibility (x).
As the temperature increases, the magnetic moment decreas-
es rapidly, following a Curie-like behavior.37l More informa-
tion can be obtained by comparing the temperature depen-
dent magnetic susceptibility of ZFC and FC. If the ZFC and FC
curves completely coincide, it indicates paramagnetic be-
haviour. A slight difference suggests possible magnetic phe-
nomena or variations in the magnetic field. Azoulay et al.*¢!
compared the temperature dependence of magnetic suscep-
tibility between amorphous solid powders of high-spin poly-
mers (17) and solvent vapor assisted ordered films. The for-
mer almost overlaps, while the latter has some splitting (Figs.
8a and 8d), the former exhibits paramagnetism and is largely
isotropic, while the latter exhibits highly anisotropic spin or-
dering and exchange interactions. The significant upward
shift of y in the latter suggests the presence of a large amount
of delocalized Pauli-type carriers. The amorphous materials
show a small 6 of 1.1 K for the FC curve and -0.39 K for the
ZFC curve according to Curie-Weiss law (Eq. 4), suggesting
short-range antiferromagnetic interactions between small
populations of unpaired electron spins.

The determination of the spin multiplicity S of the magnet-
ic ground state involves measuring the magnetization as a
function of the magnetic field at low temperatures, ensuring
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that only the magnetic ground state is populated. In the case

of a sample containing a high-spin polymer with a single spin
state of a specific multiplicity, the measured data can be di-
rectly correlated to S by comparing the experimental curve
with the expected paramagnetic Brillouin function”! (Eq. 5)
curves corresponding to different S values.

25+ 1 h(25+ 1gSuH) 1 (lﬂ")] 5)

25 2S kT | 25 25 kT

where g is the electron g-factor, u is the Bohr magneton, k is the

M=Mo|:

Boltzmann constant, T is the temperature, M, is the saturation
magnetization, and S, the fitting parameter, is the spin quan-
tum number. The field dependence of the magnetic moment
was usually measured in the DC mode for a range of fields at a
constant temperature. Fig. 7(e) displays the position depen-
dence of the processed voltage, and Fig. 7(f) shows the corre-
sponding magnetic moment. The data has been corrected for
background and diamagnetic effects, and normalized to the sat-
uration magnetization M,. For comparison, the Brillouin func-
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permission from Ref. [46]; Copyright (2022), Wiley Online Library.)

tion with S=1 provides the closest fit to the experimental data.
For a sample bearing a mix of spin states (Fig. 9f). For highly
spin-conjugated polymers (17), disordered powders can also be
well fitted using the Brillouin function, and the best results are
obtained at $5=0.99 (Fig. 8c). When ordered high-spin aggre-
gates lead to anisotropic spin alignment, the paramagnetic
Brillouin function cannot fit them accurately, so the authors em-
ployed a linear combination of Brillouin functions (Eq. 6):14¢!

_ 25: +1 25, +1gSuH 1 1 gSuH
M= M [ 25, °th( 25, k) 35 oM as )]t
252 +1 252 +1 gSZIJH 1 gSZ[JH

25, 25, kT 25, kT

M, [ oth ( ) - stzcoth ( )]

(6)
where the constants M, and M, are the saturation moments and
S, and S, are the spin quantum numbers of the Curie like and
the high-spin phases, respectively. It provided a better fit to
data compared to a single function. The net spin of S; shows a
moderate increase from approximately 0.7 to 2 as the tempera-
ture is varied from 2 K to 50 K. In contrast, S, exhibits a more sig-
nificant increase, ranging from 10 to 290 over the same temper-
ature range. At 100 and 300 K, the S, value reached approxi-
mately 600 and 2000, respectively (Fig. 8f). Molecular design of
high-spin polymers.

4 OPEN-SHELL OLIGOMERS AND POLYMERS

4.1 Quinoidal Type
Given the nascent stage of research on open-shell quinone con-
jugated oligomers and polymers, there are currently limited ex-

amples exhibiting high-spin ground triplet states. Some
oligomers or polymers have been able to display thermally ac-
cessible triplet states.

Most polymers adhere to the design concept of conjugat-
ed small molecules. In 1904 and 1907, scientists successful-
ly synthesized Thiele hydrocarbons!>® and Chichibabin hydro-
carbons5" with para-quinodimethanes (p-QDMs) structures
(1 and 2). These oligomers exhibit resonance structures of
both closed-shell quinoid and open-shell aromatic diradicals.
To enhance electronic delocalization and molecular stability,
researchers introduced electron-withdrawing units into the
conjugated structure of p-QDMs. By incorporating cyano
groups at the highly active methylene positions, they ob-
tained highly stable tetracyanoquinodimethane (TCNQ, 3).52
Further modification with benzene rings in the conjugated
backbone led to the formation of tetracyano-dinaphthoquino-
dimethane (TCNDQ, 4),5°3! but neither of them exhibited a
triplet ground state. Compared to TCNQ, TCNDQ exhibited
greater aromatic resonance energy, resulting in stronger
open-shell diradical characteristics. Wu et al.5¥ developed a
series of quinoid naphthalene-fused molecules with nitrogen
rings and cyano end groups, denoted as nPer-CN (5a—5f). The
molecular properties varied with the number of repeating
units. When n=2-4, strong exchange interaction between the
terminal electron and the central naphthalene-fused unit re-
sulted in an open-shell singlet ground state. For n=5-6,
molecular twisting due to steric hindrance weakened intra-
molecular interactions and bonding, leading to an open-shell
triplet ground state in 5e and 5f. The conclusions were drawn
from magnetic susceptibility measurements and tempera-
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ture-dependent EPR spectroscopy. The diradical characteris-
tics have also been observed in oligothiophenes (6a—6c) with
thiophene units replacing benzene units.53! However, the low
solubility hinders further synthesis of moleculars with higher
molecular weights. Oligothiophenes (7a-7f) fused with
bis(butoxymethyl)cyclopentane were synthesized.l>! Raman
spectroscopy studies revealed thermal equilibrium between
singlet and triplet ground states at room temperature for
n=6.71 Unlike zigzag-edged graphene nanoribbons (GNRs),
where unpaired electrons are primarily localized at the zigzag
edges,'58 narrow graphene nanoribbons (8a—8e) molecules
exhibit spin density distribution at both ends and gradually
delocalize over the entire backbone as the length increases,
which display an uncommon open-shell singlet ground state
and paramagnetic properties at room temperature.’* Inde-
nol® is also a common building block for open-shell small
molecules, and researchers have observed that extending the
conjugation length of the molecule (9a—9f) can effectively re-
duce the AE ;.[4361]

4.2 Quinoidal-aromatic Alternating Copolymers

Most of the reported quinoidal conjugated oligomers or poly-
mers have inherent limitations. For instance, in the case of poly-
cyclic aromatic hydrocarbons, their synthesis is complicated,

and they exhibit poor stability of radicals with low solubility, not
good for solution processing.

Recently, many high-spin polymers based on quinoidal-
aromatic alternating structures have been designed and syn-
thesized. These polymers have shown interesting high-spin
properties. First, their aromatization of the m-system leads to
an open-shell ground state. Second, the large effective m-con-
jugation length allows for extensive delocalization of radicals,
leading to higher stability. Third, these polymers exhibit ex-
cellent solubility and solution processability, making them
suitable for easy fabrication of thin film optoelectronic or
spin-electronic devices. Moreover, they have high charge car-
rier mobilities, as well as well-established synthetic strategies,
facilitating their rapid development. Many of these polymers
are donor-acceptor (D-A) polymers and have narrow bandgap
(0.1 eV<Ey<1 eV), which promote the mixing of frontier
molecular orbitals (Fig. 10a).[6264

In 2011 and 2015, Bhanuprakash et al.33 and Wudl et al.[66]
reported the shell opening characteristics of narrow band gap
D-A small molecules and polymers based on benzo [1,2-¢;4,5-
clbis[1,2,5] thiadiazole(BBT). Wu et al.[%3! also observed the bi-
radical characteristics of oligomers based on BBT through ex-
perimental and theoretical evidence. At the same time, they
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found that by increasing the length of m-conjugation or intro-
ducing electron donor groups at the end, AEs; decreases,
and the biradical property increases (Fig. 10b). The above
work has laid a foundation for the systematic study of high-
spin D-A conjugated polymers.

Quinoidal-aromatic copolymers with different polymer
building blocks were synthesized, and their design strategies
were intensively explored recently. Azoulay et al.l'% first pro-
posed the concept of the high-spin ground state D-A conju-

gated polymer, using alternating CPDT and TQ (10). EPR and
magnetic susceptibility measurements show that the poly-
mer has a AEg 1 of 9.30x1073 kcal-mol-'. Xu et al.[65! found that
the antiferromagnetic coupling strength can be controlled by
tuning - distance. The coupling constant of antiferromag-
netic coupling Japm (kcal per mole repeating unit) is calculat-
ed to be —0.55 for TT (11) and —0.63 for 2T (12), the m-7 dis-
tances of TT and 2T are 3.51 and 3.45 A, respectively. These
data support the hypothesis that smaller - distances lead to
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larger |Jppy| (Figs. 11a and 11b).65) Based on structure 10,
Azoulay et al. continued to explore the influence of polymer
structurel”9! on spin topology. By substituting sulfur (13) with
carbon (14) at the donor bridgehead, the local aromaticity in
the donor can be adjusted, thus controlling the topology and
ground state structure.” Lei et al.8! first proposed a computa-
tional strategy to rationally screen potential polymer build-
ing blocks for designing high-spin ground state and high mo-
bility semiconducting polymers. Based on the strategy, three
quinoidal-aromatic copolymers with different spin ground
states were obtained. Unlike the above D-A polymers, these
polymers are based on acceptor-acceptor structures, which
facilitate the delocalization of electrons on the backbone.
They found that the spin distributions and interchain interac-
tions could lead to different spin ground states for these poly-
mers. The low spin density and relatively uniformly distribut-
ed spin density in p(TDPP-TQ) (15) make it exhibit a triplet
ground state. However, because of high-spin density, sepa-
rately distributed spin density, and interchain antiferromag-
netic spin-spin interactions in p(TDPP-BBT) (16), it shows the
doublet state in the solid state. All these polymers showed
high charge carrier mobilities and p(TDPP-TQ) exhibited
record high hole and electron mobilities among all the re-
ported high-spin organic semiconductors (Fig. 11¢). In addi-
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tion to the molecular structure, the arrangement of the
molecules also has a great influence on the spin-spin interac-
tions. The polymer (17) is treated with solvent steam-assisted
slow-drying technology to enhance the intermolecular order,
enabling intermolecular exchange interactions sufficient to
induce and stabilize long-range spin ordering at room tem-
perature (Fig. 8).146 To facilitate the design of high-spin conju-
gated polymers, Rai et al. calculated the effect of atomic engi-
neering on the spin topology.B8 Their calculations predict
that the N-substituted CPDS-NBBT polymer (18) with large
aromatic backbones showed Aufbau orbital ordering. The C
(19), Si (20), and Se (21) substituted polymers with large
quinone-type characteristics show non-Aufbau electronic
configurations, which are more likely to form stable high-spin
ground states. These polymers are interesting synthetic tar-
gets, but some have not been synthesized. Hutchison et al.l67!
found that a small energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) in the singlet state is the best predictor for
the existence of a triplet ground state, compared to previous
use of a pro-quinoidal bonding character. Better use of com-
putational means to predict molecular structure, exploring its
impact on molecular spin topology through atomic engineer-
ing, molecular weight regulation, molecular arrangement,
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SQUID measurement of (a) pBBT-2T-TT and (b) pBBT-2T-2T, fitted using a modified Bleaney-Bowers equation (red line).

(Reproduced with permission from Ref. [65]; Copyright (2020), American Chemical Society.) (c) Schematic illustration of the mechanism
of the different ground states of p(TDPP-TQ) and p(TDPP-BBT). The left image shows the microstructure of a typical polymer film, which
contains ordered crystalline regions (highlighted in darker yellow) and amorphous regions. The right image illustrates the spin-spin
interactions in the solid state. The orange shadings on the polymers indicate where the spins mostly distribute. (Reproduced with

permissipon from Ref. [8]; Copyright (2022), Nature.)
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Fig. 12 Polyradical polymers or oligomers. Examples of high-spin
linear polymers designed by grafting spin-containing units as
pendant chains on a conjugated polymer backbone (23 and 24)
and high-spin macrocycles (25 and 26).

and finding strategies to improve the spin multiplicity and
magnetic order are the focus of future research. Azoulay et
al.’! recently developed a new strongly electron-withdraw-
ing acceptor, 6,7,8,9-tetrachloro-[1,2,5]thiadiazolo[3,4-
blphenazine, and synthesized polymer 22. The annulation
and chlorination of the TQ framework facilitates a transition
from the closed-shell aromatic to the high-spin quinoidal
form. This is accompanied by a concurrent decrease in the
bandgap, a high electron affinity, and delocalization of spin
density. This arrangement influences the effective intramolec-
ular exchange interaction (J=5.95 cm-'), showcasing a
stronger intramolecular coupling between spins and increas-
ing AEg 1 by an order of magnitude compared to other high-
spin conjugated polymers. The highest recorded value for
AE, ; reaches 3.40x1072 kcal-mol-1.

4.3 Conjugated Polymers with Polyradicals

The principle of polyradicals has been briefly introduced in sec-
tion 2.2. Appending radical units on conjugated backbones is
an effective way to achieve multiple radicals. The structures of
some typical polyradical polymers and oligomers are shown in
Fig. 12. Tsuchida et al.® synthesized a poly(1,2-phenyleneviny-
lene) with a 4-substituted di-tert-butylphenoxyl pendant group
(23), revealing a fully conjugated backbone and long-range fer-
romagnetic exchange interaction among the polyphenoxyl
spins. The polyphenoxyl radical, with a spin concentration of 0.4,
exhibited an average spin value of 10/2. In polymer 24,1%% the
emphasis is placed on linear m-conjugated polymers that con-

tain two pendant radicals within a single monomer unit. These
radicals, forming a one-dimensional linear m-conjugated poly-
mer, are connected through a ladder-like spin coupling net-
work with neighbouring radical units.®® Compared with unilat-
erally appended radicals with 5=1,"% it has high spin defect
durability and a larger average S value of 5/2.

High-spin macrocycles have more spin-exchange paths
than linear molecules but are also affected by defects and an-
tiferromagnetic interactions. Wu et all’C found that com-
pared to linear molecules, rigid macrocyclic structures (25)1721
exhibit lower doublet quadruplet energy gaps. For defect im-
pact, Rajca et al.7374 adopted several strategies, including a
cyclic structure design to provide two pathways for spin inter-
actions and an organic spin cluster framework to minimize
spin loss caused by out-of-plane twisting. The structure com-
prises two macrocyclic calixarene modules, one with a spin of
S$=2, interconnected with connecting modules having a spin
of S=1/2. By incorporating a high density of macrocycles, the
network aims to mitigate defects commonly encountered in
such systems. In addition, the alternating connectivity of two
distinct radical modules with unequal spins is expected to
promote significant net S values for either ferromagnetic or
antiferromagnetic coupling between the modules.

Due to the synthetic challenges of these materials, the
number of polyradicals is limited. However, it is evident that
the initial challenges in synthesizing polyradicals have been
successfully addressed by talented polymer chemists. Mov-
ing forward, future developments will focus on designing
polyradicals that exhibit ambient stability and exploring their
applications in organic magnets or spintronics.

5 APPLICATIONS

5.1 OFETs

Since the initial discovery of OFETs, they have garnered signifi-
cant attention in various fields such as flexible displays,”>! mem-
ory devices,”® and sensors.’778) Compared with their inorganic
counterparts, OFETs are highly desirable due to their excellent
solution processability, low cost, and excellent flexibility. In the
quest for ambipolar OFETs, which can conduct both holes and
electrons, researchers have explored various single-component
organic semiconductors. However, most of these ambipolar
semiconductors suffer from imbalanced holes and electron mo-
bilities. Their relatively wide band gaps of approximately 2.0 eV
result in large injection barriers.”98% Therefore, there is a need
to develop organic semiconductors with low bandgaps to
achieve high-performance ambipolar OFETs.'? Consequently,
certain stable high-spin conjugated polymers with low
bandgaps are well-suited to serve as ambipolar semiconductors
in electronic devices. The p(TDPP-TQ) (15) with a triplet ground
state exhibits a high electron mobility of up to 7.76+0.86
cm?V-'s7! and a high hole mobility of up to 6.16+0.68
cm?V~'s7! in the saturated regime (Fig. 13a). These values are
among the highest values in polymer OFETs, suggesting the
great potential of using high-spin polymers for ambipolar field-
effect transistors.!®!

High-spin conjugated polymers also demonstrate excel-
lent properties in n-type OFETSs.[81.821 Wei et al.[82] introduced
open-shell BBT units to the closed-shell NBDO-DTE polymer
(Fig. 13b). Compared to P1, which only contains alternating
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(a) Typical transfer characteristics of a p(TDPP-TQ) FET device. (Reproduced with permission from Ref. [8]; Copyright (2022), Nature.)

(b) Chemical structure of high mobility conjugated polymers, (c) room temperature EPR spectra of polymers P1-P4, (d) temperature-dependent
EPR spectra of polymer P4 from 61 to 16 K. Transfer curve of (e) P1 and (f) P2. (Reproduced with permission from Ref. [82]; Copyright (2023),

American Chemical Society.)

NBDO and DTE units, P2—P4 exhibits noticeable open-shell
characteristics with increased spin concentration as the BBT
ratio increases (Fig. 13c). This demonstrates that the spin
properties of polymer conjugated radicals can be easily ad-
justed by varying the BBT ratio. OFETs based on polymers
P1-P4 were fabricated, and they all showed unipolar n-type
charge transport characteristics. Polymer P1 exhibited the
highest electron mobility of 0.64 cm2:V-"-s~1, while polymers
P2-P4 displayed decreased electron mobility values ranging
from 0.35 cm2V-"s7! to 0.12 cm2V-"s~1 (Figs. 13e and 13f).
Microstructural investigations revealed that the decrease in
mobility from P1 to P4 was mainly attributed to the BBT-
induced molecular aggregations in the solid thin film. This
work highlights that the incorporation of the open-shell moi-
ety into the D-A polymer backbone is a promising method for
developing high-spin and high-mobility polymers.

5.2 Photodetector

Polymers have several advantages when used for photodetec-
tors. First, their tunable optoelectronic properties enable ab-
sorption across various wavelengths, facilitating tailored light
absorption based on synthetic approaches. Second, the flexibili-
ty in the design and processing of polymers allows for adapta-
tion to diverse substrates and form factors, making them highly
suitable for applications in flexible electronics and wearable
technologies. Third, the solution processability of polymers ren-
ders them amenable to techniques, such as printing and inkjet
processing, further enhancing cost efficiency and production
scalability.

However, most polymer-based photodetectors are only ca-
pable of near-infrared photodetection. High-spin polymers
have a very narrow bandgap and their absorption is sufficient
to extend into the long-wave infrared (LWIR) region,[1084
which gives it the potential to be used not only for short-

wave and mid-wave infrared (SWIR and MWIR) detection, but
also for LWIR detection. Azoulay et al.’® applied their self-de-
signed and synthesized high-spin polymer (14) to infrared
light detection. Variable-temperature EPR measurements
show that this polymer has a AEg; of 9.30x10-3 kcal-mol-!
(Fig. 14a). This polymer has an extremely narrow optical
bandgap (<0.10 eV). The maximum absorption wavelength of
polymer thin film is 1.67 um, covering the MWIR to LWIR
range (Fig. 14b). The device showed an effective response to
the SWIR, MWIR, and LWIR (Figs. 14c and 14d). The device al-
so shows remarkable stability and its specific detectivity, an
important figure of photodetector, is comparable to state-of-
the-art commercial infrared detectors, especially in the far in-
frared region. The extremely narrow optical band gap, flexi-
ble adjustment of optoelectronic characteristics through syn-
thesis and the ability to be processed in solution and at room
temperature make them one of the most promising materials
for infrared light detection.

5.3 Organic Thermoelectrics

Thermoelectric materials can realize the conversion of thermal
energy and electrical energy. Compared with inorganic materi-
als, organic thermoelectric materials have the characteristics of
light weight, good flexibility, and low intrinsic thermal conduc-
tivity. The key parameters in determining the energy conver-
sion efficiency of thermoelectric materials are conductivity (0),
Seebeck coefficient (S), and thermal conductivity (k). This effi-
ciency is quantified by the quality factor, ZT, which is represent-
ed by the formula ZT = S20k™'T. In the case of polymers, their
thermal conductivity is generally low. Therefore, when evaluat-
ing their thermoelectric performance, the thermoelectric power
factors (PF = S%0) are commonly used as a performance indica-
tor, without considering thermal conductivity. However, in-
creasing conductivity usually accompanies an increase in charge
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carrier concentration, leading to an increase in electron scatter-
ing, which weakens the thermoelectric effect and leads to a de-
crease in the Seebeck coefficient. Therefore, how to improve the
Seebeck coefficient without sacrificing conductivity is currently
a challenge.

Tam and colleagues proposed that high thermoelectric
performances can be achieved in conjugated polymers based
on pro-quinoid weak acceptor structures, such as BBT.185 De-
spite their amorphous nature, these polymers exhibit relative-
ly good thermoelectric properties attributed to the formation
of highly delocalized polarons. The authors further synthe-
sized two additional polymers based on BBT, namely pBBT-
2T-TT (11) and pBBT-2T-2T (12).65 They both have a triplet
ground state, DFT calculations revealed the presence of a
triplet bipolaron, and pBBT-2T-TT demonstrated higher stabil-
ity than pBBT-2T-2T. The Seebeck coefficient of pBBT-2T-TT
was found to be higher than that of pBBT-2T-2T across all
doping levels (Figs. 15a and 15b). However, field-effect mea-
surements revealed that the mobility of pBBT-2T-TT and
pBBT-2T-2T were 0.02 cm-V-1-s~1 and 0.25 cm-V-"-s71, respec-
tively. Thus, the carrier concentrations of pBBT-2T-TT were es-
timated to be approximately an order of magnitude higher
than that of pBBT-2T-2T at all measured doping levels, imply-
ing a lower Seebeck coefficient. These results are opposite to
the observed high Seebeck coefficient in pBBT-2T-TT. Thus
the authors argue that in materials with strong electron-elec-
tron interactions, spin is expected to make a significant con-
tribution to the Seebeck coefficient. By incorporating the pro-

quinone structure into the conjugated polymer and further
enhancing the Seebeck coefficient using triplet bipolarons, it
is possible to achieve high electrical conductivity and simulta-
neously high Seebeck coefficient.

Air-stable n-type thermoelectric materials are rare. This is
because conventional n-type organic thermoelectrics materi-
als, prepared through chemical doping, tend to be highly un-
stable when exposed to air. Moreover, controlling doping effi-
ciency and microstructure becomes difficult with the incorpo-
ration of external dopants. However, organic radicals present
a unique case, as they can exhibit extremely small band gaps,
allowing for the generation of free carriers through thermal
activation. Additionally, the spin-spin interactions between
radicals can enhance molecular orbital overlap, leading to in-
creased bandwidth and improved carrier transport. Zhu
et al.189] reported the design and synthesis of unconventional
n-type organic thermoelectrics materials based on the dirad-
icaloids 2DQQT-S and 2DQQT-Se (Fig. 15c). These materials
are demonstrated to be neutral single-component organic
conductors with unprecedented air stability. Interestingly,
without external n-doping, a pristine film of 2DQQT-Se ex-
hibits remarkably high electrical conductivity of 0.29 S-cm™,
resulting in a power factor of 1.4 yW-m~1-K-2. Importantly, un-
der ambient conditions, no degradation in electrical conduc-
tivity is observed for over 260 h (Fig. 15d). Azoulay et al.!® dis-
covered that the open-shell D-A copolymer, CPDT-TQ (10),
exhibits a remarkable intrinsic p-type electrical conductivity
of 8.18 S.cm~', surpassing other neutral narrow bandgap con-
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jugated polymers. The open-shell conjugated polymers hold
the potential for achieving high electrical conductivity under
an undoped state and are promising for organic thermo-
electrics applications.

5.4 Spintronics

Open-shell conjugated polymers offer a promising future in
spintronic devices due to their enhanced stability,”! high con-
ductivity,’ and interesting magnetic properties.“d! A study™ re-
ported a significant spin-lattice relaxation time of approximate-
ly 1 ps, indicating the potential for spin-polarized transport in
these materials. This implies that if the magnetization axis of
radicals is immobilized by an external magnetic field and spin
flip scattering processes are minimized, the spins exhibit longer
durations while in transit. This interplay of high conductivity,
magnetism, and extended spin relaxation time is promising for
spin-based electronics.

These materials also display various spin-correlated proper-
ties that can be effectively adjusted through chemical synthe-
sis.791 The paramagnetic or ferromagnetic interactions
present in these radicals make them suitable as efficient spin
filters, particularly for spin valve functionality. This allows the
generation of pure spin current decoupled from the charge
current at the device level. Utilizing open-shell materials with
room temperature ferromagnetism as ferromagnetic elec-

trodes presents an opportunity to fabricate all-organic spin
valve devices. This approach addresses the conductivity mis-
match issue typically encountered between metallic ferro-
magnetic electrodes and organic material layers. Multi-radi-
cals, characterized by their high spin arrangement and para-
magnetic properties proportional to the S(S + 1) factor, hold
immense potential as organic magnets. Particularly, multi-
radicals derived from large cyclic polyaryl methyls have at-
tained high-spin states, with reported maximum S values
reaching 5000.1481 However, their practical application in spin
electronic devices has been hindered by challenges related to
stability under ambient conditions and synthesis difficulties.
On the other hand, high-spin D-A conjugated polymers,
though relatively less explored, offer a promising avenue for
organic magnet research. These polymers exhibit stable
triplet states and can be synthesized with relative simplicity.
Notably, they have demonstrated a significant improvement
in AEgq, with the highest recorded value reaching 3.40x10-2
kcal-mol-1.[71

Recently, Azoulay et al.’8”] found that open-shell polymers
can display MR in device structures without the presence of
ferromagnetic electrodes (Figs. 16a and 16b). The magnitude
and sign of its MR is significantly affected by temperature. At
—10 K, the device shows a giant negative MR signal of —98%
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(Fig. 16¢). At room temperature, the device still shows a sig-
nificant positive MR signal of 13.5% (Fig. 16d), which is higher
than the performance of all reported organic spin valves. The
superb MR properties and the specific temperature depen-
dence exhibited by this polymer demonstrate the potential of
high-spin molecules for particular applications in organic
spintronics. However, the utilization of open-shell polymers in
spintronic devices, such as spin valves, is still limited, and fur-
ther research is needed to observe and explain their unusual
properties.

6 CONCLUSIONS

In summary, our review focuses on open-shell, especially high-
spin conjugated polymers, and some oligomers, covering fun-
damental theories, characterization methods, historical devel-
opment, and applications. Currently, the field of high-spin con-
jugated polymers is still in its early stage compared to small
molecule counterparts. However, this presents an opportunity
for significant advancements in the community of radical poly-
mer research, with a focus on elucidating the chemical struc-
ture and its correlation with the high-spin ground state. We
hope that our efforts provide a suitable background and refer-
ence for inspiring further progress in this field. Furthermore, we
expect more exploration of the potential of open-shell
oligomers and polymers in spintronic devices and photodetec-
tors. By delving into these areas, we could unlock the full poten-
tial of high-spin conjugated oligomers and polymers and po-
tentially drive new advancements in spin-related technologies.
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