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Room-temperature organic magnetic materials have long been a
sought-after but challenging topic. Besides the reported organic-
based magnets including pure organic radicals, charge-transfer
salts, and coordination polymers, we report a novel and alternative
approach to fabricating purely organic/polymeric magnets based
on the crystal of a 4-substituted 1,6-diyne (M1) and its polymer
(P1). Both the white M1 crystal and the black P1 powder samples
exhibit room-temperature magnetism. The saturation magnetiza-

tion of P1 is about 0.25 emu g~*

and its Curie temperature is
higher than 400 K. After repeated recrystallization of M1 and pre-
cipitation of P1 to thoroughly remove the metal-catalyst residues,
the room-temperature magnetism of M1 and Pl is tentatively
assigned to the stable radicals in the solid samples. The results
demonstrated in this work suggest an unprecedented strategy to

obtain room-temperature organic magnets.

Introduction

Magnetic materials have irreplaceable applications in many
important areas such as information storage, quantum com-
puting and spin sensors. Characterized by the traits of low
density, easy processing and tailorable chemical structure,
organic/polymeric magnets have attracted increasing attention
in both academic and industrial fields."”” Although the predic-
tion of the existence of magnetic exchange interaction between
n-electron spins in aromatic and olefinic free radicals was pro-
posed by McConnell as early as 1963,° the first magnetic
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polymer (poly-BIPO) was reported by Ovchinnikov and Spector
et al. in 1987,° and the discovery of the first pure organic ferro-
magnet (p-nitrophenyl nitronyl nitroxide crystal) was reported
by Takahashi and Turek et al. in 1991."° These pioneering
works led to the development of this particular research field,
and a series of magnetic organic compounds (e.g., nitroxide
radicals, phenoxy radicals, and ammonium sulphate radicals)
and polymers (e.g., polyaryl-methylene, fullerene C60 poly-
mers, and poly(9,10-anthracene-acetylene)) emerged and were
documented."?°

Despite these significant advances, most of the organic/
polymer magnets have Curie temperatures far below room
temperature and low stability, making their practical appli-
cation difficult. In recent years, researchers have explored a
variety of strategies to obtain room-temperature magnetic
organic/polymeric materials with high Curie temperatures and
high stability. For example, in 2018, Huang and coworkers
obtained a room-temperature ferromagnet by ultrasonic treat-
ment and low-temperature annealing of naphthalene.”’ In
2022, Ma and colleagues reported a solvothermal approach for
the preparation of a room-temperature ferromagnet from pery-
lene diimide aggregates with a Curie temperature over 400 K.**
In recent years, two-dimensional and framework-based con-
structions have been adopted for the design and synthesis of
organic/polymeric magnetic materials to enhance the thermal
and structural stability of free radical species.”>”° For
example, in 2012, Kulszewicz-Bajer et al. reported magnetic
spin interaction in polymer aromatic amines by adjusting the
n-conjugated system.'® In 2018, Yoo and Baek et al. reported
highly stable free radicals achieved through the efficient self-
polymerization of a tetracyano-quinodimethane monomer.”?
In 2019, Wu and colleagues described the synthesis of 1,3,5-tri-
azine-linked porous organic radical frameworks via thermal or
triflic acid-assisted polymerization of cyano-containing stable
radical monomers.>® Due to the magnetic radicals being
coupled with each other through the 1,3,5-triazine connector,
the polymers exhibited spontaneous magnetization or super-
paramagnetism at room temperature.
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As a theoretical prediction, polyacetylene with a polyene
backbone may exhibit magnetic behaviour.**** In fact, elec-
tron spin resonance (ESR) experimental data showed that the
concentration of paramagnetic centres in non-doped trans-
polyacetylene films was about 3 x 10" spin per g, but such a
spin density and very low stability could not afford evident
magnetism in intrinsic polyacetylene.’> Inspired by the
pioneer work on the magnetic polymer (poly-BIPO), a series of
polyacetylene and polyyne derivatives modified with stable rad-
icals were prepared, increasing the concentration of radicals
by several orders of magnitude. The magnetic behaviour
suggested the presence of spin-glass.**™*° Generally, the mag-
netism of these polymers originates from the pendant polyra-
dicals because they accumulate radical molecules along one
conjugated polymer chain. To date, magnetic materials based
on conjugated polymers including polyacetylenes still face
three problems: (1) extrinsic magnetic properties, where spin
exchange originates from radical modifiers rather than the
conjugated main chain; (2) poor stability, as magnetism dis-
appears after exposure to air for a period of time; and (3) low
Curie temperature, with magnetic response being lost at
ambient temperature. In this work, we demonstrate the room
temperature magnetism of the powders of a polymer (P1) and
the crystalline monomer of 4,4-bis-methoxycarbonyl-1,6-hepta-
diyne (M1). P1 exhibited a Curie temperature >400 K. The mag-
netic property is retained in the dark and at ambient tempera-
ture for months. In addition, the free radicals are generated in
the polymer’s backbone rather than introduced through the
modification of the polymer with stable radical side chains.

Results and discussion

The chemical structures of the 1,6-diyne and its polymer, and
the synthetic route are shown in Scheme 1. White crystals of
the monomer (M1, 4,4-bis-methoxycarbonyl-1,6-heptadiyne)
were obtained after recrystallization of the primary product
(Scheme S1t). The polymerization of M1 followed the pro-
cedure of metathesis cyclopolymerization, as described in the
literature.*’™** Under optimized reaction conditions, the poly
(1,6-heptadiyne) derivative P1 was obtained in good yield using
the transition metal catalyst MoCls in ultra-dry 1,2-dichlor-
oethane (DCE) under a nitrogen atmosphere, with the optimiz-
ation processes described in the Experimental section and the
ESI (Table S1}). The data on the structural characterization of
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Scheme 1 Synthetic route to poly(4,4-bismethoxycarbonyl-1,6-hepta-
diyne) (P1).
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the monomer and polymer are also presented in the
Experimental section and the ESI (Scheme S1, Table S1, Fig. S1
and S21).

According to the characterization data, the expected
monomer and polymer were successfully derived. A noticeable
experimental phenomenon was that the clear solution of M1
turned into a dark red solution during the polymerization reac-
tion. After purification, black powders of P1 were obtained
(inset of Fig. 1 and videos in the ESIf). The UV-visible absorp-
tion spectra of M1 and P1 are displayed in Fig. 1. In tetrahydro-
furan (THF) solution, M1 shows no absorption in the visible
spectral region, while the absorption spectrum of P1 features a
very broad band ranging from 300 to 640 nm with a broad
peak at around 490 nm.

A fortuitous observation was that M1 crystals could be
attracted by the magnetic stir bar (inset photograph in Fig. 1).
After eliminating the possibility of electrostatic action, this
observation was attributed to a magnetic effect, though it was
weak. It is interesting that the magnetic property was also
observed for the polymer product P1. During the purification
of P1 using the dissolution and precipitation technique, it was
observed that the black P1 powders were attracted by and
closely adsorbed onto the surface of the magnetic stir bar
(inset in Fig. 1), and the magnetized powders could be
adsorbed by a pair of iron scissors (Video 2, ESIf).
This phenomenon was observed in repeated dissolution and
precipitation operations. After ruling out the leakage of
magnet components from the stir bar by repeating the
polymerization experiment, we ensured that the black powders
are magnetic.
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Fig. 1 UV-visible absorption spectra of M1 and P1 in THF solution (1 x
107 mol L™). Inset photographs: right, M1 and P1 in THF solutions;

bottom, powders of M1 and P1 adsorbed onto the surface of magnetic
stir bars.
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Since the magnetic behaviour usually originates from the
free radical species, the electron paramagnetic resonance
(EPR) spectra of the crystals of M1 and powders of P1 were
recorded, and the results are displayed in Fig. 2. For M1, the
EPR signals are weak but authentic (Fig. 2A). The g factor is
2.0062, which is larger than that of a free electron (2.0023) and
can be tentatively assigned to the organic carbon free radicals.
The wide and asymmetric peaks suggest that the free radicals
are in a slowly relaxing and anisotropic environment, consist-
ent with their localization in anisotropic and stable crystalline
arrays. For P1, a g factor of 2.0025 is recorded (Fig. 2B), and
the resonance signals are relatively strong and largely sym-
metric as compared with M1. It means that the radicals in P1
powders are in a slowly relaxing and isotropic environment,
with lower rigidity and higher activity than those in the crystals
of M1. These features are consistent with the fact that P1 is an
amorphous solid with a conjugated main chain. The g values
of M1 and P1 are much smaller than those of magnetic
metals, implying that the magnetic behaviour does not result
from metal species. Due to the generally poor stability of sub-
stances containing free radicals, we recorded the UV absorp-
tion spectra of the solution of the sample placed in air for two
weeks (Fig. S5t) and found only slight changes compared to
the freshly prepared sample, indicating that P1 has good air
stability. Furthermore, we found that although P1 shows broad
ultraviolet absorption, it does not exhibit fluorescence emis-
sion behaviour (Fig. S6 and S77), which demonstrates its feasi-
bility as a photothermal material.

To study the magnetism of M1 and P1, magnetization—-mag-
netic field (M-H) curves were recorded at 300 K, and the data
are shown in Fig. 3. Typical magnetic hysteresis loops were
obtained for both M1 and P1. For M1, the saturation magneti-
zation was around 0.025 emu g ' at 300 K, indicating very
weak magnetic properties. For P1, the saturation magnetiza-
tion at 300 K was 0.25 emu g~ ', which is 10 times higher than
that of M1. This value is about 66 times greater than that of
1,3,5-trizaine-linked porous organic radical frameworks (3.8 x
107 emu g~ ') measured at room temperature.>* Meanwhile,
the temperature of P1 is higher than that of the recently
reported amorphous polymerized TCNQ framework (36 K).*
In addition, P1 obtained from the polymerization reaction has

31?46 EI

| g=20025

1
3360

3300 3325 3350 3375 3400 3425 3300 3325 3350 3375 3400 3425
Magnetic field (G) Magnetic field (G)

Fig. 2 Electron paramagnetic resonance (EPR) spectra of M1 (A) and P1
(B) powders.
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Fig. 3 The magnetization—-magnetic field (M—H) curves of M1 crystals
(upper) and P1 powders (lower) measured at 300 K. The saturation mag-
netization values for M1 and P1 are 0.025 and 0.25 emu g%, respect-
ively. The insets show the magnified sections of the curves at around
zero field.

better thermal stability compared to M1 (Fig. S8t). The temp-
eratures at which the samples lose 5% of their weight are 121
and 247 °C for M1 and P1, respectively, suggesting that P1 is
stable in the temperature range used for magnetic property
measurements. Moreover, P1 is soluble in some organic sol-
vents such as THF and DCM, thus allowing it to be processed
via solution casting and spin coating techniques to fabricate
self-supporting solid films, as shown in the photographs in
Fig. S4.7 Accordingly, the magnetic properties of P1 were care-
fully investigated. As demonstrated in Fig. S3,t the M-H curve
reaches saturation magnetization at 7600 Oe, with a coercive
field of 133.7 Oe at 300 K. The residual magnetism (M,) and
coercivity (H,) of P1 are 0.01 emu g~ and 33.9 Oe, respectively.

Since metal catalysts containing Mo and Sn were used in
the polymer preparation, Mo-based compound residues (e.g.,
molybdenum oxide) may result in a weak magnetic behaviour.
To eliminate the interference of metal impurities, the syn-
thesized polymer was purified by performing repeated precipi-
tation treatments multiple times, and the content of molyb-
denum in P1 was found to be lower than 0.01%, as revealed by
the data from inductively coupled plasma optical emission
spectrometry (ICP-OES, Table S27). Such a low Mo content in
P1 is not enough to cause the magnetization phenomenon, as
shown in Fig. 3 and the inset of Fig. 1. Furthermore, both mol-
ybdenum chloride and molybdenum oxide show diamagnet-

This journal is © The Royal Society of Chemistry 2025
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ism properties (Fig. S9t). Therefore, the results indicate that
the magnetization phenomenon originates from P1 rather
than metal-catalyst residues.

Furthermore, the content of iron, cobalt, and nickel in P1
was determined by ICP, and the data are summarized in
Table S2, with an iron content of 58 ppm, a cobalt content of
0.1 ppm, and a nickel content of 1 ppm. To further eliminate
the influence of metal impurities, we conducted X-ray photo-
electron spectroscopy (XPS) and high-temperature ablation
experiments. No characteristic signal of iron was detected in
XPS analysis (Fig. S10 and S111). After heating P1 at 500 °C for
1 h, the hysteresis curve of the residual material was recorded
(Fig. S127), which revealed that the ferromagnetism dis-
appeared while diamagnetism was observed, indirectly proving
that the magnetism does not originate from inorganic metal
impurities.

It is significant that the magnetic property could be tested
at 300 K, indicating that the Curie temperature (7.) of P1 must
be higher than room temperature. Then, we measured the
magnetic susceptibility and Curie temperature of P1 using a
superconducting quantum interference device (SQUID) and a
physical property measurement system (PPMS) in the tempera-
ture range of 2-300 K under an external field of 0.5 T. The
experimental results are shown in Fig. 4 and S13.1 The temp-
erature dependence of magnetic susceptibility (y) suggests that
P1 is a typical magnetic material, with the maximum value
appearing at about 206 K, indicating the best matching
between the spin-alignment and the applied field at this temp-
erature (Fig. S13(a)¥).

The temperature dependence of the product of magnetic
susceptibility and temperature (y7) exhibits a good linear
relationship with a monotonous increase, and the yT value at
300 K exceeds 90 emu g~ T', which is reasonable for weakly
coupled radicals (Fig. S13(b)f). Fig. 4 displays the temperature
dependence of magnetization under zero-field-cooled (ZFC)
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0.0084{ —©° P1-FC
S 0.006 -
=
£
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= 0.004
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Fig. 4 Temperature-dependent magnetic properties of P1 powders:

plots showing the variations in ZFC and FC magnetization intensity of P1
with temperature, measured at an applied magnetic field of 100 Oe.
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and field-cooled (FC) conditions in a magnetic field of 100 Oe.
A bifurcation point between the plots of ZFC and FC can be
seen at 400 K, indicating that the T, value of the magnetic P1
powders should be no lower than 400 K, which is rarely
observed for organic polymeric magnetic materials.

Experimental
Materials

Dimethyl malonate was purchased from Bidepharm; propargyl
bromide was purchased from Macklin; sodium hydride (NaH),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride,
4-dimethyl-aminopyridine (DMAP), ultra-dry tetrahydrofuran
(THF) and ultra-dry 1,2-dichloroethane (DCE) were purchased
from J&K Scientific; molybdenum chloride (MoCls) was pur-
chased from Sigma-Aldrich; and tetra-n-butyltin (n-Bu,Sn) was
purchased from Alfa Aesar. Anhydrous methanol (MeOH) and
potassium hydroxide (KOH), ammonium chloride (NH,Cl) and
anhydrous sodium sulfate (Na,SO,) were purchased from
Sinopharm. All chemicals were used directly without further
purification.

Instruments

The molecular weight (M,, and M,)) and polydispersity (My/M,,)
of the polymer were estimated in THF using a gel permeation
chromatography (GPC, PL-GPC-50, Waters Corporation,
Milford, CT, USA) system, calibrated with a set of mono-
disperse polystyrene standards covering molecular weights
from 10° to 10”. FTIR spectra were recorded on a VECTOR 22
spectrometer (Bruker Corporation, Billerica, MA, USA). 'H
NMR spectra were recorded on AVANCE III 400 spectrometers
(Bruker Corporation, Billerica, MA, USA), and tetramethyl-
silane (TMS) was used as an internal standard. UV-vis absorp-
tion spectra were recorded on a Varian CARY 100 Bio UV-vis
spectrometer (Agilent Technologies Inc., Santa Clara, CA,
USA). Free radical signals were analyzed using a Bruker’s
Brooke EMXplus-9.5/12 device (Bruker EMXplus EPR
Spectrometer). The room temperature magnetization curve was
recorded using a VersalLab system (Quantum Design, USA).
The variable temperature magnetic susceptibility curve and
ZFC-FC curve were recorded using a PPMS-9 system (Quantum
Design, USA).

Polymer preparation

In a glove box, 0.01 mol of catalyst (MoCls) was weighed into a
polymerization tube; then, 0.02 mol of tetrabutyltin was added
using a micro-injector after the catalyst was added, followed by
the addition of 1 mL of DCE solvent. In another polymeriz-
ation tube, 0.5 mol of monomer was weighed, and 1 mL of
ultra-dry DCE was added to dissolve the monomer. Then, the
monomer solution was transferred to the polymerization tube
where the catalyst had been activated for 15 min. At the end of
the reaction, at the preset temperature and time, 1 mL of
methanol was added to terminate the reaction. The solution
was then dropped into a large amount of methanol through a
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glass dropper and left to precipitate overnight. The resultant
product was filtered using a sand core funnel. It was then puri-
fied through repeated dissolving and precipitation operations
no fewer than 6 times The precipitate was dried under vacuum
to a constant weight, and finally a black powder (P1) was
obtained. The synthetic procedures for the monomer and the
structure characterization data of the monomer and polymer
are included in the ESL}

Conclusions

The crystals of 4,4-bis-methoxycarbonyl-1,6-heptadiyne (M1)
and its polymer (P1) show distinct magnetism and stable elec-
tron paramagnetic signals at ambient temperature. The results
of magnetic measurements indicate that both M1 and P1
exhibit room-temperature magnetism. P1 powders exhibit a
Curie temperature of at least 400 K and a saturation magneti-
zation of 0.25 emu g~ '. The interference from the metal-cata-
lyst residues has been fully removed, and the magnetism of P1
can be tentatively ascribed to the intrinsic radicals in the con-
jugated polymer chains. In addition to its pronounced magnet-
ism, P1 exhibits solution-processability, a unique property of
polymer materials. The findings of this work imply that room-
temperature magnetism could be achieved through rational
polymer design, furnishing an alternative approach to fabricat-
ing pure organic polymeric materials with room-temperature
magnetism.
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