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The syntheses of high-spin organic polymers have been a daunting task due to the highly reactive nature of
organic radicals, especially when they are ferromagnetically coupled. In this paper, we report our approach
to obtain high-spin organic polymers, in which a reasonably stable fluorenyl radical was employed as the
primary radical unit, and s-triazine serves as the connector that facilitates ferromagnetic coupling
between them. Initially, the diamagnetic polymer precursor was synthesized by cyclotrimerization of
a cyano-monomer. Subsequently, the high-spin polymers were obtained by oxidizing corresponding
anionic polymers using O, (6) or |, (7). The temperature-dependent magnetic moments, and field-
dependent magnetization data obtained from SQUID measurements revealed ferromagnetic couplings
between primary radical units, with coupling J = 7.5 cm™! and 38.6 cm™. The percentages of primary

Received 24th April 2024
Accepted 20th May 2024

DOI: 10.1039/d4ra03034f unit in the radical form are 29%, and 47% for 6 and 7, respectively. Notably, this marks the first reported

Open Access Article. Published on 24 May 2024. Downloaded on 2/8/2026 4:14:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Stable organic radicals are fascinating entities that have been
extensively studied. These species possess electrons occupying
relatively high energy SOMO orbitals, resulting in rich chem-
istry. Moreover, the unpaired electrons impart interesting,
unique properties, giving rise to numerous potential applica-
tions in magnetism,"” rechargeable batteries,” conductivity,*
spintronics,* MRI, or switches.® For these potential applica-
tions, organic radicals often are in clusters or 2D/3D structures,
which serve to enhance the properties of the isolated radicals or
introduce new properties due to the coupling between them.
Amongst these, achieving ferromagnetic coupling between
radicals remains one of the most challenging synthesis tasks,
yet it promises to yield intriguing properties applicable to
materials, such as high-spin (HS) clusters for magnetic reso-
nance imaging contract agents, organic magnets, organic
conductors, molecular switches, etc. These materials also
contribute to understanding the nature of magnetic coupling
between unpaired electrons within conjugated systems. One
widely employed approach to obtain HS organic compounds

“School of Chemistry and Life Science, Hanoi University of Science and Technology,
Hanoi, Vietnam. E-mail: hoa.phanvan@hust.edu.vn

*Department of Materials Science and Engineering, National University of Singapore,
119260 Singapore, Singapore

‘Department of Chemistry, National University of Singapore, 3 Science Drive 3, 117543
Singapore, Singapore. E-mail: chmwuj@nus.edu.sg

T Electronic supplementary information (ESI) available: Details of ESR, SQUID
measurements, and relevant 'H, '*C NMR, MALDI-TOP, DFT calculation data.
See DOLI: https://doi.org/10.1039/d4ra03034f

© 2024 The Author(s). Published by the Royal Society of Chemistry

instance of a high-spin fluorenyl radical polymer exhibiting ferromagnetic coupling.

involves connecting radicals at positions 1, 3, and 5 of benzene
or positions 2, 4, and 6 of triazine, as ferromagnetic couplings
through these units can be notably strong. Moreover, the
chemistry for preparing compounds with radicals connecting
through these positions offers a range of variable structures,
from small molecules to highly complex."*® Various radical
centers have been used, predominantly being arylmethyl radi-
cals; however, a common issue with these radicals is the
disruption of the magnetic coupling path due to defects, which
are often present at the radical centers. Various strategies have
been devised to address this issue, such as creating multiple
magnetic coupling paths by preparing HS macrocycles and
connecting them with more than one monoradical bridge.**°
This, of cause, increases structural complexity and requires
significant synthetic efforts. Alternatively, more stable radicals
like nitrosyl radicals have been explored; however, their
magnetic coupling through m-conjugated systems tends to be
weak. 1

In this paper, we present our efforts to synthesize high-spin
polymers utilizing fluorenyl radicals. Compared to arylmethyl
radicals, fluorenyl radicals offer greater stability. Additionally,
the magnetic coupling achieved through m-conjugated systems
is expected to be significantly stronger compared to nitroxyl
radicals.

The synthesis of the polymers involved several steps, begin-
ning with the polymerization reactions of the -CN containing
monomer, as outlined in Scheme 1.* Compound 1 was
synthesized by reacting 2,6-dibromofluoreone with the
Grignard reagent, 2-mesitylmagnesium bromide, in THF at
room temperature. Compound 2 was obtained through the
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Scheme 1 Synthetic route for preparation of 6 and 7.° (a) n-BuLi, THF,
—78°C, 1h; MesBr, THF, —78 °C to RT, 12 h. (b) Triethylsilane, BFs-Et,0,
DCM, 0 °C, 30 min. (c) CuCN, Pd(OAc),, Na,COs, dimethylacetamide,
140 °C, 3.5 min, microwave. (d) Triflic acid vapor, 60 °C, 3 days. (e) t-
BuOK, 55 °C, THF, 24 h. (f) Oxidizing agents (O, or I,).

reduction of 1 using triethylsilane in the presence of BF;-Et,0.
The conversion of -Br to -CN to yield compound 3 was per-
formed using microwave irradiation. Polymer 4 was prepared by
utilizing the nitrile trimerization reaction to form s-triazine,
with triflic acid catalyst added slowly through vapor diffusion at
60 °C under N, for 18 hours. The resulting material was insol-
uble in common organic solvents or water. After neutralization
with 2,6-lutidine, washing with acetonitrile, and thorough
mechanical grinding followed by Soxhlet extraction with
acetonitrile as the solvent for 12 hours, the final solid
compound 4 was obtained, appearing pale blue.

Polymer 5 was formed by deprotonation at the 9-position of
the fluorenyl moiety, using four equivalents of +BuOK in dry
THF heated at 60 °C for 36 hours under N,. The resulting solid
was washed twice with dry THF, dried at 60 °C for 6 hours, then
at 80 °C for two hours under high vacuum, yielding a black
solid.

The final radical polymers, 6 and 7, were prepared using two
different methods. Polymer 6 was obtained by adding excess O,
gas at room temperature to degassed 5 for 8 minutes, followed
by removal of the remaining O, under vacuum. Polymer 7 was
formed by adding an I, solution in THF (three equivalents of I,
to one equivalent fluorenyl anion monomer) to the suspension
of 5 in THF at —78 °C, then stirring for 1 hour. The solvent with
excessive I, was removed at —78 °C, and the solid was washed
with dry THF five times at —78 °C before warming up, drying
under vacuum, and storing under N, in a glovebox.

The formation of compounds 1, 2, and 3 was confirmed by
'H and *C NMR spectra, as well as MALDI-TOF mass spec-
trometry (Fig. S1-S4 in the ESIT). The formation of 4 was char-
acterized by IR spectra and X-ray photoelectron spectroscopy
(XPS).

The IR spectra (Fig. 1) provide conclusive evidence of the
formation of triazine from nitrile during the polymerization
process. In 4, the characteristic vibration of the CN stretch of
nitrile at 2225 cm ' is significantly reduced in intensity
compared to that of the monomer 3. Additionally, two new
intense peaks appear at 1512 cm~ ' and 1350 cm™ ', corre-
sponding to the CN in-plane and out-of-plane stretches,
respectively, of the triazine moiety. The other peaks remain
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Fig. 1 IR spectra of the monomer 3 (solid black bottom spectrum),
and its polymerization product, 4 (solid red top spectrum).

essentially unchanged, indicating the preservation of other
molecular components from the monomer.

XPS curves for monomer 3, and the final products 6 and 7 are
depicted in Fig. 2. The C 1s binding energies (in eV) for C*"’
(285.6, 285.5, and 285.7), C*P’-C (286.8, 286.8, and 286.8), and
C*P”_N (288.2, 287.9, and 288.0) for monomer 3, 6, and 7,
respectively, show no significant change. However, notable
changes are observed in the N 1s binding energies. This binding
energy for monomer 3 is 399.5 eV, while for 6 and 7, it is similar,
at 400.2 eV, indicating the conversion of -C=N to s-triazine.”*

To comprehend the nature and strength of magnetic
coupling between two neighboring radicals connecting through
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Fig.2 C1s, N 1s binding energies for 3 (top spectra), 6 (middle spectra)
and 7 (bottom spectra).
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the s-triazine moiety, quantum chemical calculations were
executed. Initially, geometrical optimization of an oligomer
comprising 21 monomers (depicted in Fig. 3) was performed
using the Orca program, employing the B3LYP function and the
6-31G basis set. The rationale behind using such a large olig-
omer was to simulate similar steric effects experienced by
monomers in a larger polymer, particularly focusing on the
innermost layer highlighted in purple. These steric effects
significantly influence the dihedral angles between s-triazine
and radical monomers, thereby affecting the magnetic coupling
strength between neighboring radicals. The dihedral angles
observed were 17.50°, 13.73°, 13.67°, 13.25°, 12.68°, and 15.73°,
with an average angle of 14.43°.

Subsequently, this average dihedral angle was applied to
a biradical model consisting of two fluorenyl radicals linked
through the 2 and 4 positions of s-triazine. The singlet-triplet
gap (AEg 1) was determined using the Gaussian 09 package,
employing the UCAM-B3LYP level of theory with the Pople basis
set 6-31G*. The calculated AEs t gap value was found to be
0.15 keal mol ™, corresponding to a magnetic coupling constant
(J) of 26 cm ™" between the two radicals. The triplet state was
identified as more stable, indicating a ferromagnetic coupling
between the radicals. The calculated spin density, dihedral
angles and bond length of some C-C bonds of the dimer in the
triplet state is illustrated in Fig. S7 and S8.t

Even after thorough grinding and refluxing under boiling
acetonitrile, the particle diameter remains in the range of
hundreds of micrometers. To gain insight into the pore size for
post-modification purposes, we conducted structural optimi-
zation on an oligomer consisting of 45 monomers in the radical
form. The resulting pore size was approximately 9 A (refer to

Fig. 3 Optimized a structure with 21 primary radical units using B3LYP
function and 6-31G basis set, on Orca program.
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Fig. S5t). Hence, -BuOK is deemed a suitable deprotonation
agent.

The ESR technique was employed to characterize the
formation of organic radicals upon oxidation. To obtain
compound 6, O, gas was used as the oxidizing agent. Upon
addition of O, gas at room temperature, the ESR signal
substantially jumped up (Fig. 4A). The intensities gradually
peaked after 10 minutes before gradually decreasing. After 12
hours, the ESR signal almost disappeared. A g-value of 2.0026
obtained, indicating that the spin density predominantly
located on carbon atoms (Fig. 4B). This finding is in good
agreement with quantum chemical calculations (Fig. S67).
Notably, no reaction occurred at temperatures below —40 °C. At
—20 °C or 0 °C, the reaction proceeded at a slower rate, with ESR
intensities at their maxima also lower compared to those at
room temperature. Compound 7 was obtained by oxidizing
compound 5 with I, in THF at —78 °C, and the nature of the ESR
spectrum was essentially the same as that of compound 6
(Fig. S87).

The magnetic properties of compounds 6 and 7 were
measured using a Superconducting Quantum Interference
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Fig. 4 Evolution of the ESR spectra upon adding O, to compound 5
(A). Solid state ESR spectrum of compound 6, recorded at ambient
conditions (B).
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Device (SQUID) magnetometer. In the case of compound 6, the
values of the products of molar magnetic susceptibilities
(calculated for one unit or equivalent of one monomer) and
temperatures (xunicI) (as shown in Fig. 5A) increased as the
temperature decreased. This behavior suggests the presence of
ferromagnetic couplings between units (or monomers).
However, at room temperature, the x,niI value was approxi-
mately 0.13 emu K mol ", significantly smaller than the value
expected for a spin-only uncoupled monoradical (0.375 emu K
mol ). This discrepancy indicates that a significant number of
units (or monomers) may not be in the radical form, possibly
due to decomposition processes.

The Yuni¢T reached its maximum value of 0.280 emu K mol !
at 4.2 K, then decreased at lower temperatures due to zero-field
splitting (ZFS) effects or weak antiferromagnetic couplings
between radical units through spaces. The best fit using the
Curie-Weiss law for the linear high-temperature part of the 1/
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Fig. 5 Temperature-dependent of the product of molar magnetic
susceptibility and temperature of compound 6 (black open circles), the
inset shows 1/xunit versus T (black open triangle) and the best fit using
Curie—Weiss law (red solid line) (A); field-dependent magnetization of
compound 6 measured at 2 K (open black circles) and fitting curve (red
dash line) using Brillouin function for uncoupled, spin-only mono-
radical, S = 0.5, primary unit in radical form 29% (B), and full M—H curve
at 2 K (the inset) (B).
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Xunit versus T curve (Fig. 5A, inset) yielded a magnetic coupling
constant between two adjacent spins, J = 7.5 cm ™", with Curie
constant, C = 0.127 emu K mol %, and Weiss constant, § = 16.19
K (see ESI{ for details about the fitting). The magnetization
curve, M-H, at 2 K is presented in Fig. 5B (open circles) and is
fitted (red dashed line) using the Brillouin function for uncou-
pled, spin-only monoradical with § = 0.5. The magnetization of
the sample rises faster at lower magnetic fields than the fitting
curve indicates, suggesting ferromagnetic coupling between
radical centers in the sample, consistent with our findings in
the xunitT versus T curve. The percentage of units in the radical
form is determined to be 29%, which agrees with the
temperature-variable magnetic susceptibility measurements.
The full M-H curve (Fig. 5B, inset) reveals no hysteresis, spon-
taneous magnetization, or soft permanent magnet behaviors,
even at 2 K.

Compound 7 exhibits similar magnetic behaviors to
compound 6. The xuniI products increase upon lowering
temperature, indicating ferromagnetic couplings between
radical centers. The xuni:I value at room temperature is 0.23
emu K mol " (Fig. 6A), still smaller than that of an uncoupled,
spin-only monoradical, but larger than that of compound 6. The
Xunit? values increase as the temperature decreases, reaching
a maximum of 0.5 emu K mol™ " at 14 K, before decreasing at
lower temperatures due to antiferromagnetic coupling or zero-
field splitting effects. The maximum xuni 7' value is signifi-
cantly higher than that of an uncoupled, spin-only monoradical.
The field-dependent magnetization data at 2 K for compound 7
are similar to those of compound 6. The higher magnetization
compared to the monoradical, S = 0.5, in the low magnetic field
range implies ferromagnetic couplings between the radical
centers. However, there is no spontaneous magnetization or
magnetic order even at 2 K, as indicated by the field-dependent
magnetic moment curve (Fig. 6B, inset).

The higher room temperature x,;I value of compound 7
suggests that it has a higher percentage of monomers in the
radical form than that of compound 6. Indeed, the percentage
of units in the radical form is estimated to be 47% from fitting
the field-dependent magnetization of compound 7 at 2 K using
Brillouin function for uncoupled, spin-only monoradical, S =
0.5 (Fig. 6B). The magnetic coupling constant between two
adjacent spins, J = 38.6 cm ™', was determined by fitting using
the Curie-Weiss law for the linear high-temperature part of the
1/Xunit versus T curve (Fig. 6A, inset), with a Curie constant, C =
0.167 emu K mol™!, and Weiss constant, # = 83.53 K. This
magnetic coupling value is in good agreement with the DFT
calculation data. The larger magnetic coupling J in compound 7
compared to that in 6 can be attributed to the experimental J
being an average value. In the ideal scenario, where two radicals
connect through only an s-triazine moiety, the largest J value is
obtained. However, if two adjacent radicals are chemically
bridged through one or more monomer units that are not in the
radical form (along with s-triazine), then the J value is signifi-
cantly reduced. Therefore, the higher the percentage of mono-
mer units in the radical form, the larger the J value becomes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature-dependent of the x,nitT products of sample 7
(black open circles), the inset shows 1/xunit Versus T (black open
triangle), and the best fit using Curie—Weiss law (red solid line) (A);
field-dependent magnetization of compound 7 measured at 2 K (open
black circles) and fitting curve (red dash line) using Brillouin function
for uncoupled, spin-only monoradical, S = 0.5, primary unit in radical
form 47% (B), and full M—H curve at 2 K (the inset) (B).

Conclusions

In summary, we have successfully synthesized high-spin
organic polymers based on fluorenyl radicals linked by s-
triazine. The trimerization reaction of -CN to form s-triazine
was utilized to achieve polymers with a high degree of poly-
merization. The final radical forms of these polymers were ob-
tained by oxidizing their respective anion forms using O, gas (6)
or I, in THF (7). Notably, the radical form of compound 7
exhibits a higher percentage of fluorenyl units (47%) compared
to compound 6 (29%). The magnetic measurements revealed
ferromagnetic couplings between adjacent radicals, with
magnetic coupling values of ] = 7.5 cm ™" for 6 and 38.6 cm ™" for
7, respectively. These values align well with calculated data
regarding the nature and magnitude of the magnetic coupling.
The field-dependent magnetization at 2 K for both samples 6
and 7 shows similar behavior, with the increase in magnetiza-
tion surpassing the expected curves fitted with S = 0.5 in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lower field range, further suggesting a ferromagnetic coupling
between radical centers. To the best of our knowledge, these are
the first reported high-spin fluorenyl-based radical polymers.
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