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amic semiconducting polymer
consisting of Pauli-paramagnetic diradicaloids
promoted and stabilized by catechol–boron
coordination†

Youbing Mu,*a Chenxi Xiong,a Minghui Cui,b Mingxu Sun,a Xinyu Chen,a Biao Xiao, a

Hongqian Sang,a Zhenxing Wang, c Hangxu Liu,d Zhenggang Lan, d

You Song *b and Xiaobo Wan *a

Coordination between 5,50,6,60-tetrahydroxyindigo (4OH-ID) and boron tribromide unexpectedly affords

a novel dynamic covalent polymer, namely P(ID-O-B), consisting of alternating indigo and indigo

diradicaloid units. The catechol–boron dynamic bond plays a vital role in promoting the diradicaloid

formation and stabilizing the formed diradicaloid segments. The diradicaloid segment in the polymer has

a triplet ground state and a thermally populated doublet state, which has been confirmed by the EPR

study. Although not conjugated, the polymer still exhibits an electrical conductivity over 10−6 S cm−1.

The SQUID study shows that the polymer is Pauli paramagnetic, indicating that the metallic domain

exists in this non-conjugated polymer. This diradicaloid-containing polymer is stable toward long-term

storage (over 6 months) and thermal treatment over 200 °C, but can be easily depolymerized when

treated with methanol.
Introduction

Radical-containing materials are of great interest due to their
potential applications in organic magnetics, redox batteries,
and electronic devices as next-generation so materials.1–4 The
most common way is to attach a stable radical pendant, for
example, sterically hindered nitroxyl or phenoxyl radicals,
either to a non-conjugated polymer backbone (such as poly-
ethers5,6), or to a conjugated backbone (such as polyacetylene7

and polythiophene8,9). The synthesis of a high-spin hydrocarbon
polymeric network has been reported; however it suffers from
sophisticated synthetic steps and a rather low yield.10,11 Two-
dimensional (2D) covalent organic frameworks (COFs) con-
taining stable radical centers have also been reported.12,13 More
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recently, it was reported that the tris(3,5-dichloro-4-pyridyl)
methyl radical can form a 2D inorganic polymeric network
with zinc(II) by taking advantage of the coordination capability
of the pyridine moiety.14

Conjugated polymers offer another possibility, which can
generate polarons (radical cations or radical anions) upon
doping.15 However, the doping level needs to be well controlled,
since overdoping leads to bipolarons (dications or dianions),
and the stability of the doped conjugated polymer is highly
dopant-dependent, and dedoping may occur aer long-time
storage or when contacting with reducing (for p-doped poly-
mers) or oxidative (for n-doped polymers) reagents.16

Organic diradicaloids have drawn increased attention in the
past decades.17–23 The majority of organic diradicaloids are
featured by large extended p-systems containing either qui-
noidal or non-alternant antiaromatic or pro-aromatic struc-
tures, and the driving force to the sextet aromatic ring accounts
for their diradical character.19 Most of these stable organic
diradicaloids are small molecules, which were seldom incor-
porated into polymers due to their synthetic complexity. On the
other hand, although radicals have been treated as impurities
in pristine conjugated polymers, conjugated polymers con-
taining quinoidal structures can be regarded as the
diradicaloid-containing materials, and the electron para-
magnetic resonance (EPR) signal was clearly observed without
doping.24 Some of the pristine donor–acceptor (D–A) type
conjugated polymers without quinoidal structures also show
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06910b&domain=pdf&date_stamp=2025-01-11
http://orcid.org/0000-0002-2822-1898
http://orcid.org/0000-0003-2199-4684
http://orcid.org/0000-0002-8509-0388
http://orcid.org/0000-0002-0289-7830
http://orcid.org/0000-0001-5740-512X
https://doi.org/10.1039/d4sc06910b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06910b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016003


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:0

1:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
clear EPR signals, which is highly dependent on how easy they
are prone to form the resonant quinoidal structures and the
EPR signal intensity is correlated with the planarity of the
polymer: the better the planarity the stronger the ESR signal.25

Nevertheless, all the radical or diradicaloid-containing poly-
mers mentioned above are non-recyclable, which is not eco-
friendly.

Here we present an unprecedented discovery of a recyclable
dynamic semiconducting polymer that consists of dir-
adicaloids, which are formed and stabilized via catechol–boron
coordination. Although the polymer is not conjugated, it still
displays an electrical conductivity rivaling pristine poly-
thiophene. Moreover, this polymer is Pauli paramagnetic,
indicating its metallic character. The polymer is stable under
various conditions such as water treatment, long-time storage,
and thermal treatment over 200 °C without appreciable decay of
its magnetic properties.
Results and discussion
Polymer synthesis and general characterization

In our initial attempts to demethylate 5,50,6,60-tetramethox-
yindigo (4MeO-ID) using 4.2 equivalents of boron tribromide
(BBr3) in dichloromethane, we found that when aqueous
Fig. 1 P(ID-O-B) synthesis and general characterization. (A) The accid
illustration of the preparation of a free-standing P(ID-O-B) film and the
curves of the polymer. (D) Typical electrical conductivity of the polym
conductivity measurement. (E) The 2D-GIWAXS diffraction pattern, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
workup conditions were applied to the reaction, an unpuriable
foamy mixture was obtained. Interestingly, a greenish-colored
lm was obtained simply by evaporating dichloromethane off,
which was considered to be a polymer (polymer 1, Fig. 1A). We
reasoned that the driving force for the polymer formation is the
catechol–boron dynamic bond formed during solvent evapora-
tion. Theoretically, only one equivalent of BBr3 is needed if the
polymer has a linear backbone. By treating the lm with
methanol, we managed to obtain 5,50,6,60-tetrahydroxyindigo
(4OH-ID), a material insoluble in dichloromethane. A similar
metallic greenish-colored lm was formed when treating the
suspension of 4OH-ID in dichloromethane with one equivalent
of BBr3 followed by solvent evaporation. The polymer can be re-
dissolved in dichloromethane and extracted with water to
remove inorganic impurities, during which the formation of
a foamy mixture was not observed. These results indicate that
the polymer, named as P(ID-O-B), is not formed immediately
aer demethylation; instead, it is formed when the solution is
concentrated and the dynamic bond between catechol and
boron is fully generated. Once the polymer is formed, it exhibits
stability toward water treatment. The polymer could be depo-
lymerized simply by treating it with methanol, and the mono-
meric 4OH-ID is recovered aer purication. The recycling
cycles can be performed at least ve times, depending on how
ental finding on the coordination polymerization of 4OH-ID. (B) The
image of the “film-on-water” mechanical test. (C) Typical stress–strain
er, and the inset shows the architecture of the device for electrical
(F) the 1D diffraction pattern of the polymer.

Chem. Sci., 2025, 16, 1364–1373 | 1365
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much monomer is lost in the purication step, which varies
time to time. The stability of P(ID-O-B) toward water treatment
may be attributed to its long hydrophobic alkyl sidechain,
which retards the attack of water molecule to the B–O covalent
bond.

The molecular weight of the polymer was determined by
high temperature gel permeation chromatography (HT-GPC) at
150 °C using polystyrene as the standard. A numeric molecular
weight (Mn) of 119–160 kDa was obtained; however, since the
polymer is much more rigid than polystyrene, the degree of
polymerization could not be simply determined by Mn. Mn may
vary batch to batch since controlling the molar ratio between
BBr3 and the monomer exact to 1 : 1 is hard; still, a lm can
easily form if the molar ratio is controlled between 2 : 1 and 1 : 1
(BBr3/monomer), indicating that the formation of this dynamic
polymer is not so sensitive to the molar ratio. Upon performing
a 11B NMR spectrum test on P(ID-O-B) aer washing with water,
a weak but sharp boron signal observed at 14.83 ppm is
assigned to the boron in the polymer, and its low intensity is
attributed to its low content of boron in the polymer and the low
concentration of P(ID-O-B) in the solution for the 11B NMR test.
The broad peak observed in the 11B NMR spectrum is assigned
to the impurities existing in the quartz tube. The X-ray diffrac-
tion (XRD) result indicates that there is a broad peak around 2q
= 22.4°, corresponding to a periodical distance around 4.0 Å.
The polymer has a Tg around 89.8 °C as illustrated by differ-
ential scanning calorimetry (DSC) analysis, which may be
correlated with the alkyl sidechain movement. Thermogravi-
metric analysis (TGA) shows that the polymer starts to decom-
pose around 236 °C and the weight loss reaches 5% at 286 °C. It
should be pointed out that the BBr3 residue was thoroughly
removed by evaporation, and X-ray photoelectron spectroscopy
(XPS) analysis reveals that no bromide anions are detectable in
the lm following exhaustive washing of the polymer solution
with water. Conversely, the boron–oxygen bond (ranging from
191 to 194 eV) and the functional groups of elements carbon
(ranging from 284 to 290 eV), nitrogen (ranging from 399 to 402
eV), and oxygen (ranging from 529 to 536 eV) are distinctly
observable (for these general characterization studies of P(ID-O-
B), please see Fig. S1–10, S20 and Tables S1–S5 ESI for details†).

Since P(ID-O-B) can easily form a free-standing lm, its
mechanical properties were investigated using a “lm-on-
water” (FOW)method as shown in Fig. 1B.26 The tensile strength
of the lm falls into the 35–40MPa range, with the elongation at
break around 3.5–4.5%, and the Young's Modulus of the lm
surpasses 1 GPa (Fig. 1C and Table S5, ESI†). The mechanical
strength of P(ID-O-B) is higher than that of many reported
conjugated polymers (10–30 MPa),27,28 while their elongation at
break is quite similar. The lack of elasticity is most likely due to
the rigidity of both the tetra-coordinated catechol–boron
linkage and the indigo core.

P(ID-O-B) was then spin-coated onto an ITO electrode to
form a thin lm with a thickness around 120 nm and subjected
to electrical conductivity measurement, as shown in Fig. 1D.
The polymer exhibits an electrical conductivity up to 2.34 ×

10−6 S cm−1 (average 2.26 × 10−6 S cm−1, Fig. S11 and Table S6,
ESI†), which falls into the upper conductivity range of undoped
1366 | Chem. Sci., 2025, 16, 1364–1373
conjugated polymers (10−10–10−6 S cm−1). It is worthwhile to
note that P(ID-O-B) is not conjugated since the adjacent iso-
indigo units are orthogonal to each other due to the sp3

hybridized catechol–boron linkage. The charge carrier hopping
might be the major mechanism for its conductivity, so the
adjacent polymeric chains should be closely packed to allow the
process to occur. The microstructure of P(ID-O-B) was then
investigated by the two-dimensional grazing-incidence wide-
angle X-ray scattering (2D-GIWAXS) technique, and the results
are shown in Fig. 1E and F. The polymer exhibits two Bragg
diffraction arcs, which can be assigned to (100) and (010) peaks,
respectively, corresponding to a lamellar packing distance of
19.93 Å and a p–p stacking distance of 4.35 Å (Table S7, ESI†).
The results show that structural regularity at the microscopic
level exists in P(ID-O-B).

The band gap of polymers is measured by cyclic voltamme-
try, using a glassy carbon electrode as the working electrode,
a platinum sheet electrode as the counter electrode, and Ag/
AgCl as the reference electrode in a three-electrode system,
with repeated tests conducted under argon protection. The
HOMO of the polymer is around −5.09 eV, while the LUMO is
around −3.74 eV, and the band gap is 1.35 eV, and results are
shown in Fig. S9.†
Elucidation on the polymer structure via various techniques

Then the real structure of this non-conjugated dynamic polymer
needs to be claried and the species accounting for its electrical
conductivity needs to be gured out. We initially proposed that
the dynamic bond linkage has a structure of a boron tetra-
coordinated by two catechol moieties, which means a proton-
ated oxygen is necessary to maintain the overall electro-
neutrality, as shown in the zwitterion coordination structure in
Fig. 2A (structure a). If this is the case, the peak of the acidic
proton should be observed in the 1H NMR spectrum of the
polymer. However, the results show that while 4OH-ID displays
two phenolic peaks at 9.97 ppm and 9.11 ppm (green line,
Fig. 2B), the polymer displays no signal in the 12.5–8.5 ppm
region (pink line, Fig. 2B). For the full spectra, please see Fig.
S12 and S13 in the ESI.† Two broad peaks observed between 4.5
and 3.5 ppm (Fig. S13†) in the polymer were assigned to the
hydrogen and carbon attached to the N atom. Similar peaks
were also observed in the monomer (Fig. S12†). One possible
reason is that one of the protons on this methylene group forms
a hydrogen-bond with the nearby carbonyl group which makes
it magnetic heterotopic from the other proton on the same
methylene group. The FT-IR spectrum of the polymer shows
that no vibrational peak exists in the 3600–3100 cm−1 region,
indicating that no O–H stretching mode exists in the polymer.
The detailed analysis of FT-IR results will be discussed in the
later section. These results indicate that the proposed structure
a is not correct.

Given that the polymer has a metallic greenish color, which
is very similar to that of doped conjugated polymers, we then
postulated that radicals may exist in the polymer. Electron
paramagnetic resonance spectroscopy (EPR) analysis was then
conducted. The polymer in the solid state displays a series of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Probing the polymer structure via various techniques. (A) Postulated structures of P(ID-O-B), in which structures a and b are excluded,
while structure c is the most plausible one. (B) 1H-NMR spectra of 4OH-ID (green line, taken in d6-DMSO), P(ID-O-B) (pink line, taken in CDCl3)
and 4O-ID (blue line, taken in CDCl3) in the aromatic and acidic proton region. (C) EPR spectra of P(ID-O-B) in the solid state at different
temperatures (purple line 483 K, red line 283 K and blue line 103 K) and the simulated spectrum for the triplet ground state (green line). (D) cMT–T
and cM–T curves obtained from the SQUID VSM measurement of P(ID-O-B).
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signals in the eld range of 3200–3475 gauss at 283 K (red line,
Fig. 2C), with two strong peaks in the middle and several weak
peaks at lower and higher magnetic elds. Such sophisticated
signals, which were not observed for other radical-containing
polymers,5–9 indicate that more than one type of spin-species
exist in this polymer. Interestingly, increasing temperature
simplied the signal, and at 483 K, only one symmetrical peak
centered at 3337 gauss is observed (purple line, Fig. 2C), while
decreasing temperature (103 K, blue line, Fig. 2C) led to the
overall intensity decrease of the two central peaks relative to
other peaks. For the full spectra of variable temperature (VT)-
EPR, please refer to Fig. S14, ESI.† These results indicate
there is an equilibrium between thermally populated spin-
species and ground state spin-species. The signal at 483 K
corresponds to a g factor of 2.002, which was assigned to
unpaired electrons with S = 1/2. We assume that at such a high
temperature these unpaired electrons can move nearly freely
both along the polymer chain and between the polymer chains,
so only one type of EPR signal can be observed. With the
decrease of temperature, the interchain movement of electrons
may be harnessed, and the difference between intrachain and
interchain movements of the unpaired electrons may become
more obvious. So two types of S = 1/2 unpaired electrons can be
observed at 283 K, which correspond to the two strong EPR
peaks (marked with star symbols).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The EPR spectra have conrmed the existence of unpaired
electrons in the polymer; however, its concentration is still
a question. The spin density in P(ID-O-B) can be calculated
relative to a standard sample (2,2,6,6-tetramethylpiperidine 1-
oxyl radical, TEMPO), using the signal at 483 K as the integrable
one. A spin density of 4.08 × 1018 spin/g was obtained, corre-
sponding to one spin per 146monomers, if each spin represents
one isolated radical. At such a low radical concentration, the
polymer should have a structure of mixed zwitterion and radical
coordinations with the former as the major linkage, as shown in
Fig. 2A (structure b). This hypothesis again contradicts the 1H
NMR evidence, which shows that no protonated oxygen exists in
the polymer. Furthermore, if structure b represents the actual
structure, it is logical to postulate that the radical concentration
will increase under harsher oxidation conditions. To test this
hypothesis, the polymer was redissolved in dichloromethane
and subjected to oxidation in a high pressure autoclave lled
with pure oxygen (4.0 MPa) under elevated temperature (60 °C)
for one day, aer which the polymer was recovered and re-
subjected to EPR analysis (Fig. S15, ESI†). Its spectrum shows
little change compared to that of the polymer obtained under
solvent-evaporating conditions, showing that oxidation under
much harsher conditions does not lead to the increase of
radical concentration and the postulated structure b can also be
ruled out.
Chem. Sci., 2025, 16, 1364–1373 | 1367

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06910b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:0

1:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
We then postulated that the polymer should have structure c
as illustrated in Fig. 2A, in which two alternating indigo deriv-
atives coexist: one provides four phenolic anions to coordinate
with boron, and the other is converted into a diradicaloid,
which provides two phenolic anions and two neutral phenoxy
radicals to coordinate with boron, so the electroneutrality of the
polymer is maintained. No protonated oxygen is needed to
balance the electroneutrality in this structure, which is in
accordance with the NMR results. This structure also explains
why much harsher oxidation conditions would not cause the
increase of spin concentration. Furthermore, the spin density
no longer reects the radical concentration in diradicaloids due
to the existence of thermally accessible spin states. The other
possible structure, in which each ID can be ruled out, as it
would result in a polymer with isolated radicals, and the EPR
intensity would to a large extent reect the radical content.
Furthermore, such radicals should be NMR silent in the
aromatic region,29 which contradicts with the NMR results.

The other four EPR peaks in Fig. 2C, highlighted with
triangle symbols, can be then assigned to the triplet ground
state of the diradicaloid units. It is well known that in the solid
state, the EPR absorption of the triplet state contains four ne
splitting peaks due to the classical dipolar interaction of the
magnetic moments of two unpaired electrons: two absorptions
in the xy plane (perpendicular to the direction of magnetic eld
B) and two absorptions in the z direction (parallel to B). The
simulated EPR signal of the triplet state is shown as the green
line in Fig. 2C, which matches up with the experimental results.
The two outermost peaks were assigned to the absorption in the
z direction, and the two inner peaks were assigned to the
absorption in the xy plane. The gx and gy factors of the triplet
state are equal (2.0095), and the gz factor is 1.9949. The zero-
eld splitting factors D and E are calculated to be 103 gauss
and 2.5 gauss, respectively. The ne splitting of the EPR signal
of the triplet state disappears at high temperature because such
dipolar interaction between two unpaired electrons is averaged
out by the enhanced molecular motion. To sum up, the VT-EPR
results show that equilibrium exists between the ground triplet
state and thermally populated doublet state in this diradicaloid-
containing polymer.

To shed more light on the actual structure of P(ID-O-B),
superconducting quantum interference device magnetometry
(SQUID VSM) measurement was conducted, and the results are
shown in Fig. 2D. To rule out the interference of impurities
(possible solvent or other small molecules encapsulated in the
polymer), the polymer was annealed at 200 °C to constant
weight before the measurement. A linear increase of cMT from
nearly zero emu Kmol−1 at 2 K to 0.87 emu Kmol−1 at 300 K was
observed; above 300 K, the cMT value continues to increase but
at a smaller rate and reaches 0.96 emu Kmol−1 at 360 K, close to
the value (1.0 emu K mol−1) for a triplet spin system with S = 1.
It is well known that strong antiferromagnetic coupling will lead
to an open-shell diamagnetic state at low temperatures,30,31

which was not observed in our case. Indeed, the cM–T curve in
Fig. 2D (blue line) shows that the molar magnetic susceptibility
remains almost unchanged between 300 and 50 K and increases
exponentially near 0 K, resembling Pauli paramagnetism of free
1368 | Chem. Sci., 2025, 16, 1364–1373
electrons, which has been observed for highly ordered doped
conjugated polymers,32 laddered pernigraniline salt,33 and
conjugated polymers with a quinoidal open-shell triplet ground
state.34 Based on these lines of evidence, we suggest the
magnetic behavior of P(ID-O-B) be ascribed to Pauli para-
magnetism due to the existence of a large population of nearly
free electrons, which also conrms the presence of doublet
states. With the decrease of temperature, the number of elec-
trons thermally populated on the doublet state decreases and
the number of electrons located on the triplet ground state
increases, accounting for the observed evolution of VT-EPR.
Aer tting the cMT–T curve according to the equation cTotalT
= C + cPauliT, where C is the Curie constant, a Pauli magnetic
susceptibility cPauli of 2.90 × 10−3 emu mol−1 and a Curie
constant of 1.23 × 10−3 emu K mol−1 were obtained. The
density of states (DOS) at the Fermi level of P(ID-O-B) is around
5.27 × 1025 eV−1 mol−1, calculated according to the equation
cPauli = mB

2N(EF), where mB is the Bohr magneton. The observed
Pauli paramagnetism suggests the presence of a metallic dir-
adicaloid lattice33 in P(ID-O-B), which is unexpected for a non-
conjugated polymer formed via the catechol–boron tetra-
coordination linkage; however, it matches up with the metallic
greenish color of the polymer and the relatively high electrical
conductivity observed for thin lms. As a comparison, the Pauli-
paramagnetic, fully-conjugated laddered pernigraniline salt
oligomer shows an electrical conductivity of 10−5 S cm−1.33

Both EPR and SQUID characterization studies support the
presence of diradicaloid units in the polymer. The diradicaloid
species are expected to be generated during the evaporating
process, where the solution gets exposed to air and a half
amount of 4OH-ID units are oxidized in the presence of BBr3. A
controlled experiment was then conducted: the suspension of
4OH-ID in dichloromethane was heated to reux in an oxygen
atmosphere to see whether the diradicaloid or similar species
could be generated in the absence of BBr3. Although very slug-
gish (aer reuxing for several days), a metallic black-colored
species, which is soluble in dichloromethane and could be
separated from unreacted 4OH-ID by ltration, was obtained in
around 45% yield, as shown in Fig. 3A.

The product was immediately subjected to 1H NMR analysis
without further purication, as it would decompose on a silica
gel column or on a HPLC column. Only two aromatic protons
located at 7.33 and 7.21 ppm were observed without the
observation of phenolic protons in the 12.5–6.5 ppm region,
showing that all of the four phenolic protons were consumed
(Fig. 2B, blue line). We then postulated that the o-quinoidal
product 4O-ID was formed. 4O-ID is fairly stable in the solid
state for a few days, but can be easily reduced back to 4OH-ID
when stored as a solution under ambient conditions. The tet-
raphenoxy radicaloid was expected as the resonant structure of
4O-ID, so the product was also subjected to EPR analysis. A
strong signal centered at g= 2.004 with the spin density around
1.8 × 1018 spins/g was observed, as shown in Fig. 3B, which
reects its resonant tetraradical character.

P(ID-O-B) should resemble 4O-ID to a large extent since
they both have a polyradical character. Thus, the FT-IR spectra
of 4OH-ID, 4O-ID and P(ID-O-B) were then compared, and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 More evidence for the existence of diradicaloids in the polymer. (A) The oxidation of 4OH-ID by air leads to 4O-ID and the illustration of its
tetraradicaloid resonance structure. (B) EPR spectrum of 4O-ID. (C) FT-IR spectra of 4OH-ID (green line), 4O-ID (purple line) and P(ID-O-B) (pink
line). (D) UV-vis absorption of 4OH-ID (green line) in THF, 4O-ID (purple line) and P(ID-O-B) (pink line) in DCM.
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results are shown in Fig. 3C. The FT-IR spectra of 4O-ID and
P(ID-O-B) are indeed quite similar to each other: (1) the O–H
stretching mode observed for 4OH-ID (3520 cm−1) could not
be observed for both 4O-ID and P(ID-O-B); (2) while 4OH-ID
displays three C]C ring stretching peaks at 1582 cm−1, 1507
and 1470 cm−1, both 4O-ID and P(ID-O-B) display two greatly
weakened C]C ring stretching modes around 1589–
1576 cm−1 and a strongly enhanced absorption around 1461 or
1473 cm−1, showing that the C]C stretching modes have been
altered due to quinoidal/diradicaloid formation. We noticed
that it has beenmentioned that the n(C–Oc) stretching frequency
for phenoxy radicals appears around 1500 cm−1,35 so the C–Oc
stretching mode may also contribute to this strongly enhanced
peak; (3) in the ngerprint region, both 4O-ID and P(ID-O-B)
display very similar out-of-plane aromatic C–H bending
absorption, with a strong and broad peak around 850 cm−1

and two sharp peaks located between 750 and 688 cm−1, while
4OH-ID displays one major sharp peak around 852 cm−1,
which can also be ascribed to the formation of a quinoidal
structure in both 4O-ID and P(ID-O-B); (4) two distinct peaks
located at 1256 and 1024 cm−1 were observed for P(ID-O-B),
but not for 4OH-ID and 4O-ID, which were assigned to the O–B
stretching mode and C–O stretching mode in the C–O–B
linkages, respectively.

The UV-vis spectra of 4OH-ID, 4O-ID and P(ID-O-B) were also
compared, and the results are shown in Fig. 3D. Both 4O-ID and
P(ID-O-B) display a similar change in the HOMO/LUMO tran-
sition compared to 4OH-ID. The major absorption located
around 651 nm for 4OH-ID blueshis to 569 nm for 4O-ID and
© 2025 The Author(s). Published by the Royal Society of Chemistry
further to 538 nm for P(ID-O-B), which can be ascribed to qui-
noidal structure formation. Furthermore, an absorption tail
extending to 940 nm was observed for both 4O-ID and P(ID-O-B)
but not for 4OH-ID, reecting their tetraradicaloid/diradicaloid
character.36 Overall, FT-IR and UV-vis spectroscopic evidence
shows that P(ID-O-B) resembles 4O-ID, which has a strong
quinoidal character.

All of the results indicate that the proposed structure c in
Fig. 2A is correct. The alternating structure with one oxidized
diradicaloid ID unit next to the un-oxidized ID unit is
intriguing. As far as we know, P(ID-O-B) is the rst diradicaloid-
containing polymer reported so far via the formation of the
catechol–boron dynamic covalent bond. Although EPR signals
have been observed in some metal–organic frameworks (MOFs)
formed by catechol-containing ligands with transition metals,
however, they were attributed to the structural defects, grain
boundaries and edges in these polycrystalline powders or the
signals from the transition metal itself.37,38 We believe that
boron coordination is necessary for the formation of a dir-
adicaloid in P(ID-O-B) under the mild evaporation conditions,
since 4OH-ID is quite stable when stored in air, and a rather
long reaction time under elevated temperature is needed to
convert it to 4O-ID. It has been reported that the O–B tetra-
coordinated complex with one quinoidal oxygen can be
synthesized, which upon electrochemical reduction can form
radicals.39 More recently, a borocyclic radical was synthesized
via boron coordination to a quinone compound followed by
hydrogen reduction,29 which is stable under 1 atmosphere O2

for several days in the solution state. Similar boron-coordinated
Chem. Sci., 2025, 16, 1364–1373 | 1369
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di/tri-radicaloids with moderate stability were reported there-
aer,40,41 implying that our proposed structure is highly plau-
sible. It needs to be mentioned that in the proposed structure,
the assignment of the location of the phenoxy radical is arbi-
trary, since we could not verify at this stage which phenol moiety
(either the one at the para position or the one at the meta
position to the carbonyl group) is converted to the phenoxy
radical.

The formed diradicaloid-containing polymer could be stored
under an ambient environment for more than six months
without appreciable decay of its EPR signal (Fig. S16, ESI†), much
more stable than the un-coordinated 4O-ID. We also measured
the half-life of the polymer in DCM solution exposed to air
through UV spectroscopic analysis and found that the half-life of
the polymer is around 12 days (Fig. S8†), which is much longer
those of many reported phenoxy diradicaloids. This is also
intriguing, since shielding radicals or radicaloids with bulky
groups has become a common rule to the design of stable phe-
noxy radicals ever since the discovery of the Galvinoxyl radical,42

even for those phenoxy diradicaloids or polyradicaloids with
extended p-conjugation.43–46 It was only reported recently36,47,48

that bulky groups are not necessary for some p-extended ami-
nophenoxy polyradicaloids. We believe that in our case, besides
the captodative effect of the ID core, the coordination of boron to
the diradicaloid unit plays an important role in improving the
stability of the diradicaloid moiety in the polymer. More direct
evidence comes from those recently reported stable boron-
coordinated radicals/diradicaloids/triradicaloids.29,40,41,49
Theoretical calculation

To better understand the magnetic and electrical properties of
P(ID-O-B), density functional simulations were conducted, and
the results are shown in Fig. 4. A diradicaloid coordinated with
Fig. 4 Theoretical calculations. (A) Simplifiedmodel for DFT calculation a
states; (B)simulation of the interaction of two P(ID-O-B) chains using tw

1370 | Chem. Sci., 2025, 16, 1364–1373
two boron atoms, which are end-capped with two catechol
moieties, was used as the model compound to investigate the
spin states of the diradicaloid. The calculation results show that
the spin density is majorly located on the central phenyl rings
(Fig. 4A), and the triplet state is energetically favored compared
with the open-shell singlet state by around 9.11 kcal mol−1,
which is larger than those of many other diradicaloids with
ground triplet states. This can be explained by the resonance
structure of the diradicaloids, since no close-shelled Kekulé
formula could be deduced from the diradicaloid, so anti-
parallel alignment of the two unpaired electrons is strongly
energetically disfavored. Instead, the two unpaired electrons
would rather stay at two doublet states at high temperatures.
The diradicaloid factor y is calculated to be 0.843, a relatively
high value for diradicaloids and reecting its nearly “free
radical” character. Moreover, the interaction between two P(ID-
O-B) chains is also calculated using tetramers as the model. Two
tetramers are capable of forming a unique double helical
structure, characterized by a helical pitch of 9.2 nm and an
interchain spacing of 3.8 Å, typical for a p–p stacking distance,
as shown in Fig. 4B. The calculated p–p stacking distances
roughly match up with the GIWAXS result (4.35 Å). The devia-
tion may be derived from the bulky sidechains in the polymer,
which increase the steric hindrance and enlarge the distance.
Besides the sp3 hybridized catechol–boron linkage, the central
double bond of ID units is also not fully planar, which shows
a torsion angle of 32.0°, thereby allowing the formation of
a helix structure. It should be pointed out that the real inter-
action scenario in polymeric lms is more complicated;
however, this simplied simulation shows that the close inter-
action between the two P(ID-O-B) chains is possible, which
allows charge carrier hopping and the formation of metallic
domains that accounts for Pauli paramagnetism and electrical
conductivity in polymeric lms.
nd the calculation results for spin-density distribution on triplet–singlet
o tetramers as the model. Side view and top view are presented.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

To summarize, we report here that a p-extended molecule
containing the catechol moiety can form an alternating
diradicaloid-containing dynamic polymer simply by boron-
coordination. Catechol–boron dynamic bond formation plays
a vital role in promoting the diradicaloid formation and stabi-
lizing the formed diradicaloid segments. The diradicaloid
moiety in the polymer has a triplet ground state and a thermally
populated doublet state, which is stable toward thermal treat-
ment over 200 °C. The SQUID study shows that the polymer is
Pauli paramagnetic, indicating that the metallic domain exists
in this non-conjugated polymer. The polymer exhibits an elec-
trical conductivity over 10−6 S cm−1, although the sp3-hybrid-
ized catechol–boron linkage prohibits long-range conjugation
along the polymeric backbone. To the best of our knowledge,
this is the rst non-conjugated dynamic polymer that exhibits
both electrical conducting and Pauli paramagnetic properties.
We envision that by tuning the electronic structure of the
catechol-containing p-conjugated molecule and choosing an
appropriate Lewis acid that can coordinate with the catechol
moiety, more dynamic polymers with improvable electrical and
magnetic properties might be discovered, which will contribute
to both organic semiconductors and organic magnetic elds
and deserve further investigation.
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