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ABSTRACT: Using the 1-(m-tolyl)-1H-1,2,3-triazole-4-(4,4,5,5-tetramethylimidazo-
line-1-oxyl-3-oxide) (TITrzNIT) radical and metal S-diketonate complexes [M-
(hfac),(H,0),], where hfac is hexafluoroacetylacetonato, three new 2p—3d heterospin
complexes were synthesized. Their structures were solved using single crystal X-ray
diffraction data, and magnetic investigation was performed by DC and AC
measurements and multifrequency EPR spectroscopy. Compounds 1 and 2 are sedoienee s 2loenen s i
isostructural complexes with molecular formula [M;(TITrzNIT),(hfac)s] (M" = Mn

or Cu) while compound 3 is the mononuclear [Co(TITrzNIT) (hfac),] complex. In all

complexes, the radical acts as a bidentate ligand through the oxygen atom of the @cu'  @TITrzNIT radical
nitroxide moiety and the nitrogen atom from the triazole group. Furthermore, in

compounds 1 and 2, the TITrzNIT is bridge-coordinated between two metal centers,

leading to the formation of trinuclear complexes. The fitting of the static magnetic behavior reveals antiferromagnetic and
ferromagnetic intramolecular interactions for complexes 1 and 2, respectively. The EPR spectra of 1 are well described by an isolated
ferrimagnetic S =/, (=°/, — '/, +*/, = '/, + °/,) ground state with a biaxial zero-field splitting (ZFS) interaction characterized,
respectively, by 2nd order axial and rhombic parameters, D and E, such that E/D is close to the maximum of 0.33. Meanwhile, EPR
spectra for 2 are explained in terms of a ferromagnetic model with weakly anisotropic Cu—radical exchange interactions, giving rise
to an isolated S = °/, (= 5 X '/,) ground state with both an anisotropic g tensor and a weak ZFS interaction. Complex 2 represents
one of only a few examples of Cu—radical moieties with measurable exchange anisotropy.

[l Metrics & More ’ Q Supporting Information

1. INTRODUCTION

The advent of single molecule magnets (SMMs) in the early
1990s' renewed the molecular magnetism field with great
potential for technological advances.” ° Indeed, the application
of molecule-based magnets to high-density data storage and
data processing devices’” remains one of the most enticing
challenges in the field. The promise of such applications has, in
turn, spurred great progress in understanding the mechanisms
that govern magnetic relaxation.'”"" Of particular interest to
synthetic chemists are the strategies that may be employed for

most of the cases, the non-degenerate ground state of the
ligand field term of interacting ions leads to magnetic
interactions modeled using the Heisenberg-Dirac Hamiltonian.
However, the description of magnetic interactions between
paramagnetic metals with degenerate ground state ligand field
terms is more complicated and requires a specific formalism."
In these cases, the magnetic interaction is anisotropic and
related to the unquenched orbital angular momentum of the
interacting ions. Strong anisotropic magnetic interactions can

the preparation of molecules with a large energy barrier for
reversal of magnetization and high blocking temperatures
obtained mainly for mononuclear lanthanide-based com-
plexes.'”~'® However, the magnetic relaxation in most of the
lanthanide-based SMMs is accelerated due to the quantum
tunneling of the magnetization (QTM), and no hysteresis loop
or small coercive fields are often observed. On the other hand,
a promising strategy to suppress QITM is to introduce strong
intramolecular magnetic interactions involving anisotropic
metal centers.'”"*

Magnetic properties are governed by intramolecular
magnetic interactions between paramagnetic centers in
polynuclear species such as dimers, trimers, and so on. In
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be a source of the overall magnetic anisotropy in polynuclear
systems, leading to SMM behavior with an energy barrier for
reversal of magnetization related to the strength of the
exchange anisotropy'*~>' and also to the number of magnetic

. . 2 . .
interacting centers.”” This discovery can be considered a
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strategy for designing SMMs with high energy barriers and
high blocking temperatures.

Nitroxide and nitronyl nitroxide radicals are building blocks
widely applied as ligands and can provide complexes with
diverse nuclearities such as polynuclear aggregates or
coordination polymers.”>~>’ Since this radical can coordinate
to metal ions, strong metal—radical magnetic exchange
interactions can be obtained.””*>*® In addition to magneto-
metry studies of copper(Il)—radical systems, spectroscopic
investigations using EPR techniques, particularly at high
fields,” provide exquisite sensitivity to magnetic interactions.
Known examples include studies of breathing crystals that
exhibit temperature-dependent exchange interactions due to
changes in intramolecular spin distances as a function of
temperature’”’’ as well as investigations of magnetic
dimensionality in weakly coupled systems, even at room
temperature.”” In this contribution, we report the synthesis of
homometallic 3d complexes coordinated by the nitronyl
nitroxide radical 1-(m-tolyl)-1H-1,2,3-triazole-4-(4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide) (TITrzNIT). Three com-
pounds are described, two trinuclear species of manganese(II)
(1) or copper(I) (2) and one mononuclear cobalt(II) (3), as
well as their structure, static, and dynamic magnetic properties.
Multifrequency high field electron paramagnetic resonance was
used to study the magnetic anisotropy, unveiling a biaxial zero-
field splitting (ZFS) for 1, while the EPR spectra for 2 are
explained in terms of a ferromagnetic model with anisotropic
Cu—radical exchange interactions.

2. EXPERIMENTAL SECTION

2.1. General. All reagents and solvents were purchased from
commercial sources and used without further purifications. [M-
(hfac),(H,0),]** (M" = Mn, Cu or Co) and the radical TITrzNIT
(Chart 1)** were synthesized using previously reported methods.

Chart 1. TITrzNIT Radical

o)
N

Infrared spectra were recorded using an Alpha-P Bruker
spectrophotometer. Electronic absorption spectra were recorded in
the 190—800 nm window using a Varian Cary 500 spectropho-
tometer, equipped with a Harrick Praying Mantis DRP diffuse
reflection accessory. Measurements were performed in the solid-state,
and all compounds were ground with MgO as a dilution medium.
Elemental analyses were performed using a Perkin Elmer 2400 series
1L

2.2. Syntheses of Compounds 1-3. All complexes were
synthesized using the same procedure. 48 pmol of the [M-
(hfac),(H,0),] (M" = Mn, Cu or Co) was solubilized in 19 mL of
boiling heptane, and the solution was kept under stirring and heat
until the evaporation of half the initial volume. Then, a solution of 32
umol of the TITrzNIT radical dissolved in 1 mL of dichloromethane
was added to the heptane solution. The resulting solution was kept at
room temperature (for copper complex) or at 8 °C (manganese and
cobalt complexes). Suitable single crystals for X-ray data collection

were obtained as dark green blocks for 1 and 2 and as black blocks for
3. The single crystals were formed more quickly for 1 while for 2 and
3, they were obtained after 3—5 days. Yield: 31% (1); 60% (2); 66%
(3). For 1 IR (ATR, cm™): 3156 (vw, v (C—H)); 1641 (s, v (C=
0)); 1476 (m, § (C—H)); 1351 (w, v (N=0)); 1252, 1194, 1133,
1095, 1068 (s, v (C—F)). Elemental analysis calculated for
CeHygF36Mn;N 004 (%) C = 35.58, H = 2.28, N = 6.88, found C
= 3575, H = 2.38, N = 6.83. For 2: 3166 (vw, v (C—H)); 1640 (s, v
(C=0)); 1466 (m, 6 (C—=H)); 1365 (w, v (N=0)); 1252, 1215,
1193, 1136, 1082 (s, v (C—F)). Calculated elemental analysis for
CeHysF36Cu3N 0O (%) C = 36.12, H = 2.25, N = 6.79; found C =
36.03, H = 2.40, N = 6.83. For 3: 3118 (vw, v (C—H)); 1641 (s, v
(C=0)); 1374 (w, v (N=0)); 1255, 1195, 1132, 1095 (s, v (C—
F)). Calculated elemental analysis for C,qH,,CoF,N;O4 (%) C =
39.66, H = 2.82, N = 8.89; found C = 39.83, H = 2.75, N = 8.83. UV—
Vis (solid state, A in nm) for 1 and 2: 246 (broad shoulder), 307, 356
(n—n* for the TITrzNIT ligand or the diketonate moieties),> 546,
591, 644 (ligand n—7* and MLCT transitions).*® For 3: 219 (broad
shoulder), 260 (broad shoulder), 304, 351 (7—* for the TITrzNIT
ligand or the diketonate moieties),> 537 (broad shoulder), 582, 645
(ligand n—7* and MLCT transitions).>® The infrared and UV—visible
spectra are shown in Figures S1—S3.

2.3. X-ray Diffraction. Single-crystal X-ray diffraction data were
collected on a Bruker D8 Venture diffractometer with Mo Ka (4 =
0.71073 A) radiation at 160 and 150 K for 1 and 2, respectively and at
room temperature for 3. Data collection and cell refinement were
performed with the Bruker Instrument ServiceV6.2.6 and the APEX3
programs, respectively.’® Data reduction was performed using
SAINT.*>” Empirical multiscan absorption correction usin§ equivalent
reflections was performed with the SADABS program.*® All crystal
structures were solved and refined using the SHELXS-97 and
SHELXL-2018 programs, respectively.”” The structures were drawn
using the MERCURY software.”” Large thermal displacement
parameters were found for fluorine atoms due to thermal motion of
disordered CF; groups. Methyl groups for 2 were also disordered. The
occupancy of disordered atoms was freely refined, and constraints and
restraints were applied to model the disorder. A summary of the
crystal data, data collection, and refinement for compounds 1-3 is
listed in Table 1. Selected bond lengths and bond angles are gathered
in Table 2. The calculated coordination environment of all metal ions
for compounds 1-3 is shown in Table S1. Powder X-ray diffraction
data (PXRD) were collected on a Bruker D8 Advance equipped with
a LynxEye detector at room temperature using Cu Ka radiation, with
a step size of 0.02° and step time of 1 s. The experimental powder X-
ray diffraction patterns agree with the simulated ones from the
structures solved by single-crystal XRD data, indicating good crystal
phase purity (Figures S4—S6 in the Supporting Information).

2.4. Magnetic Characterization. The DC magnetic measure-
ments were performed in a Quantum Design MPMS-3 SQUID
magnetometer under a DC external field of 1 kOe from S to 50 K and
10 kOe from 40 to 300 K. Alternating current magnetic susceptibility
analyses were performed with a PPMS (physical properties measure-
ment system) platform, also from Quantum Design, with oscillating
field frequencies ranging from 10 to 10* Hz. All compounds were
wrapped in polytetrafluoroethylene (PTFE) tape and pressed into a
pellet before measurement. The data were corrected for the
diamagnetic contribution of the sample*' and holder.

2.5. EPR Spectroscopy. High-field, high-frequency electron
paramagnetic resonance (HFEPR) measurements were carried out
at the U.S. National High Magnetic Field Laboratory (NHMFL), in
Tallahassee, Florida, on powder samples of compounds 1 and 2.
Powder spectra were recorded using magnetic field modulation at
temperatures ranging from ca. 7 to 50 K on a home-built
spectrometer. The instrument is a transmission-type device in which
microwaves are propagated to the sample via cylindrical light pipes. A
wide-band, low-noise, liquid helium cooled (4.2 K) InSb bolometer
was employed for signal detection. After detection and preamplifica-
tion, the signal is fed into a phase sensitive lock-in amplifier that is
used to filter and process the si§nal intensity, I, that is in-phase with
the field modulation frequency. 2 Consequently, the EPR spectra are

https://doi.org/10.1021/acs.inorgchem.2c00679
Inorg. Chem. 2022, 61, 12118-12128


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00679/suppl_file/ic2c00679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00679/suppl_file/ic2c00679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00679/suppl_file/ic2c00679_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00679?fig=cht1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00679?fig=cht1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Summary of the Crystal Structure, Data Collection, and Refinement for 1-3

compound reference 1 2 3

chemical formula CgHy6F36Mn3N 4O 4 CgHygF36CusN 4O 4 Cy6H,,CoF ;N O

formula mass/g mol™" 2035.90 2061.71 787.41

crystal system triclinic triclinic orthorhombic

space group P-1 P-1 Pbca

radiation type Mo Ka Mo Ka Mo Ka

temperature/K 160(2) 150(2) 298(2)

a/A 9.2710(8) 9.1837(7) 13.3866(6)

b/A 14.6256(15) 14.6025(11) 21.8646(8)

/A 16.0371(17) 16.2274(12) 23.2962(10)

al® 96.397(5) 94.328(3) 90

BI° 101.121(4) 104.081(2) 90

7/ 108.071(4) 107.526(2) 90

V/A3 1994.0(3) 1986.6(3) 6818.6(5)

V4 1 1 8

p/Mg m™ 1.695 1.723 1.534

u/mm™! 0.620 0.949 0.614

reflections measured 63,563 59,759 73,540

independent reflections 7028 8167 5997

0 range/° 2.162—25.025 2.131-26.450 2.498-25.048

Ry 0.1300 0.0674 0.0602

R, (I > 26(D)) 0.0624 0.0515 0.0730

wR(F?) (I > 20(D)) 0.1261 0.1236 0.1630

R, (all data) 0.1007 0.0685 0.0980

wR(F) (all data) 0.1448 0.1384 0.1784

goodness of fit on F* 1.091 1.069 1.106

Apmax, Apmin (e-A™) 0.622, —0.539 0.956, —0.715 0.630, —0.523

CCDC deposition 2102486 2102487 2102488

Table 2. Selected Bond Lengths (A) and Bond Angles (°) for Compounds 1-3
1 2 3
Bond lengths (&)
Mnl1-01 2.173(3) Cul-01 2.396(2) Col—02 2.063(3)
Mnl—07 2.110(3) Cul—07 1.940(2) Col—03 2.056(4)
Mnl—08 2.127(3) Cul—08 1.941(2) Col—04 2.072(3)
Mn2-02 2.184(3) Cu2-02 2.345(3) Col-0S 2.048(4)
Mn2—03 2.128(3) Cu2—03 1.952(2) Col—06 2.061(3)
Mn2—04 2.124(3) Cu2—-04 1.950(2) Col-N3 2.108(4)
Mn2—05 2.150(3) Cu2—05 2271(3)
Mn2—06 2.153(3) Cu2—06 1.982(2)
Mn2-N3 2.216(4) Cu2-N3 1.993(3)
Bond angles (°)

01-Mn1-07 93.21(11) 01-Cul-07 94.82(9) 02-Co1-03 177.97(14)
01-Mnl1-08 94.08(11) 01-Cul—08 93.79(9) 02-Col—04 92.98(12)
07-Mn1-08 85.12(13) 07—-Cul-08 93.03(9) 02-Col1-05 90.59(14)
02-Mn2-03 121.9(3) 02-Cu2-03 97.10(10) 02-Col—06 91.99(13)
02-Mn2—-06 87.34(12) 02-Cu2—06 85.49(10) 02-Col—N3 84.98(13)
02-Mn2—04 94.19(13) 02-Cu2—04 92.70(10) 03-Col—04 87.72(14)
02—Mn2-05 166.75(12) 02—Cu2-05 170.11(9) 03—-Co1-05 91.28(15)
02-Mn2-N3 79.13(12) 02-Cu2-N3 81.76(10) 03-Col—06 87.26(14)
03—-Mn2—04 82.73(12) 03-Cu2—04 91.55(10) 03-Col—N3 93.09(15)
03-Mn2-05 92.31(13) 03-Cu2-05 91.85(10) 04-Col-05 92.59(14)
03-Mn2—-N3 90.56(12) 03-Cu2-N3 88.90(10) 04—Col—N3 92.72(14)
04—Mn2—-06 86.00(12) 04—Cu2—06 87.05(10) 04-Col—06 174.80(14)
04—Mn2-05 93.05(13) 04—-Cu2-0S$§ 91.25(10) 05—-Col-06 88.87(14)
N3—Mn2—05 95.07(12) N3—Cu2—05 94.27(10) 06—Col—N3 86.20(14)

recorded in derivative mode, dI/dB, where B is the applied field
strength. The microwaves are generated using a phase-locked source
followed by a multiplier chain (Virginia Diodes Inc.), generating
frequencies in the range from 50.1 to 407 GHz. A superconducting

magnet (Oxford Instruments plc) capable of reaching a field of 17 T
was employed. The pure powder samples were obtained by grinding a
batch of single crystals, which were then constrained to prevent

magnetic torquing at high fields.

12120 https://doi.org/10.1021/acs.inorgchem.2c00679
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3. RESULTS AND DISCUSSION

3.1. Syntheses and Crystal Structures. The reaction
between [M(hfac),(H,0),] and the TITrzNIT radical leads to
the formation of isostructural complexes
[M;(TITrzNIT),(hfac)s] (M" = Mn (1) or Cu (2)) and the
complex [Co(TITrzNIT)(hfac),] (3) whose structures are
represented in Figures 1 and 2, respectively.

Figure 1. Representative crystal structure and magnetic interactions
considered to fit magnetic susceptibility data of complexes 1 and 2.
Color code: black (carbon), red (oxygen), blue (nitrogen), green
(copper(II) or manganese(II)). Hydrogen and fluorine atoms were
omitted for clarity.

Figure 2. Structure of the asymmetric unit of complex 3. Color code:
black (carbon), red (oxygen), blue (nitrogen), orange (cobalt(II)).
Hydrogen and fluorine atoms were omitted for clarity.

Compounds 1 and 2 crystallize in the triclinic P-1 space
group and they are trinuclear complexes containing nitronyl
nitroxide derivatives as ligands. Each metal ion is coordinated
by two bidentate hfac ligands and one or two TITrzNIT
radicals. One of the metal centers, M1, lies on an inversion
center, which determines the equivalence between the
neighboring metal atoms (M2 and M2’), as well as the
coordinated radical and hfac ligands. Each radical molecule is
coordinated in a bridge mode connecting two metal centers
(M1 and M2/M2’). In M2, the radical is coordinated in a
bidentate mode through the oxygen atom from the nitroxide
moiety (O2) and the nitrogen atom from the triazole ring
(N3), while the second oxygen atom (O1) from two different
radicals coordinates M1 in a monodentate fashion. For both
complexes, the metal ions are found in a distorted octahedral
geometry (Table S1) with elongated tetragonal distortion for 2
due to the Jahn—Teller effect with the oxygen atoms from the

nitroxide group occupying the axial positions (see Table 2 for
details). The Mn—O,,4 bond lengths are different for Mn1 and
Mn2, with values of 2.173(3) and 2.184(3) A, respectively.
The same occurs in the copper analogue, in which the Cu—
0,.q bond lengths are 2.396(2) and 2.345(3) A for Cul and
Cu2, respectively, such that Cul is more axially elongated in
comparison to Cu2. These bond lengths are in the range
observed for other NIT radicals coordinated to the axial
position of copper(I)*** and are similar to other manganese-
(I1)—NIT radicals reported in the literature.*>*° In complex 1,
the N1—-O1—Mnl and N2—02—Mn2 angles are 131.7(2) and
121.9(3)° while in complex 2, the values found for the N1—
O1-Cul and N2-02-Cu2 angles are 136.6(2) and
117.6(2)°.

The intramolecular Mn1---Mn2 and Cul---Cu2 distances are
6.7285(9) and 6.8170(6) A, respectively. The shortest
intermolecular distances between paramagnetic centers are
8.315(2) A for Mn2---Mn2!, 6.406(2) for Mn2---02' (i=1 — «,
-y, 1 — z), 8.621(1) A for Cu2--Cu2" and 6.406(3) for Cu2---
02" (ii = —x, —y, 1 — z), since the spin density of the NIT
radicals is mainly located on the two nitrogen and two oxygen
atoms from the nitroxide groups.”” There are weak
intermolecular interactions between hydrogen atoms from
the methyl group and fluorine from the CF; group from
adjacent molecules with a CH,-H-+F distance of 2.550 A for 1
and 2.810 A for 2.

Compound 3 crystallizes in the orthorhombic Pbca space
group. It is a mononuclear cobalt(II) complex in which the
radical molecule acts as a bidentate ligand through the O2 and
N3 atoms from the nitroxide and triazole moieties, and two
bidentate hfac ligands complete the coordination environment.
The metal center is found in a distorted octahedral geometry
(Table S1). The Co—O,,4 bond length is 2.063(3) A and the
N1-02—Col angle is 120.5(2)°. Due to the bidentate mode
of coordination of the radical ligand, the triazole ring cannot
rotate freely. The dihedral angles (N2—C7—C8—N3) found
between the NIT moieties and the triazole ring were 16.4(8)°
for 1, 18.2(5) for 2, and 10.8(7) for 3.

In the crystal packing of 3 (not shown), the units interact
through F---H, N---H, and O---H contacts with distances in the
range of 2.558—2.730 A. The first one occurs between fluorine
atoms from CF; groups and a hydrogen atom from CHj,
groups present in the NIT moiety. This interaction is also
observed between the fluorine atoms and a hydrogen atom
from the triazole ring. The triazole ring still interacts through
the N4 atom (2.730 A) with the hydrogen atom from a methyl
group of the nitronyl nitroxide moiety. The last interaction is
found between the oxygen atom from the hfac ligands and the
hydrogen atom of the triazole ring. The shortest intermolecular
distances between paramagnetic centers are 7.6509(7) and
6.084(3) A for Col--Col™ and Col--02" (iii = 0.5 + x, y, 0.5
— z), respectively.

3.2. Magnetic Study. The temperature dependence of the
XuT products of compounds 1, 2, and 3 is reported in Figure 3.
Compound 1 displays a y,T product of 14.17 emu.K/mol at
300 K, higher than the expected one for three uncoupled high-
spin Mn(II) ions and two radicals (13.88 emu.K/mol),
suggesting a magnetic coupling to be active among the
paramagnetic ions and ligands at room temperature. Upon
cooling, the y,T product increases monotonically, reaching a
plateau at 23.60 emu.K/mol at 15 K. This value is close to that
expected for an isotropic S = '3/, system (24.38 emu.K/mol),
which suggests the presence of a ferrimagnetic structure

https://doi.org/10.1021/acs.inorgchem.2c00679
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Figure 3. Temperature dependence of the yy,T product of
compounds 1 (squares), 2 (circles), and 3 (triangles). The lines are
the results of the best fitting procedure with the model and
parameters discussed in the text.

featuring a ground-state non-compensated spin arising from
antiferromagnetic interactions between each Mn(II) ion and
one or two radicals, i.e.’/, — '/, + %/, — 1/, + 3/, = 13/,. The
field dependence of magnetization plot, measured at 2.0 K and
reported in Figure S7, displays almost saturation with the value
of 13.63 pp/mol at 7.,0 T, supporting this picture. In order to
quantitatively describe the strength of the magnetic inter-
actions gresent in 1, a fit was performed using the PHI
package.*® Due to the centrosymmetric nature of the molecule,
two different magnetic interactions were considered: J;, which
defines the exchange between the central Mn(II) ion and the
surrounding radicals, and J,, which describes the exchange
between the lateral Mn(II) ions and the neighboring radicals
(Figure 1). It must be stressed that the inclusion of additional
interaction pathways was avoided to prevent overparametriza-
tion of the problem. Thus, in order to describe the isotropic
exchange interactions present in the molecule, the Hamiltonian
employed to fit the data was

2 2
I:I = (1 - p) _2’]1 Z (§M1'§md,i) - 2]2 Z (§M2,i'§md,i)
i=1 i=1

+ pﬂBgE ’ gimp

N
+ Z MBgiE'gi
i=1 (1)

where the first two terms correspond to the magnetic
interactions between the spins of the metal ions and radicals
and the third defines the Zeeman interaction; up is the Bohr
magneton, B is the applied external field, and p and S,
describe the molar fraction and spin of a mononuclear impurity
(Simp = 5/, for 1 and !/, for 2), respectively. The results of the
best-fitting procedure of the y,T plot of 1 gave J; = —268
ecm™!, J, = =71 cm™', and a molar fraction of g = 2.00 magnetic
impurity of 4%, with the Landé factors of the Mn(II) ions and
of the organic radical being fixed to 2.00. Since there are
shorter bond lengths for Mn1—O1 compared to Mn2—02, a
stronger intramolecular magnetic interaction is expected for
the former due to shorter distances between paramagnetic
centers. The obtained results confirm the strong antiferro-
magnetic interactions between the Mn(II) ions and the
radicals. Previous studies of similar Mn-NIT radicals usually

. o . ~149
show moderate antiferromagnetic interactions (—77 cm™,

and —76.8 cm™!,°° with the same Hamiltonian used in this
work). However, when coordinated by two NIT radicals, the
antiferromagnetic interaction appears to be strengthened
(=172 and —178 cm™).”' Compound 1 represents a
confirmation of this magneto-structural correlation.

The y,T product of compound 2 shows a room temperature
value of 2.06 emu.K/mol, which slowly increases upon cooling
to reach the value of 3.87 emu.K/mol at 2 K. Contrary to the
case of 1, this indicates the presence of ferromagnetic
interactions in the molecular structure, leading to a total
ground spin state of S =3/, (= 5 X !/,). The value of the spin
of the ground state can be accessed also through the saturation
value of the magnetization, measured at 2.0 K and reported in
Figure S7, which saturates at 5.37 pp/mol. Using the
Hamiltonian of eq 1, the following best-fitting parameters
were obtained: J; = +8.3 cm™, J, = +30 cm™, and a molar
fraction of paramagnetic impurity of 6% with the g values fixed
from EPR (see below). As observed for 1, the shorter Cu2—02
bond length is expected to give stronger magnetic interaction.
A ferromagnetic interaction is usually found for axially
coordinated Cu(II)—NIT radicals.”” It is worth mentioning
that the kind of magnetic interaction in Cu(II)—NIT systems
depends on which site of the coordination sphere is occupied
by the oxygen atom from the nitroxide moiety. In general,
most of the Cu(II)-radical examples reported in the literature
show an elongated tetragonal distortion of the octahedral
coordination environment. In this case, the oxygen atom from
the radical can occupy the equatorial plane or the axial
position. When it is located at the axial position, the Singly
Occupied Molecular Orbital (SOMO) orbital from the NIT
radical is orthogonal to the magnetic d,2_,> orbital of Cu(II),
leading to a ferromagnetic interaction. In complex 2, the
radicals occupy the axial positions (longer bond lengths). An
antiferromagnetic interaction is usually observed when the
radical occupies at least one equatorial position.”>>® On the
other hand, for high-spin Mn(II) complexes, all five 3d orbitals
have unpaired electrons. In this case, most of the 3d orbitals
are not orthogonal to the radical SOMO leading to an
antiferromagnetic interaction, as observed for complex 1.*°

Finally, compound 3 shows a y,T product of 2.06 emu.K/
mol at 300 K, which almost linearly decreases to 1.62 emu.K/
mol at 150 K. Below this temperature, the profile of the yyT
product has the typical shape usually observed for octahedral
high-spin Co(II) ions, decreasing to a value of 0.19 emu.K/mol
at 5 K due to the unquenched angular orbital magnetism of the
ion. The fact that the y,,T product of 3 at room temperature is
lower than the one expected for uncoupled high-spin Co(II)
ion and an organic radical (2.7—3.2 emu.K/mol), as well as its
decrease upon cooling, clearly indicates the presence of an
antiferromagnetic interaction between the metal ion and the
radical in 3. A fit of the temperature dependence of the yT
and isothermal magnetizations plots has been carried out with
the Hamiltonian (eq 2), and the results are reported in Figure
3, Figure S8, and Table S2:

I:I = _2]§Co'§md + Z /'thCO’iB‘§CD + ﬂBgmdB'gmd

i=x,y,z
A2 A2 A2
+ DSCo,z + E(SCO,x - SCo,y) (2)

The interaction between the cobalt(II) ion and the radical
spins is indeed antiferromagnetic, taking the value —102 cm™,
which is in the range for cobalt complexes bound to nitronyl

nitroxide radicals,”*> while the cobalt(II) ion displays an in-
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plane magnetic anisotropy with low rhombicity (D = 14.5 cm™,
E = 0013 cm'). Inclusion of an anisotropic exchange
interaction did not significantly improve the fit and was thus
discarded to prevent overparametrization.

The dynamics of the magnetization of the three complexes
did not show any out-of-phase signal without the application of
a static magnetic field (Figure S9). In the case of 1, no slow
relaxing susceptibility is observed, even in the presence of an
applied field in the 0—3000 Oe range. On the other hand, the
onset of an out-of-phase signal displayed upon application of a
field up to 3000 Oe for 2 and 3500 Oe for 3 does not show any
peaks in the 10°—10* Hz frequency range available in our
investigation.

3.3. EPR Spectroscopy. In order to characterize the
magnetic anisotropy associated with compounds 1 and 2, high-
field EPR spectra were collected on a series of powder samples.
The frequency and temperature dependences of the EPR
spectra and their accompanying simulations*® are displayed in
Figures 4 and 6.

In order to simulate the EPR spectra of compound 1, a
giant-spin approximation (GSA) was employed, which is
justified when the coupled ground spin state is well separated
from excited states, as would be expected on the basis of the
large exchange parameters obtained from the magnetic fits.”’
We thus employed the following spin Hamiltonian to describe
the S = ¥/, ground state of 1:

A= MBgE-g + D§z2 + E(ﬁx2 - §y2) ()

The first term represents the Zeeman interaction, para-
meterized by an isotropic g factor (vide infra), while the last
two terms, respectively, describe the second-order axial and
rhombic zero-field splitting (ZFS) interactions, the strengths of
which are given by the ZFS parameters, D and E. All
simulations were performed using the program EasySpin.*°

Figure 4a plots the experimental spectra and corresponding
simulations for 1 as a function of the shift in magnetic field
from the central transition, which also happens to be very close
to the g = 2.00 position. Shifts away from the central position,
B,, are due to magnetic anisotropy. The key point to note is
that the three strongest features, corresponding to the x, y, and
z turning points of the powder spectra,” do not vary with
field/frequency. Therefore, the magnetic anisotropy of 1 is
dominated by a field-independent or ZEFS interaction
characterized by D and E; the field-dependent g anisotropy
should therefore be weak. The other thing to note is that the
low- and high-field shifts are almost identical (—0.456 and
0.486, respectively). This implies extreme biaxiality such that
E/D ~ 1/3 (for axial cases, these shifts adopt a 2:1 ratio).””*°
In the exact biaxial limit, the sign of D is undetermined, i.e., the
system may be described as having either an easy axis (D < 0)
with a highly anisotropic hard-plane, or a hard axis (D > 0)
with a highly anisotropic easy plane. The best simulations are
obtained with D = +0.037 cm™ and E = +0.012 cm™" (E/D =
0.324) with an isotropic g = 2.00. In order to replicate the fact
that fine-structure peaks are clearly seen only on the low-field
side of the spectra (ie, B — B, < 0 T), a small strain in the
rhombic parameter was included in the simulations, which
broadens the fine structures in the xy region of the spectra so
that they are not clearly resolved.’’ Here, the strain is defined
by considering a small distribution, 6; = 3 X 107 cm™
centered at E = +0.012 cm™". The resultant simulations are
thus formed from a convolution of multiple spectra sampled
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Figure 4. Frequency dependence of the experimental (black) and
simulated (red) powder EPR spectra recorded at 7 K for 1, plotted as
a function of the deviation, B — B, from the center field, B. ~ hf/gug,
of each spectrum; h is Planck’s constant, f is the measurement
frequency, and g = 2. In this way, the spectra line up and one sees that
the anisotropy is field/frequency-independent. A portion of the 112
GHz spectrum (highlighted in yellow) has been expanded vertically to
show the agreement between the experimental and simulated fine
structures, providing confirmation for the S = 13/ , ground state. The
vertical red, blue, and green dashed lines, respectively, mark the x, y,
and z turning points of the spectra. (b) Temperature dependence of
the experimental (black) and simulated (red) powder EPR spectra
recorded at 313 GHz for 1.
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f————————

over the distribution in E, each having an isotropic peak-to-
peak linewidth of 1.9 mT.

A portion of the 112 GHz spectrum in Figure 4a has been
expanded to show the good alignment of the experimental and
simulated fine-structure peak positions associated with the low
field (z-) component of the powder pattern. This provides
independent confirmation for the S = '3/, ground state, which
results in '/,(2S — 1) = 6 fine-structure peaks to the left of the
g = 2.00 position. It is not possible to achieve such agreement
for the ferromagnetic case (S = '7/,), which would require two
extra peaks spanning this 0.456 T range. Meanwhile, Figure 4b
presents high-field (313 GHz) temperature-dependent meas-
urements. As can be seen, the simulations match well over the
entire range. At the lowest temperature, the spectrum is
dominated by a single ground-state transition for each of the x,
¥, and z turning points of the powder pattern, i.e., a peak (dip)
at the low (high) field extreme, and a derivative feature at the
center. At the highest temperatures, all states of the S = '*/,
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manifold are populated, and the spectrum is dominated by the
mg = —'/, to +!/, transitions that have the strongest matrix
element®” and also tend to be stronger because they are not
affected by D strain.>**

Similar EPR measurements were carried out on a powder of
complex 2. Frequency-dependent spectra, plotted in the same
way as the data for 1 in Figure 4a, are displayed in Figure 6a.
One immediately sees very obvious differences between the
two compounds. In particular, 2 exhibits a very strong field-
dependent magnetic anisotropy, in contrast to 1. Because
complex 2 comprises five s = '/, entities, for which there can
be no associated ZFS (as dictated by Kramers’ theorem), it is
natural to assume that the splitting seen in the high-field
spectrum is due entirely to g anisotropy [an effect not included
in eq 2]. Indeed, the 3d” electronic configuration associated
with the Cu(Il) ion is orbitally degenerate. A Jahn—Teller
effect quenches the Ist order orbital contribution to the g-
tensor anisotropy. However, a significant axiality typically
remains, with as much as a 20% variation between principal
components. We therefore rescaled the spectra and plotted
them as a function of g value in Figure 6b. Remarkably, the
spectra still do not perfectly line up, suggesting an additional
source of anisotropy that is field-independent. Naturally, it is
possible to simulate such spectra using a modified version of
the GSA given in eq 2, which accounts for an anisotropic g
tensor. Upon doing so, one obtains the following spin
Hamiltonian parameters for 2: S = 5/ D = —0.067 cm™, E
=—0.014 cm™, and [g, g g.] = [2.042.07 2.17]. However, the
question arises as to the meaning of the associated D and E
parameters since the only possible source of ZFS for a system
of five s = '/, Kramers ions involves the spin—spin or exchange
coupling Hamiltonian.”>*® Of course, one possible source of
such anisotropy would be the dipolar interaction between the
spins. However, we can rule this out based on several
observations that we discuss further below. We thus modified
the multi-spin of eq 1 to include non-Heisenberg exchange
interactions between the Cu(1I) ions and radicals (Figure 5):°/

5 4

N 2o L oT A Ao oo oT A

Ho=p, 3 BRG RS - 23 SRRy S, @
i=1 i=1

@cCu"  @TITrzNIT radical

Figure 5. Simplified schematic of the multi-spin Hamiltonian
described by eq 4. Here, the orange double arrows denote the
alignments of the principal (z-) axes of the g tensors associated with
the Cu" ions; the g tensors of the radicals are assumed to be isotropic.
Meanwhile, the alignments of the principal (z-) axes of the two
exchange tensors, ], and J,, are represented by the green and purple
double arrows, respectively.

The index i denotes the individual spins, whereas the
interaction along the bonds between one site and the next
must be described by two indices, i and j = i + 1. Indices i = 1,
3, and S correspond to Cu(Il); i = 1 and S are the outermost
sites (Cu2 and Cu2’), while i = 3 is the central one (Cul).
Meanwhile i = 2 and 4 correspond to the radicals. The main
difference between eqs 1 and 4 is that the g; and Jij are now
diagonal tensors. The rotation matrices, R; and Ry, reflect the
fact that these tensors need not be parallel on the different sites

and, in fact, this turns out to be essential in achieving overall
agreement between the experiments and spectral simulations.

Unfortunately, eq 4 has far too many parameters to
constrain on the basis of the relatively simple spectra in Figure
6. Therefore, our aim here is to obtain simulations that capture
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Figure 6. Frequency dependence of powder EPR spectra for 2
recorded at 7 K, plotted (a) as a function of the deviation, B — B,
from the central peak position, B, and (b) as a function of g value by
rescaling the abscissa according to g = hf/ugB, where f is the
measurement frequency [see legend in panel (c)]. The corresponding
simulations according to eq 4 are displayed in panels (c) and (d),
respectively; the parameters employed in the simulations are given in
the main text.

the key features of the experimental spectra, thus demonstrat-
ing the importance of exchange anisotropy; note that, without
this source of anisotropy, it would not be possible to simulate
the spectra. However, the employed parameterization cannot
be taken as exact because (i) the model has so much freedom
that one may assume many parameter sets would give similar
agreement and (ii) we must make several simplifying
assumptions as a starting point for the simulations. To begin
with, we assume that the g tensors associated with the radicals
(i = 2, 4) are isotropic with diagonal components equal to
2.00. We then assume that the g tensors associated with the
Cu(1II) sites are axial such that g'= g/< ¢7(i = 1, 3, S), which is
fairly typical for Jahn—Teller elongated octahedral Cu(1I) ions,
for which the values range from about 2.05 to 2.50;°% we also
assume g; = g; due to the inversion symmetry. Based on the
structural data in Table 2, we see that the Jahn—Teller axes on
the outer and central Cu(Il) ions (along O2—OS and Ol1—
OV’, respectively, see Figure 1) are significantly misaligned by
about 57°. Therefore, for simplicity, we performed a 90°
rotation of the g tensor of the central Cu(II) (i = 3).
Exchange anisotropy is not unexpected for Cu(II) due to its
near orbital degeneracy.”® Given that there is a direct
correspondence _with the spin-orbit physics responsible for
both the g and ] anisotropy,”” we also enforced axiality onto
the ] tensors such that Ji= Ji< Ji; we also assumed that ]}, = Jys
and J,; = J34, again due to inversion symmetry. We then rotated
the inner | tensors by the same 90° matrix as the central g
tensor, acknowledging the fact that any exchange anisotropy
along those bonds reflects the spin-orbit coupling on the
central Cu(Il) ion. Finally, we set the average values of the
inner and outer ] tensor components to the ferromagnetic
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values deduced from the magnetic fits. Importantly, the
magnitude of the exchange does not significantly influence
the EPR simulations, provided iJl > E, where E, ( =guyB)
characterizes the Zeeman energy. Only the exchange
anisotropy matters, i.e., that T Fi# ]fl Therefore, we set Ji=
Ji= J; and Ji= J; + &;. Moreover, in order to maintain
consistency with the magnetlc fits, we set ], = J,s = J, (and &},
=845 = 6,) and Jp3 = J34 = J; (and 83 = 334 = 6)). As an aside,
the deduced exchange anisotropy is weak (of order 1—2% of
the overall exchange, vide infra). Consequently, it has no
discernible effect on the magnetic fit given in Figure 3. In other
words, the anisotropic EPR parameterization is fully compat-
ible with the magnetic data. Indeed, the two measurements
complement each other: the magnetic fits constrain the
isotropic exchange and are insensitive to the weak exchange
anisotropy; meanwhile, the EPR simulations are sensitive only
to the exchange anisotropy.

As can be seen from the simulations in Figure 6c,d
[corresponding to the experimental spectra in Figure 6a,b],
the model described above is able to achieve good overall
agreement in terms of the main trends seen in the spectra. The
employed parameters are as follows: g, = g,= 2.08 and g,= 2.48
on the outer Cu ions (Cu2 and Cu2’) while gac g=2.05 and
g.= 2.30 on the inner ion (Cul); J;= 8.00 cm~ and = 300
cm™}, with §;= 0.134 cm™ (& 1.7% of J;) and 8,= 0.267 cm™
(= 0.9% of ],). As one can see, the anisotropy energy scale is
rather small in comparison to the Zeeman energy scale,
particularly at the highest fields where E; ~ 14 cm™', and the
anisotropy in the Zeeman interaction is about 10% of this
number, ie, ~1.5 cm™. Therefore, g-tensor anisotropy
dominates the trends, but the exchange anisotropy also causes
measurable shifts in the spectral peak positions. The strategy
for obtaining good simulations therefore first involved
reproducing the positions of the three peaks on the basis of
the g tensors. For these to be parallel, it would be impossible to
reproduce the almost even spacing of the three main peaks in
the spectra, which again correspond to the x, y, and z turning
points of the powder pattern. In other words, it is the 90°
rotation of the g tensor of the central Cu(II) that gives rise to a
biaxial spectrum, as opposed to an axial one. Exchange
anisotropies were then introduced in order to reproduce the
shifts observed in Figure 6b. Finally, further adjustments were
made to all parameters in order to obtain the best overall
agreement.

As already noted, the ferromagnetic coupling gives rise to a
spin S = °/, ground state for 2. One might therefore expect 25
fine structures associated with each component of the powder
spectrum, as was the case for 1; indeed, simulations with
significantly reduced linewidths do reveal that these fine
structure peaks clustered around the three main components of
the spectrum. However, because the exchange anisotropy is
weak, they are unresolved in the experiments, i.e., they are
buried within the linewidths associated with the three g-tensor
components. The simulations therefore considered strains in
the g tensors (0.01 in every component for i = 1, 3, ) and in §;
(50% FWHM), as well as an intrinsic 40 mT peak-to- peak
linewidth. Although these strains are rather significant and not
easy to reconcile based on structural considerations, the overall
anisotropy energy scale is small, meaning that it must compete
with other weak energy scales, e.g, due to intermolecular
coupling (both dipolar and exchange) and unresolved
hyperfine interactions, which can be quite significant for
Cu(I1).°° For this reason, one should not expect perfect

agreement between the simulations and experiments, partic-
ularly with regards to linewidths and the observation of some
fine structures in the low-field spectra. However, the
simulations do capture the overarching trends in the data,
and the employed model is based on plausible physics. Our
aim here is not to claim a definitive parameterization based on
eq 4. Nevertheless, we believe it to be the correct model in this
situation.

Returning to the issue of spin—spin dipolar interactions, we
first note that one would expect more-or-less colinear dipolar
coupling tensors due to the linear form of the molecule.
However, as noted above, satisfactory spectral simulations are
obtained only when assuming non-colinear exchange coupling
tensors that follow the dispositions of the Jahn—Teller
distortions on the Cu(Il) ions. This strongly suggests that
the source of the spin—spin coupling anisotropy is the same as
that of the g-tensor anisotropy, which originates from the spin-
orbit coupling on the Cu(Il) sites, thus providing strong
support to our assertion that this is due to exchange
anisotropy. 06,68 Moreover, the exchange anisotropy energy
scale determined from the simulations, 26;S;S; ~ 0.07 — 0.13
cm™!, comfortably exceeds the dipolar anisotropy estimated on
the basis of a point-dipole approximation (an average of
~0.035 cm™! for the Cu—radical interaction, assuming equal
spacings between the five spins).

Previous works have shown that compounds possessing
exchange anisotropy might provide an alternative route to
obtaining highly anisotropic molecular nanomagnets instead of
the use of the single-ion anisotropy.”’’ In their analysis of the
[Mn"'Cu"CI(5-Brsap),(MeOH)] complex, Singh and Rajara-
man have illustrated that magnetic anisotropy can be a crucial
parameter to determine the sign and strength of the global
anisotropy.”" The use of heavier metal ions such as Re(IV) is a
promising strategy to obtain systems with pronounced
anisotropic exchange since its complexes have diffuse and
high-energy Sd orbitals favoring large exchange parameters
with assoc1ated strong spin—orbit interactions (~2000 cm™" or
more).”> In 2010, Long and coworkers described the
importance of the structural parameters in the magnitude
and sign of the anisotropic exchange in the chain containing
the Re(IV)—CN—Cu(II) moiety. The authors demonstrated
experimentally and theoretically that the zigzag arrangement of
the local tensors of the magnetic anisotropy around the Re(IV)
ions dramatically reduces the effective magnetic anisotropy of
the chain, thus explaining the absence of slow relaxation,
despite the strong one-dimensional exchange.”

As discussed above, in complex 2, we were able to deduce
the exchange anisotropy because the Cu(Il) ion is close to
being orbitally degenerate. Even if no ZFS is present (because
itis s = '/,), it has a fairly anisotropic g tensor, giving rise to a
spin-orbit contribution to the exchange. In spite of the fact that
the effects of anisotropic exchange are usually weak and hard to
observe, we were able to detect them here because the
exchange is strong. Interestingly, to the best of our knowledge,
this is one of only a few examples of anisotropic exchange
involving the Cu-—radical moiety. A notable compound
possessing a similar exchange interaction is given by a Cu(II)
and an ortho-semiquinone radical,”> which exhibits a triplet S
= 1 ground state with an effective ZFS parameterized by D =
—1.09 cm™. In this particular case, a simple point dipole
interaction between the radical and the Cu(II) site was also
not sufficient to explain the relatively large ZFS, which also
pointed to the existence of anisotropic exchange.
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Finally, for complex 3, the absence of any clear signal in the
high-field EPR spectra suggests a large ZFS interaction.

4. CONCLUSIONS

Three new 2p—3d heterospin complexes were successfully
synthesized employing the TITrzNIT stable free radical as a
ligand and [M(hfac),(H,0),] building blocks. All of the
complexes were characterized via structural and spectroscopic
methods, and their magnetic properties were investigated
under a DC external magnetic field. The fits of the magnetic
data reveal different types of magnetic interactions for each
complex that are antiferromagnetic (complex 1) and
ferromagnetic (complex 2). Detailed HFEPR analysis revealed
an extreme magnetic biaxiality in complex 1 and confirmed the
S = '3/, ground state, corroborating the magnetic susceptibility
study. The g anisotropy added to the strong magnetic coupling
between the Cu(II) ions and the radicals resulted in an
exchange anisotropy present in complex 2, a finding only made
possible via the use of the multifrequency HFEPR. This is one
of only a few examples of anisotropic exchange involving the
Cu-—radical moiety. The results obtained for this derivative
may represent an alternative way to synthesize anisotropic
molecular nanomagnets, with potential for development of
improved single-molecule and single-chain magnets.
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