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Abstract: The incorporation of organic radicals into coordina-
tion polymers was considered as a promising strategy to
promote metal-ligand exchange interactions, but there are
only a very limited number of stable organic radical-based
ligands that can serve well such a purpose. Herein, we report
two new tris(2,4,6-trichlorophenyl)methyl (TTM) radical-based
ligands L1 and L2 with two and three imidazole substituents,
respectively. The imidazole unit serves as a coordination site
and it can also stabilize the TTM radical by intramolecular
donor-acceptor interaction. Coordination of L1 and L2 with

cobalt(ll) ions gave the corresponding one- (CoCP-1) and
two-dimensional (CoCP-2) coordination polymers, the struc-
tures of which were confirmed by X-ray crystallographic
analysis. Magnetic measurements and theoretical calculations
suggest antiferromagnetic coupling between the paramag-
netic cobalt(ll) ions and the radical ligands. Our study
provides a rational design for stable organic radical-based
ligands and further demonstrated the feasibility of a metal-
radical approach toward magnetic materials.

/

Magnetically active metal-organic frameworks (MOFs) or coor-
dination polymers (CPs) have promising applications for spin-
tronics, molecular magnets and quantum information
processing. Traditionally, paramagnetic transition-metal or
lanthanide ions are coordinated with nonmagnetic closed-shell
ligands, and the magnetic exchange coupling between the
nearby metal ions usually occurs through a relatively weak
super-exchange mechanism.” Therefore, it remains a significant
challenge to achieve strong magnetic coupling and long-range
magnetic order. One possible solution to this end is the
incorporation of open-shell organic radical ligands, the so-called
radical-metal approach.” The efficient overlap of the magnetic
orbitals of the metal ions and the paramagnetic radical ligand
would significantly promote the exchange interactions. This
concept has been validated by a number of open-shell CPs with
nitroxide,” organonitrile,”’ semiquinoid,® and pyrazine™” based
radicals as ligands. Among them, nitroxide radicals are most
stable but they have relatively localized spin distribution, and
the other radicals are normally generated by in situ redox
reactions and are sensitive to air and moisture. Therefore, stable
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organic radicals with delocalized spin distribution are ideal
ligands, which not only maintain significant magnetic exchange
interaction but also provide sufficient stability for coordination
chemistry.

Polychlorinated triphenylmethyl (PTM) radical (Scheme 1a)
has demonstrated very good thermal and chemical stability,”
and thus was chosen as the fundamental building block to
design stable radical-based ligands with one or more coordina-
tion groups.” For example, Veciana and co-workers reported a

(a)

Scheme 1. (a) Structures of PTM and related ligands for metal-organic
radical complexes and frameworks; (b) Synthesis of new imidazole-
substituted TTM ligands L1 and L2: (i) imidazole (6.4 equiv.), anhydrous
Cs,CO,;, DMF, 160 °C; (i) nBuyN-OH and then p-chloranil, THF, RT.
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trigonal, carboxylate-terminated PTM radical ligand (PTMTC?),
which can coordinate with a Cu(ll) ion to form a crystalline
open-shell CP.®? The obtained framework showed a reversible
and highly selective solvent-induced shrinking-breathing proc-
ess which strongly influenced the material’'s magnetic proper-
ties. Alternatively, Nishihara and coworkers developed a
pyridine-substituted triarylmethyl radical, which demonstrated
ferromagnetic coupling with the Cu(ll) ion."” Very recently, the
same team reported a new trigonal ligand, the tris(3,5-dichloro-
4-pyridyl)methyl radical (trisPyM, Scheme 1a), which formed
hexagonal honeycomb lattice when coordinated with Zn(ll)
ions." The obtained CPs exhibited intriguing solid-state
luminescence and magnetoluminescence phenomenon. How-
ever, CPs using this ligand and paramagnetic transition-metal
ions are not reported. In this study, two imidazole-substituted
tris(2,4,6-trichlorophenyl)methyl (TTM) radicals, 2,6-dichloro-4-
bis(2,6-dichloro-4-(1H-imidazol-1-yl)phenyl)(2,4,6-trichloro-
phenyl)methyl (L1) and tris(2,6-dichloro-4-(1H-imidazol-1-
yl)phenyl)methyl radical (L2), were designed and synthesized as
new radical ligands (Scheme 1b). The imidazole unit was chosen
because its pyridinic-type nitrogen atom can serve as a
coordination site while the other pyrrolic-type nitrogen atom
can behave as an electron-donating site to enhance intra-
molecular donor-acceptor interaction (i.e., the TTM moiety as
an electron acceptor). Such a captodative effect is expected to
improve the stability of the organic radicals."” Coordination of
these two ligands with paramagnetic Co(ll) ions gave the
corresponding one-dimensional (1D) CP CoCP-1 and two-
dimensional (2D) CP CoCP-2 in single-crystal form. Antiferro-
magnetic coupling between the radical ligands and the Co(ll)
ions in both polymers was suggested by magnetic measure-
ments and theoretical calculations.

The synthesis of these two ligands started with nucleophilic
substitution reaction of the TTM radical’™ by excessive
imidazole (6.4 equiv) in the presence of Cs,CO; in DMF at
160 °C, giving the di- and tri-substituted intermediates L1-H and
L2-H in 24% and 40% yield, respectively (Scheme 1b). That
means simultaneous hydrogen abstraction happened during
the reaction. Subsequent deprotonation by base (nBu,;N-OH) in
THF followed by oxidation with p-chloranil afforded the target
ligands L1 and L2 as stable materials that can be purified by
routine column chromatography.

Compounds TTM, L1 and L2 in dichloromethane (DCM)
show an intense absorption band with maximum (4,,,,) at 373,
380 and 392 nm, respectively (Figure 1a and Figure S1 in the
Supporting Information). According to the time-dependent
density functional theory (TD DFT) calculations, this band is
mainly correlated to the SOMO(a)—LUMO(a) and SOMO(a)—
LUMO + 1(a) electronic transitions (see Supporting Information).
With the introduction of two and three imidazole units, the
energies of the SOMO(a) slightly increase while that of the
LUMO(a) decrease (Figures S9-S11 in Supporting Information),
leading to a convergence of the energy gap, in agreement with
the experimental observation. In addition, weak bands with the
lowest-energy absorption maximum at 542 (TTM), 554 (L1) and
560 nm (L2) are also observed, which can be mainly correlated
to HOMO(B)—LUMO(}) and HOMO-1()—LUMO(P) electronic
transitions. Compounds TTM, L1 and L2 also exhibit doublet
emission™ with corresponding photoluminescence quantum
yield and emission maximum (4, to be 0.8% (568 nm), 12%
(588 nm), and 10.5% (591 nm), respectively (Figure 1a). Air-
saturated solutions of TTM, L1 and L2 in DCM (1x10™* M) under
dark conditions are very stable, without obvious change of the
absorption spectra after one week (Figure S2 in Supporting
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Figure 1. (a) UV-vis absorption (Abs) and normalized fluorescence (FL) spectra of L1 and L2 in DCM. The excitation wavelengths for FL are 382 and 393 nm,
respectively; (b) Cyclic voltammograms and differential pulse voltammograms of L1 and L2 in DCM (with 0.1 M nBu,NPF as supporting electrolyte, scan rate:
100 mV/s for CV). (c) and (d): ESR spectra of L1 and L2 recorded in DCM at RT together with the simulated spectra. (e) and (f): calculated (UB3LYP/6-
31G(d,p))spin density distribution maps for the L1 and L2 (isovalue: 0.0004).
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Information). However, the solutions underwent degradation
upon exposure to the ambient light, with a half-lifetime of
about 723, 922 and 983 s for TTM, L1 and L2, respectively
(Figure S3 in Supporting Information). The improved photo-
stability after the introduction of imidazole group could be
explained by the intramolecular donor-acceptor interaction in
the excited state, or captodative effect'? as previously
demonstrated in other carbazole or triphenylamine-substituted
PTM radicals."

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements of TTM, L1 and L2 in DCM all revealed one
reversible oxidation wave and one reversible reduction wave
(Figure 1b and Figure S4 in Supporting Information). The half-
wave potential for the oxidation/reduction wave was deter-
mined to be 0.76/-0.97, 0.67/-0.96 V and 0.58/—0.95 V (vs. Fc*/
Fc) for TTM, L1 and L2, respectively. Therefore, increasing the
number of imidazole groups in TTM leads to the rising of the
SOMO and lowering of the LUMO energy level, and conse-
quently, a convergence of the electrochemical energy gap
(Figure S12 in Supporting Information). At room temperature
(RT), TTM, L1 and L2 in DCM showed a well-resolved ESR
spectrum, with a g value of 2.0034, 2.0034 and 2.0036,
respectively, all are correlated to carbon-centered radicals
(Figure 1c, 1d and Figure S5 in Supporting Information). The
observed ESR spectra agree with the simulation when consider-
ing the hyperfine coupling between the spin with the protons
on the aryl substituents (Figure S6 in Supporting Information).
The calculated spin density distribution maps suggest that the
spin can be distributed from the center to the peripheries, with
the highest spin density at the methylene sites (ca. 0.752) and
small spin density at the terminal imine nitrogen atom (ca.
0.004) on the imidazole (Figure 1e, 11).

Under the dark condition, a solution of CoCl, in ethanol was
layered onto the solution of L1 in DMF and slow diffusion over
1-2 weeks yielded dark red crystals. X-ray crystallographic
analysis of the crystal revealed the formation of a 1D CP named
as CoCP-1 (CoCl,(L1),¢(DMF),)."® The molecules crystallized in a
triclinic space group P1. In the asymmetric unit, the Co ion is
coordinated by four N atoms of four L1 radical ligands and two
chlorine atoms of CoCl,, resulting in a distorted CoN,Cl,-type
octahedral coordination polyhedron with adjacent angles in the
range of 87.40-92.60° (Figure 2a). The equatorial position of the
octahedron is occupied by four bridging L1 radical ligands,
forming chains along [0 0 1] direction. The Co—N bond lengths
fall in the range between 2.123(4) A and 2.157(4) A. The
interchain [Cl--Cl] close contacts are observed, which stabilize
the crystal structure along [101] direction (Figure 2b). Schematic
illustration of the coordination environment and the positions
of the spins of one layer are depicted in Figure 2e for CoCP-1.
The spin centers of CoCP-1 are located at the vertices of a
parallelogram lattice with Copie—COcenter distances of 9.762 and
9.806 A. Under similar reaction conditions, slow diffusion
between the solution of cobalt(ll) triflimide (Co(NTf),) in ethanol
and L2 in DMF yielded hexagonal-shaped dark red single
crystals. X-ray crystallographic analysis disclosed formation of a
2D CP named as CoCP-2 (Co(NTf),(L2),-(DMF),), which crystal-
lized in R-3 space group."® The asymmetric unit is composed of
one Co(ll) ion with 1/6 occupancy, and one ligand with 1/3
occupancy. The metal center is coordinated with six nitrogen
atoms of six independent L2 radical ligands, resulting in a
distorted CoN6-type octahedral coordination polyhedron with
an adjacent angle of 90.0(2)° (Figure 2d), and the dihedral
angles between phenylene and imidazole become smaller (ca.
6.8°) after coordination with cobalt(ll) ions. The analysis also

Figure 2. Crystallographic graph for CoCP-1 (a) and CoCP-2 (d), 3D packing layer-like structures of CoCP-1 (b) and CoCP-2 (e), and schematic illustration of the
coordination environment and the arrangement of the spins in one layer of CoCP-1 (c) and CoCP-2 (f). Hydrogen atoms, solvents and disordered anions have

been omitted for clarity.
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reveals that CoCP-2 has a (4°6°8°)(4%),-connected binodal kgd
topology, which is not commonly found in metal-organic
frameworks."”’ The 2D CPs are then packed into a layer-like
structure via Van der Waals interaction (Figure 2e). The coordi-
nation environment and the spin positions of CoCP-2 are
shown in Figure 2f. The spin centers of CoCP-2 are located at
the vertices of a pseudo-hexagon lattice with Ce.onte—COcenter
distances of 9.695A and 9.763 A. The phase purity and
crystallinity of CoCP-1 and CoCP-2 were further confirmed by
powder X-ray diffraction (Figures S19 and S20 in Supporting
Information).

Both CoCP-1 and CoCP-2 are characterized by broad
absorption bands in the UV-vis region (Figure 3a). For CoCP-1,
the band with 4, at 385 nm could be correlated to the m-nt*
transition of the ligands, while the bands with 4., at 470/508
and the shoulder at 720 nm are features of high-spin, octahe-
drally coordinated Co(ll) complexes.'™ The band with A, at
553 nm could be attributed to the coexistence of the
absorption from the carbon-centered radicals and heavy atom
effect of Co(ll). CoCP-2 shows a similar absorption spectrum but
with a distinct red-shift as compared to CoCP-1, which can be
interpreted as a consequence of topological extension from 1D
to 2D. Broad ESR signals with g value at around 2.003 were
observed in both CoCP-1 and CoCP-2, in accordance with the
presence of the open-shell radical ligands (Figure 3b). In
addition, an intense one-line ESR signal was also found with g
value around 4.25, which can be correlated to the paramagnetic
Co(ll) ion (Figure S8 and TablesS7, S10 in Supporting
Information).™

The temperature-dependent magnetic susceptibility of the
as-prepared crystalline samples of CoCP-1 and CoCP-2 was
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Figure 3. (a) Solid-state UV-visible absorption spectra of CoCP-1 and CoCP-2;
(b) partial ESR spectra of CoCP-1 and CoCP-2 in solid state at RT.
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measured by superconducting quantum interference device
(SQUID). In both cases, the product of the molar magnetic
susceptibility (yw in emu-mol™") and temperature (T in K)
decreased upon cooling from 300 K down to 2 K (Figure 4). For
CoCP-1, the measured yT value of 3.2 emu-K-mol™" at 300K is
much higher than the spin-only value of 2.625 emu-K-mol™
expected for one uncoupled S=3/2 high-spin octahedral Co(ll)
center and two carbon radical units (S=1/2). Such deviation
can be attributed to the orbital contribution of Co(ll), which is
known to be significant in an octahedral field.”” Upon lowering
the temperature, the yyT value decreased continuously down
to 1.66 emu-K-mol™" at 3.0 K. For CoCP-2, the yyT value is
determined as 5.114 emu-K-mol™' at 300 K, which is also higher
than the expected for non-interacting Co(ll) ions and carbon
radicals, with a 1:2 stoichiometry and local spins S(Co**)=3/2,
S(L2)=1/2. The yuT decreased gradually to reach a minimum
value of 1.55 emu-K-mol™" at 4 K, which is similar to the value
of CoCP-1. Quantitative analysis and fitting of the magnetic
data are very challenging due to the complicated electron
structure of the Co(ll) ions and possibly partial oxidation of the
high-spin Co(ll) to low-spin Co(lll) ions, which was further
confirmed by band valence analysis and XPS measurements
(Figures S21, S22, Tables S15, S16, S17 in Supporting
Information)."

To understand the ground-state electronic properties and
magnetic exchange interactions between the radicals and the
Co(ll) ions, ab initio quantum mechanical calculations were
conducted based on the crystallographic structures (see details
in Supporting Information). In both CPs, Co(ll) ions are found to
be in a high-spin quartet (S=3/2) ground state, which is about
10 kcal/mol lower than the doublet (5=1/2) excited state
(Table S11 in Supporting Information). Multireference CASSCF-
SO calculations show that the ground state is near-degenerate,
originating from the octahedral *T, term subject to weak
splitting due to the departure from ideal O, symmetry and
second coordinated ligand atoms. In this case, spin-orbit
coupling is effective at first order of perturbation theory and
therefore mixes efficiently the low-lying spin quartet states of
“T, giving rise to six Kramers doublets (Tables S6 and S9). The
joint effect of spin-orbit coupling and the departure from ideal
O, symmetry leads to on-site magnetic anisotropy, reflected in
the g-tensors of the low-lying spin-orbit doublet states
(Tables S7 and S10). In both compounds CoCP-1 and CoCP-2
the magnetic anisotropy of ground doublet state is of easy-
plane type while the first excited doublet state displays easy-
axis anisotropy. Broken symmetry

DFT calculations predicted antiferromagnetic coupling be-
tween the Co(ll) ion and the radical ligands, with J value in the
range of —2~—5cm™' (Tables S12, S13 in Supporting Informa-
tion). The calculated spin density distribution map of the
individual coordination unit shows spin delocalization across
the metal ion and ligands (Figure 4c, 4d), presumably due to
the non-orthogonal arrangement of the d-orbital of the Co(ll)
ion and the p-orbital of the imidazole moiety. On the other
hand, the metal-metal and radical-radical exchange interactions
are calculated to be ferromagnetic, with J value less than
1.3 cm™". The temperature-dependent magnetic susceptibility

© 2022 Wiley-VCH GmbH
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Figure 4. Temperature dependent molar magnetic susceptibility (yy) of CoCP-1 (a) and CoCP-2 (b), calculated spin density distribution maps for the subunits

of CoCP-1 (c) and CoCP-2 (d) (isovalue: 0.0004).

thus can be mainly explained by the Co(ll) ions with multiple
spin-orbit coupling doublets, with a certain contribution from
the antiferromagnetic coupling between the Co(ll) ions and the
radical ligands.

In summary, we developed two new imidazole-substituted
TTM radical ligands by simple reactions. Both ligands are stable
due to the intramolecular donor-acceptor interaction and
captodative effect, which allowed us to construct 1D and 2D
open-shell coordination polymers with high-spin Co(ll) ions.
Notably, both polymers show antiferromagnetic coupling
between the Co(ll) ions and the radical ligands, again support-
ing the feasibility of radical-metal approach. Further research
on imidazole-based organic radical ligands and open-shell CPs
with enhanced metal-radical exchange interaction is ongoing
in our lab.
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