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Abstract

Coordination complexes that possess large magnetic anisotropy (otherwise known as zero-field
splitting, ZFS) have possible applications in the field of magnetic materials, including single
molecule magnets (SMMs). Previous studies have explored the role of coordination number and
geometry in controlling the magnetic anisotropy and SMM behavior of high-spin (S = 3/2) Co(II)
complexes. Building upon these efforts, the present work examines the impact of ligand oxidation
state and structural distortions on the spin states and ZFS parameters of pentacoordinate Co(II)
complexes. The five complexes included in this study (1-5) have the general formula,
[Co(Tp™PH(ILXN]™ (X =0, S; Y =N, O; n =0 or 1), where Tp™ is the scorpionate ligand
hydrotris(3,5-diphenyl-pyrazolyl)borate(1-) and L*Y are bidentate dioxolene-type ligands that
can access multiple oxidation states. The specific L*Y ligands used herein are 4,6-di-ztert-butyl
substituted o-aminophenolate and o-aminothiophenolate (1 and 2, respectively), o-
iminosemiquinonate and o-semiquinonate radicals (3 and 4, respectively), and o-
iminobenzoquinone (5). Each complex exhibits a distorted trigonal bipyramidal geometry, as
revealed by single-crystal X-ray diffraction. Direct current magnetic susceptibility experiments
confirmed that the complexes with closed-shell ligands (1, 2, and 5) possess S = 3/2 ground-states
with negative D-values (easy-axis anisotropy) of —41, =78, and —29 cm™!, respectively. For 3 and
4, antiferromagnetic coupling between the Co(Il) center and o-(imino)semiquinonate radical
ligand results in S = 1 ground states that likewise exhibit very large and negative anisotropy (=100
> D >-130 cm™'). Notably, ZFS was measured directly for each complex using far-infrared
magnetic spectroscopy (FIRMS). In combination with high-frequency and -field electron
paramagnetic resonance (HFEPR) studies, these techniques provided precise spin-Hamiltonian
parameters for complexes 1, 2, and 5. Multireference ab initio calculations, using the
CASSCF/NEVPT2 approach, indicate that the strongly negative anisotropies of these Co(Il)
complexes arise primarily from distortions in the equatorial plane due to constrictions imposed by
the Tp™™ ligand. This effect is further amplified by cobalt(Il)-radical exchange interactions in 3
and 4.
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I. Introduction

The ability to measure and adjust the magnetic anisotropy of first-row transition metal
complexes with S > 1/2 is critical to the development of cost-effective magnetic materials.!"
Magnetic anisotropy arises primarily from relativistic spin-orbit coupling (SOC) interactions that
remove the degeneracy of the ms-sublevels of the ground-state spin manifold even when an
external magnetic field is absent.*> This phenomenon — referred to as zero-field splitting (ZFS) —
is generally described using a traceless D-tensor that consists of axial (D) and rhombic (E) terms.
For molecules with axial symmetry (£ = 0), negative anisotropy (D < 0) generates a doubly-

degenerate ground state consisting of the largest ms components (+ms and —ms). The energy barrier

for interconversion between the degenerate tms-levels slows the rate of magnetic relaxation,
giving rise to bistability at low temperatures. This behavior is the basis of single-molecule magnets
(SMMs),*? which have potential applications in data storage, quantum computing, and spintronics
technologies.!*!! In general, the performance of SMMs is enhanced by increasing the absolute
value of the axial D-term, while also minimizing the rhombic E-term that facilitates tunneling
between *ms states.!”> Thus, the rational design of magnetic materials requires a detailed
understanding of the geometric and electronic factors that determine the ZFS parameters of
transition-metal complexes.

High-spin cobalt(I) complexes are attractive SMM candidates due to their half-integer spins
(S =3/2) and sizable magnetic anisotropy arising from SOC among ligand-field states.'*!7 Indeed,
numerous studies have examined the impact of coordination number, molecular geometry, and
ligand identity on the ZFS parameters and magnetic relaxation rates of mononuclear Co(II)

18-21

complexes, as summarized in recent reviews. Less explored is the ability of redox active

ligands to modulate the magnetic anisotropy of Co(Il)-based molecules. Changes in ligand
oxidation state are expected to perturb the intrinsic anisotropy of Co(Il) ions, and the presence of
ligand-based radicals generates a “ladder” of different spin states via exchange interactions. While

the valence tautomerism of six-coordinate cobalt-semiquinonate complexes has been studied

22-25

extensively, efforts to develop transition-metal SMMs consisting of one or more radical

26-33

ligands also show promise. The most common approach in this direction has employed

radicals as bridging ligands between paramagnetic centers to create multimetallic complexes with
large total spin (Swt) values. A similar strategy uses radical ligands as organic linkers in metal-

34-38

organic frameworks (MOFs) that combine magnetic and microporous properties. Strong
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exchange coupling between a given metal and ligand radical has been shown to facilitate slow
magnetic relaxation by discouraging quantum tunneling and increasing the energy gap between
the ground and excited states.?”* In addition to these benefits, redox-noninnocent ligands capable
of undergoing reversible redox events could serve as “on-off” switches for SMM behavior.**-4!
The present work examines the magnetic anisotropy of a series of five-coordinate Co(Il)
complexes that feature redox-active ligands in varying oxidation and spin states. As illustrated in
Scheme 1, complexes 1-5 have the general formula [Co'(Tp"2)(LXY)]"", where Tp™ is the
tridentate “scorpionate” ligand, hydrotris(3,5-diphenylpyrazol-1-yl)borate and LXY is a bidentate
dioxolene-type ligand (X =0, S; Y = O, N; n =0 or 1). The noninnocent nature of these L*Y
ligands has been well-established in studies of coordination complexes and metalloenzyme active

sites. ¥4

These high-spin Co(II) complexes share similar distorted trigonal-bipyramidal
coordination geometries, as revealed by X-ray crystallography. Notably, complexes 1, 3, and 5
comprise a redox series in which the LON ligand exists in three distinct oxidation states: o-
aminophenolate (LN, closed-shell anion), o-iminosemiquinonate (L%Nisq, S = 1/2 radical), and
o-iminobenzoquinone (LMo neutral closed-shell), respectively.  Analogous complexes
containing o-aminothiophenolate (L5Nin 2) and o-semiquinonate radical (L.%©sq in 4) ligands are
included to assess the impact of different donor atoms on the electronic structure. Due to the
inherent challenges in studying complexes with large magnetic anisotropy and ligand-based
radicals, multiple techniques are employed to determine the spin-Hamiltonian parameters of 1-5,
including variable-temperature dc magnetometry and high-frequency and -field electron
paramagnetic resonance (HFEPR) spectroscopy.*®*” Most importantly, we also report direct and
unambiguous measurements of magnetic anisotropy made through analysis of each complex with
far-infrared magnetic spectroscopy (FIRMS).*** The large and negative anisotropies directly

observed for complexes 1-5 are rationalized on the basis of magneto-structural correlations

developed using multiconfigurational ab initio calculations.
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Scheme 1.

II. Experimental and Computational Methods
Materials and General Methods. Reagents and solvents were purchased from commercial
sources and used without further purification unless stated otherwise. The syntheses and handling
of the Co(II) complexes were carried out under an inert atmosphere using a Vacuum Atmospheres
Omni-Lab glovebox equipped with a =30 °C freezer. Solvents were deoxygenated prior to use and
stored over molecular sieves in the glovebox. The compounds K(*"Tp),>* 4,6-di-tert-butyl-2-
aminophenol,’! [Co(Tp™2)(OAc)(Hpz"™)]*, and 4,6-di-tert-butyl-2-aminothiophenol®® were
prepared according to published procedures. We previously reported the syntheses of complexes
1 and 3.°* Elemental analysis data were collected at Midwest Microlab, LLC in Indianapolis, IN.
UV-vis absorption spectra were measured in solution with an Agilent 8453 diode array
spectrometer and IR spectra of solid-state samples were obtained with a Thermo Scientific Nicolet
iS5 FTIR spectrometer. 'H NMR spectra were measured using a Varian 400 MHz spectrometer.
Synthesis of [Co"(TpP"2)(LSN)] (2). Sodium methoxide (33 mg, 0.61 mmol) and 4,6-di-tert-
butyl-2-aminothiophenol (120 mg, 0.51 mmol) were dissolved in THF (2 mL) and stirred for 30

minutes. Evaporation of the solvent provided a yellow residue that was combined with a solution
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of [Co(Tp""?)(OAc)(Hpz"™)] (540 mg, 0.51 mmol) in CH>Cl> (4 mL). The resulting mixture was
stirred for two hours, followed by removal of the solvent under vacuum. A red solid was afforded
and then extracted with EtoO (2 x 5 mL). The combined extracts were filtered through Celite and
dried under vacuum to give the crude product. Red-brown prisms of 2, suitable for X-ray
crystallographic analysis, were obtained by layering a concentrated CH2>Cl» solution with CH3CN.
Yield = 302 mg (61%). Anal. Caled for CsoHssBCoN7S (Mw = 964.95 g mol!): C, 73.44; H,
5.85; N, 10.16; Found: C, 74.41; H, 5.95; N, 10.28. UV-vis [Amax, nm (¢, M 'em™") in CH2CL]:
356 (1530), 439 (650), 500 (680), 1000 (50). 'H NMR (400 MHz, CDCls): § = 78.5 (s, 1H), 53.5
(s, 1H), 53.0 (s, 9H, -C(CH>)3), 49.4 (s, 3H, 4-H-pz), 28.0 (s, 6H, Tp-Ph-H), 17.9 (s, 6H, Tp-Ph-
H), 14.8 (s, 3H, Tp-Ph-H), 10.1 (s, 1H), 5.75 (s, 6H, Tp-Ph-H), 4.6 (s, 3H, Tp-Ph-H), -3.95 (s, 9H,
-C(CHs)s), —40.5 (s, 6H, Tp-Ph-H) ppm. petr=4.21 ps (Evans method in CDCI3).

Synthesis of [Co"(Tp*"?)(L°sq)] (4). To a vial containing NaOMe (45 mg, 0.83 mmol)
and 3,5-di-tert-butylcatechol (91 mg, 0.41 mmol), [Co(Tp?)(OAc)(H-pz"?)] (437 mg, 0.41
mmol) was added in a 3:1 mixture of CH2Cl,:MeOH (10 mL total). The brown mixture slowly
turned dark green over the course of 16 hours while stirring, signaling generation of the L%%sq
ligand. The solvent was removed in vacuo and the resulting solid was redissolved in Et2O before
filtration through Celite. The filtrate was placed in a =30 °C freezer, leading to formation of green
X-ray quality crystals. After removal of the mother liquor, the crystalline product was washed
once with hexanes and dried to give a green powder. Yield = 295 mg (74%). Anal. Calcd for
Cs9Hs4BCoNgO> (Mw = 948.86 g mol ™ !): C, 74.68; H, 5.74; N, 8.86. Found: C, 74.67; H, 5.59; N,
8.77. UV-vis [Amax, nm (g, M 'em™") in CH2ClL2]: 370 (1070), 430 (1040), 575 (310), 615 (330),
740 (390). 'H NMR (400 MHz, CDCls): & =85.4 (s, 1H), 53.5 (s, 1H), 35.6 (s, 3H, 4-H-pz), 26.6
(s, 6H, Tp-Ph-H), 16.9 (s, 6H, Tp-Ph-H), 14.3 (s, 3H, Tp-Ph-H), 9.3 (s, 3H, Tp-Ph-H), 7.6 (s, 6H,
Tp-Ph-H), 7.0 (s, 1H), 0.5 (s, 9H, -C(CH3)3), —5.6 (s, 9H, -C(CHs)3), —42.4 (s, 6H, Tp-Ph-H). petr
= 2.68 us (Evans method in CDCl3).

Synthesis of [Co"(*"2Tp)(LMso)|PFs (5). [Co(Tp™2)(LONisq)] (3; 257 mg, 0.27 mmol)
was dissolved in CH2Clz (5 mL) to yield a dark green solution. Treatment with AgPF¢ (68 mg, 0.27
mmol) resulted in an immediate color change to reddish-brown. The mixture was stirred for one
hour and then filtered through Celite. The volume of the filtrate was reduced by half under
vacuum, layered with CH3CN, and placed in a =30 °C freezer. The crystals that formed after three

days were harvested and dried to provide the red product. Yield = 198 mg (61%). Crystals for
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crystallographic analysis were prepared by vapor diffusion of Et>O into a concentrated solution of
5 in 1,2-dichloroethane. Anal. Calcd for CsoHssBCoFsN7OP (Mw = 1092.85 g mol™!): C, 64.84;
H, 5.07; N, 8.97; F, 10.43. Found: C, 65.75; H, 5.39; N, 8.95; F, 9.50. The discrepancy in the
fluorine value is due to small amounts of a low-spin Co(Il) impurity, as observed by HFEPR
spectroscopy. UV-Vis [Amax, nm (g, M 'em™") in CH2Cl1]; 475 (2750), 580 (1800). 'H NMR (400
MHz; CDCl3): 8 =71.6 (s, 1H), 66.2 (s, 3H, 4-H-pz), 47.2 (s, 1H), 10.7 (s, 2 X 6H, Tp-Ph-H), 9.2
(s, 6H, Tp-Ph-H), 8.5 (s, 3H, Tp-Ph-H), 7.6 (s, 3H, Tp-Ph-H), 7.1 (s, 9H, -C(CHs)3), —3.1 (br s,
6H, Tp-Ph-H), 9.1 (s, 9H, -C(CHs)3). '°F NMR (400 MHz; CHCl3) & =-61 ppm (d, J= 750 Hz).
Hetr = 4.49 up (Evans method in CDCI3).

X-ray Crystal Structure Determination. Single-crystal X-ray diffraction intensities from
crystals of complexes 2, 4, and 5 were measured at 100 K with an Oxford Diffraction (Rigaku
Corporation) SuperNova diffractometer. The instrument has dual-wave micro-focus sealed-tube
sources (Cu and Mo Ka wavelengths), X-ray mirror optics, an Atlas CCD detector, and an open-
flow Cryojet LN2 cooling device (Oxford Instruments). In all cases Cu Kq radiation was used. The
data were corrected for usual experimental factors including absorption correction based on the
real shape of the crystals followed by a polynomial empirical procedure within the CrysAlis Pro
(Rigaku, 2018) program package. The structures were solved using charge-flipping> and intrinsic
phasing methods, then refined utilizing an anisotropic approximation for non-hydrogen atoms in a
least-squares procedure.’® Hydrogen atoms were positioned geometrically and a riding/rotating
model was applied during refinement. A solvent-mask procedure was used to account for electron
density of non-localized solvent molecules in the structure of 2. The experimental parameters are
summarized in Table S1. Crystallographic data (CIF) can be obtained from the Cambridge
Crystallographic Data Centre under the deposition numbers 2009204 (2), 2009205 (4), and
2009206 (5).

Magnetic Susceptibility and Reduced Magnetization Experiments and Analysis.
Variable-temperature paramagnetic susceptibility data and reduced magnetization data for
complexes 1-5 were measured with a MPMS 3 Quantum Design SQUID magnetometer at the
University of Wisconsin-Madison. Plots of the original susceptibility data are provided in Figures
S1 (1), S4 (2), S8 (3), S11 (4), and S16 (5). The samples were cooled down in the absence of a
magnetic field to 1.8 K and data were subsequently collected from 1.8 K to either 300 K or 400 K
in an applied 1000 G DC magnetic field. Reduced-magnetization data (Figures S3(1), S6(2), S10
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and Figure 3 (3), S14(4), and S19(5)) were also collected for each complex, at temperatures of 2,
4, 6, and 8 K for complexes 1, 2, and 5 and 2, 4, and 8 K for 3 and 4. At each temperature, the
field was varied from 0 to 7 T while measuring the magnetization of the sample. The 2 K dataset
was excluded for the fitting of complex 2 due to a discontinuity in the data (Figure S6). Modeling
the reduced magnetization data simultaneously with the susceptibility data was successful for
complexes 3, 4, and 5 (Figures 3, S14, and S19, respectively); however, only the models for 3 and
5 were physically reasonable. Attempts to model the reduced magnetization data for 1 and 2
simultaneously with the susceptibility data were not successful and fitting the magnetization data
individually led to physically unreasonable results (Figures S3 and S6, respectively). The
simultaneous magnetization and susceptibility fit for 5 led to the same parameters, within error, as
fitting the susceptibility data individually (Figures S17 and S19), but with greater precision; thus,
the results obtained from the simultaneous fitting of the susceptibility and reduced magnetization
data are reported in Table 1. All magnetic susceptibility and magnetization data were modeled
using the fitting program PHI v.3.1.5.%7 Data for complexes 1-3 and 5 were parameterized using

the following general form for the spin Hamiltonian:
ﬁ = Z ﬁglglﬁ + z §iDi§i
i i

where S is the Bohr magneton, H is the applied external magnetic field, and S i» gi, and D; are the
spin vector, electronic g-tensor, and single-ion ZFS tensor for a given spin center, respectively.
The first term of the spin Hamiltonian accounts for magnetic Zeeman interactions of the electron
spins with an applied field while the second accounts for single-ion anisotropy (due to ZFS) for
each spin center.”® The g-tensors were modeled with axial components, gj = g-; g1 = gx = gy. The
use of rhombic g-values did not improve the quality of the fits. Therefore, only the axial g-value
fits are reported in the main text, as these avoid overparameterization of the models, while the
rhombic g-value fits are reported in the SI (see Figures S2, S5, S10, S12 and S18). The ZFS
tensors, D, were modeled with axial (D) and rhombic (£) components. The susceptibility data for
3 and 4 were modeled including an extra isotropic exchange term in the spin Hamiltonian to
account for antiferromagnetic coupling between the two spin centers in the compound. The

Heisenberg-Dirac-Van Vleck exchange Hamiltonian operator was used. It is given by: H,, =
-2] AB§A§B, where positive and negative values for J45 correspond to ferromagnetic and

antiferromagnetic coupling, respectively, between two spin centers S 4 and S B
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Experimental susceptibility and magnetization data were corrected for inherent diamagnetism
with the equation: yp =— (Mw/2) * 107% cm® mol™'.>® For complexes 1, 2, 4, and 5, the temperature-
independent magnetism (TIM, defined below) was included as a variable in the model of the
susceptibility data, while for complex 3, the slope of a linear least squares fit line of the last four
high-temperature data points (at 7= 199, 220, 244, and 271 K) in the yp * T vs. T plot was used for
the TIM correction (Figure S9). This manually-obtained TIM correction was included as a fixed
parameter for modeling the data for 3 (Figures 2 and S10) because a refinable TIM parameter led
to overcorrection in which values of yp *T decreased instead of leveling off in the high-temperature
regime.

Due to strong antiferromagnetic coupling between the Co(Il) center and LONisq radical,
complex 3 was modeled as an effective S = 1 spin center following the general form of the spin-
Hamiltonian above. In contrast, 4 was modeled as two antiferromagnetically coupled spin centers,
Sco = 3/2 and Ssp = 1/2, where the g-tensor of the L%sq radical was fixed at giso = 2.00. After
the parameters were obtained from modeling the susceptibility data for complex 3 (and
deconvoluted with Clebsch-Gordan spin projection), they were used as fixed parameters in
simulations to establish an upper limit for the isotropic exchange coupling constant (Figure S15).
Two separate sets of fits were conducted on the susceptibility data for 4; one set included the TIM
parameter in the model (Figures 2 and S12), while the other excluded the TIM parameter (Figure
S13). Because no good fits could be obtained using rhombic g-values while excluding the TIM
parameter from the model, only the axial g-value fit is reported in the SI (Figure S13). The fit
excluding the TIM parameter for 4 is inconsistent with the D parameter obtained by FIRMS and
thus is deemed less physically reasonable.

FIRMS and HFEPR Studies. HFEPR experiments were performed using a transmission
spectrometer described elsewhere®® modified by the use of Virginia Diodes Inc. (VDI,
Charlottesville, VA) sources, generating sub-THz wave radiation in a 50640 GHz frequency
range. The spectrometer is associated with a 15/17-T warm-bore superconducting magnet. FIRMS
experiments were performed at the National High Magnetic Field Laboratory using a Bruker
Vertex 80v FT-IR spectrometer coupled with a 17 T vertical-bore superconducting magnet in a
Voigt configuration (light propagation perpendicular to the external magnetic field). The
experimental setup employs broadband terahertz radiation emitted by an Hg arc lamp. The

radiation transmitted through the sample is detected by a composite silicon bolometer (Infrared
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Laboratories) mounted at the end of the quasi-optical transmission line. Both the sample and
bolometer are cooled by low-pressure helium gas to a temperature of 4.6 K. The spectral intensity
of each microcrystalline powder sample (~7 mg) bonded by n-eicosane were measured in the
region between 14 and 730 cm ™! (0.42—22 THz) with a resolution of 0.3 cm ™! (9 GHz). To discern
the magnetic absorptions, the spectra were normalized by dividing with the reference spectrum,
which is the average spectrum for all magnetic fields. Such normalized transmittance spectra are
only sensitive to intensity changes induced by the magnetic field and therefore are not obscured
by nonmagnetic vibrational absorption features. The data analysis was implemented using an in-
house written MATLAB code and the EPR simulation software package EasySpin.®!
Computational Methods. Calculations were carried out using the ORCA software package
(version 4.0) developed by Dr. F. Neese (MPI-CEC).%2%> Computational models of 1-5 were based
on the crystallographic structures, although the tert-butyl groups were replaced with methyl
groups. The Tp™? ligand was truncated by replacing the three 5-phenyl substituents with H-atoms

to generate a Tp™MH

chelate. Two different Karlsruhe basis sets were employed: (1) valence double-
€ basis set with polarization functions (def2-SVP), and (ii) valence triple-C basis set combined with
polarization functions on main-group and transition-metal elements (def2-TZVP).%* Single point
calculations of the truncated crystallographic structures employed Becke’s three-parameter hybrid
functional for exchange and the Lee-Yang-Parr correlation functional (B3LYP).5%  The
resolution of identity and chain of sphere (RIJCOSX) approximations®’ were applied in
conjunction with the appropriate auxiliary basis sets.®® The unrestricted natural orbitals provided
by the DFT/B3LYP calculations served as the initial guess for state-averaged CASSCF
calculations. The core orbitals were not frozen. For the S = 3/2 complexes (1, 2, and 5), the
CAS(7,5) active space consisted of seven electrons in the five Co 3d orbitals. All possible states
for a d’ configuration (10 quartet and 40 doublet) were calculated. For the S= 1 complexes (3 and
4), the CAS(8,6) active space was comprised of eight electrons distributed across the Co 3d shell
and one (imino)semiquinonate-based MO (i.e., the SOMO of the ligand radical). Ten quintet and
35 triplet states were included. Dynamic electron correction was incorporated using N-electron

valence state second-order perturbation theory (NEVPT2).%

Parameters related to spin-orbit
coupling (g-values and ZFS) were calculated by applying the effective Hamiltonian method to the
multi-configurational CASSCF/NEVPT2 wavefunctions.”®”! As shown in Tables S4-S6, overall

agreement between the experimental and computed parameters was improved by using the
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NEVPT2 procedure in tandem with the larger def2-TZVP basis set. Thus, all computed values
provided in the main text are derived from CASSCF/NEVPT?2 calculations that employed the def2-
TZVP basis set. Ligand field energies for the Co 3d orbitals were generated from
CASSCF/NEVPT2 calculations using a procedure (ab initio ligand field theory, AILFT)
developed by Atanasov and coworkers.®*’”> Exchange coupling constants (J) were obtained from
DFT calculations (B3LYP functional; def2-TZVP basis set) using the broken symmetry approach
(Hex = =2JSa*Sp).>*™ A geometry-optimized model of the hypothetical complex,
[Co(LON)(pzMeP);]", was generated from DFT calculations that employed the Becke-Perdew
(BP86)">7° functional and def2-TZVP basis set. Atomic coordinates for this model are provided
in Table S9.
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III. Results and Discussion

A. Syntheses and X-ray Structures. The syntheses and X-ray structures of complexes 1 and
3 were reported recently by Kumar and Fiedler.’*
[Co(Tp"?)(OAc)(Hpz™)] with the sodium salt of 4,6-di-tert-butyl-2-aminothiophenolate (LSN)
in CH2Clo. Similarly, reaction of [Co(Tp™)(OAc)(Hpz™?)] with the monoanion of 3,5-di-tert-

butylcatechol (HCat'®"?) in a CH,Clo,/MeOH mixture generated the complex [Co(Tp™?)(HCat®2)]

Complex 2 was prepared by reaction of

(not isolated). In the presence of trace amounts of Oy, the catecholate ligand of this unstable
complex oxidizes over several hours to the corresponding semiquinonate (L9Csq), thereby giving
rise to complex 4. Finally, one-electron oxidation of [Co(Tp™)(L%Nisq)] (3) with AgPFs in
CH,Cl; yielded the cationic complex [5]", which is paired with a PF¢ counteranion.
Single-crystals of complexes 2, 4, and 5§ were studied by X-ray diffraction using procedures
described in the Experimental Section. Details of the crystallographic experiments are
summarized in Table S1, and relevant metric parameters are provided in Tables S2 and S3. The
X-ray structures confirmed that 1-5 are mononuclear, five-coordinate cobalt complexes consisting

Ph2 chelate and bidentate L*Y ligand, as illustrated in Figure 1 for 2

of a facially-coordinating Tp
and 5. The average Co—Nrp bond distance varies only slightly across the series, ranging from 2.05
A (5) to 2.13 A (2); these bond distances are characteristic of high-spin, pentacoordinate Co(II)
complexes with Tp ligands.>*””7® The coordination geometries are best described as distorted
trigonal bipyramidal (tbp), as each complex has a t-value greater than 0.5.” The position of
complexes 1-5 on the continuum between ideal tbp and square pyramidal (spy) geometries was
also quantified using the continuous shape method, as implemented in the SHAPE program. 3-8
This analysis found that complexes 1 and 2 lie much closer to the tbp limit, whereas 3-5 are
intermediate between tbp and spy (the SHAPE results are reported in Tables S2 and S3). In all
cases there are considerable distortions from ideality. Specifically, the bond angles in the
equatorial planes deviate from the ideal tbp value of 120° by as much as £25°, largely because the
Tp®™ scaffold constrains the angle between the two equatorial Nt,-donors to ~95°. As discussed

later in the manuscript, this equatorial distortion has substantial consequences for the magnetic

properties of 1-5.
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18 Figure 1. Thermal ellipsoid plots of 2 and 5 (40 and 50% probability, respectively) obtained from X-
19 ray crystal structures. Non-coordinating solvent molecules and most hydrogen atoms have been
21 omitted for clarity, as well as the Ph-rings at the 5-positions of the Tp™? ligand. The PFs~counteranion

22 in the structure of 5 is not shown.

The amino donors of the LNand LN ligands occupy an axial position in 1 and 2, respectively,
27 whereas the (thio)phenolate donors are located in the equatorial plane (Figure 1, left).
29 Interestingly, oxidation of the LON ligand to L%Nisq (in 3) or LONsq (in 5) reverses the ligand
orientation, such that the O-atom donor is now axial in the latter two complexes (Figure 1, right).
As depicted in Scheme S1, the changes in LN oxidation state are evident in the shortening of O—
34 C and N-C bond distances across the 135 series, as well as the increasing deviation of C—C
36 bonds from the aromatic value of 1.40 + 0.02 A. Following the metrical oxidation state (MOS)
38 method of Brown,*? the LONBq ligands of the two independent complexes in the structure of 5
carry charges of +0.07 and +0.17, close to the ideal value of zero for an IBQ ligand (for
41 comparison, the L%Nsq ligand of 3 has an MOS of —0.95). Thus, complexes 1, 3, and 5 constitute
43 a unique redox series in which the cobalt center remains divalent and the LN ligand exists in each
of its three possible oxidation states. Similarly, the X-ray structure of 4 is fully consistent with a
46 cobalt(II)-semiquinonate radical description,®* as suggested by the MOS of —1.06 calculated for
48 the LOOsq ligand. The structures of 3 and 4 are isomorphous and display very similar metric
50 parameters (Table S3).

B. Magnetic Susceptibility Studies. Solid-state samples of complexes 1-5 were examined
53 with dc magnetometry. Figures 2 and S17 display the measured paramagnetic susceptibility data

55 and fits for complexes 1-5. The linear dependence of yp ¢ 7 values above ~50 K in each yp* 7 vs.
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T plot is indicative of substantial temperature-independent paramagnetism (TIP), partially due to
field-induced mixing with proximal excited states.  This hypothesis is supported by
multiconfigurational calculations that reveal the presence of multiple low-lying excited states (vide
infra). However, we cannot rule out the possibility that other factors, such as Pauli paramagnetism
from trace metallic impurities, contribute to the linear increase of yp* 7 at high temperatures. Thus,
the term temperature-independent magnetism (TIM) is employed herein to refer to the sum of these
multiple contributions.

Figure 2 (red) displays paramagnetic susceptibility data for 1 between 1.8 K and 275 K. The
measured value of xp » T decreases linearly with temperature from 3.41 cm® K mol ™! at 275 K to
2.71 cm® K mol™! at 53 K. Further lowering of temperature results in a precipitous drop of yp* T
t0 2.01 cm® K mol™! at 1.8 K. The linear dependence above ~50 K is due to TIM and the downturn
in yp* T'below ~50 K is indicative of ZFS. The fact that this drop in yp * 7 occurs at the relatively
high temperature of ~50 K suggests that the ZFS is quite large. Magnetic susceptibility data
collected for complex 2, shown in Figure 2 (green), follow a similar pattern. In this case, the value
of ype Tat275 K, 3.26 cm® K mol !, decreases linearly to 2.79 cm?® K mol ! at 75 K before markedly
dropping to 2.17 cm® K mol™! at 1.8 K. The yp* T values of 1 and 2 at 275 K are higher than the
spin-only value of 1.875 cm® K mol ™!, but still within the range of ~2.1-3.4 cm® K mol™! reported
for strongly anisotropic, high-spin Co(II) ions.®* The data for complex 5, shown in Figure S16,
also exhibit the same general trend, albeit with lower-than-expected values for yp ¢ 7 over the entire
temperature range. The magnetic susceptibility data collected for 1, 2, and 5 were modeled using
an S = 3/2 spin-Hamiltonian and the fits yielded negative axial ZFS (D) values of —41.4(1), 77.7(5),
and —29.6(3) cm™! for 1, 2, and 5, respectively. Although it is often difficult to determine the sign
of D from magnetic susceptibility results, positive D-values led to physically unreasonable fits for
1,2, and 5. The quality of the fits were insensitive to the value of the thombic ZFS term (E) in all
three cases.

The magnetometry data indicate that 1 and 2 possess very large and negative magnetic
anisotropy; this conclusion is further supported by spectroscopic and computational studies (vide
infra). The large magnitude of the D-values is the result of unquenched orbital angular momentum.
In such cases, the spin-Hamiltonian model breaks down and the validity of the ZFS parameters is
questionable. Nevertheless, the values extracted from our magnetometry experiments provide

useful parameters by which to evaluate results obtained from multiple physical techniques, as well
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as a means to compare our findings to those reported in the literature. To this end, Tables S7 and
S8 summarize the previously-reported spin-Hamiltonian parameters of numerous five-coordinate
Co(Il) complexes. These complexes mostly fall into two broad classes that feature either tripodal
tetradentate chelate ligands (e.g., TMPA, tren)33® or N3 pincer”-'% ligands, although a handful of
examples do not belong to either class.!?1% Interestingly, the D-values of 1 and 2 fall well outside
the normal range of —20 < D <420 cm™! observed for Co(II) complexes with tbp geometries. We
will discuss below the structural basis for the unusually large and negative anisotropy of these
Tp™2-containing complexes, which do not belong to either the tripodal or pincer classes of five-

coordinate Co(II) complexes.
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Figure 2. Left: Paramagnetic susceptibility for complexes 1 (red squares) and 2 (green triangles)
plotted as yp * T vs. T, along with the best fits to the data. The TIM corrections were used as
parameters in the fits, as described in the Experimental Section. Fit parameters for 1: S=3/2, g1
=2.140(2), gy =2.6615(4), D =—41.4(1) cm™!, TIM = 0.00300(1) cm® mol~!. Fit parameters for 2:
S=3/2, gL=2.096(7), gy = 2.7898(6), D = =77.7(5) cm™!, TIM = 0.00201(4) cm® mol™!. Right:
Paramagnetic susceptibility for complexes 3 (blue circles) and 4 (orange squares) plotted as ype T
vs. T, along with the best fits to the data. The TIM correction for 4 was used as a parameter in the
fit, as described in the Experimental Section, while a fixed value was used for 3. Fit parameters
for 3: S =1, gL = 2.049(6), g, = 3.176(4), D = -168(3) cm ™!, |E| = 8.68(2) cm™!, TIM = 0.0017(2)
cm® mol ™! (fixed). Fit parameters for 4: S =1, g. = 2.46(2), gy = 3.003(6), D = —-135(5) cm™", |E|
=11.6(1)em™, J=-121(4) cm™', TIM = 0.00132(5) cm® mol™'.

Using the Evans method, we previously determined that complex 3 features an Sy, = 1 ground

state arising from antiferromagnetic (AF) coupling between the high-spin Co(II) center and LONisq
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ligand radical.®* In this study, paramagnetic susceptibility of solid-state samples of 3 were
measured from 1.8 to 271 K; the resulting data and best fit are displayed in Figure 2 (purple).
Upon cooling from 271 to 107 K, the value of xp ¢ T decreases quasi-linearly from 2.10 to 1.76
cm® K mol™'. At T'< 100 K, the value of yp * T drops dramatically to 0.21 cm® K mol™! at 1.8 K
due to large ZFS. Accounting for the TIM correction, the value of yp* 7 levels off at approximately
1.6 cm?® K mol™! in the high-temperature regime. No upward deviation in the highest-temperature
data points was observed, indicative of little thermal population of the excited S, = 2 state
(measurements at 77> 300 K revealed sample instability; see Figure S7). This result suggests that
the magnitude of the isotropic exchange coupling constant (J) is quite large for 3, and thus
modeling the system with two coupled spins (S¢, = 3/2 and S5, = 1/2) was not feasible. Instead,
an effective S = 1 spin-Hamiltonian model was employed in simultaneous fits of the variable-
temperature susceptibility and the reduced magnetization data collected at 2, 4, and 8 K (Figure
3). This procedure yielded the parameters listed in the caption of Figure 2, which correspond to
the total S = 1 system. To determine the “intrinsic” ZFS parameters of the Co(II) center (Dc, and
Eco), the S = 1 parameters were deconvoluted using equations 1 and 2, which are derived from
Clebsch-Gordan spin projection (see the Supporting Information for more details).!'®!!! Note that
the g-tensor of the L®Nisq radical was fixed at 2.00 (there is no ZFS tensor for LONisq since S;sq
= 1/2). Application of equations 1 and 2 provides the following “local” spin-Hamiltonian
parameters for the Co(Il) ion: gco,. = 2.040(6), gco,i = 2.941(4), Dco =—-112(3) cm™!, and |Ec,| =
5.79(2) cm!. The remarkably large magnitude of the Dco value is suggestive of spin-orbit

coupling involving quasi-degenerate electronic states, as discussed further below.
2
D¢, :§Dtotal (D

4 1
9co = 7 Gtotat T 7 Gisq (2)
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Figure 3. Reduced magnetization data for complex 3 measured at 2, 4, and 8 K. The best fits to
the data were generated with the following parameters: g1 =2.049(6), gj=3.176(4), D =-168(3)
cm™!, and |E| = 8.68(2) cm™. These parameters were deconvoluted with Clebsch-Gordan spin
projection to obtain the “intrinsic” parameters corresponding to the Co(II) center.

Even though modeling the isotropic exchange coupling constant (J) for 3 with two
antiferromagnetically coupled spins (S¢, = 3/2 and S;5o = 1/2) was not feasible, it was possible to
utilize the “intrinsic” g-values and ZFS tensor obtained from the Clebsch-Gordan spin projection
as fixed parameters in simulations using different values for J to establish an upper limit. The
simulations using various values for J are reported in Figure S15. The simulations suggest that | <
~300 cm™' for 3, indicative that the antiferromagnetic coupling in this complex is stronger than
that in 4 (vide infra).

Paramagnetic susceptibility data for the isostructural cobalt(Il)-semiquinonate complex (4)
collected between 1.8 and 400 K are shown in Figure 2 (orange). Like 3, complex 4 displays a
steep drop in yp* T below ~50 K, reaching a value of 0.15 cm® K mol™' at 1.8 K. Above ~100 K,
the value of yp * T increases approximately linearly from 1.97 to 3.24 cm® K mol™" at 400 K. The
increase in yp ¢ T over this high-temperature range is attributable to a combination of TIM and
partial thermal population of an excited Sr,; = 2 spin state. Thus, this dataset was modeled with

two antiferromagnetically coupled spins, S¢, = 3/2 and Sgq = 1/2, using the Hamiltonian:

H= ,3(§CoHCO + §SQgSQ)ﬁ + §C0DCO§CO - 2]§CO§SQ
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Using this model, a J-value of =121(4) cm™' was obtained from fits of the experimental magnetic
susceptibility data, along with the spin-Hamiltonian parameters provided in the figure caption.
Like 3, complex 4 features a large and negative D-value of —135(6) cm™'. In the next section, we
will present spectroscopic data that directly validates the unusually large easy-axis anisotropy
observed in magnetic susceptibility studies of 3 and 4.

Magnetic susceptibility data were also collected for complex 5 and the results are presented in
Figure S16-S18. Modeling the data provided gayve and D-values of 2.103(6) and —29.6(3) cm™,
respectively. Reduced magnetization data for 5 were also collected and simultaneously fit with
the susceptibility data (Figure S19). This fit led to the same parameters as the individual
susceptibility fit, but with greater precision (gave = 2.103(1), D =-29.4(1) cm™). Thus, the results
from fitting the susceptibility and reduced magnetization data simultaneously are reported in Table
1. These spin-Hamiltonian parameters should be regarded with caution given that samples of 5
were not analytically pure (see Experimental Section). Nevertheless, the magnetometry data
indicate that 5 is a high-spin Co(II) S = 3/2 system with less pronounced negative anisotropy than
1 and 2. These conclusions are supported by FIRMS and HFEPR experiments that yielded more
reliable spin-Hamiltonian parameters for 5.

C. Spectroscopic Studies: FIRMS and HFEPR. FIRMS experiments were performed on n-
eicosane mulls of all five complexes. Normalized transmission spectra as a function of magnetic
field are shown for the three S = 3/2 complexes as color plots in Figure 4. Resonance absorptions
that change position with increasing magnetic field are highlighted in blue, whereas regions
lacking field-dependent features are shown in yellow (the color trend represents the amplitude of
the field-induced changes in the transmission spectra). The vertical stripes are artifacts arising
from sharp vibrational absorptions, while white regions correspond to spectral ranges without
reliable data due the low power of THz radiation in those regions. In complex 1, we detected a
zero-field (zf) resonance of magnetic origin at 84.7 cm™' (Figure 4, left). This feature arises from
the ms = [£3/2) = |£1/2) transition, which has an energy of A =2(D*+ 3E£%)"2 for an S = 3/2 system.
It is not possible to derive D and E from a zf experiment on a Kramers system like Co(II), thus
HFEPR experiments were also performed on the same sample in the frequency range of 50 — 500
GHz. Figure 5 (top) shows a textbook-quality HFEPR spectrum of complex 1 measured at 10 K
and 140 GHz, accompanied by its simulation assuming a random distribution of crystallites. All

the peaks are turning points of the intra-Kramers transition within the ms = [+£3/2) doublet,
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confirming the negative D-value of 1. The final spin Hamiltonian parameters for complex 1 were
obtained from the combined FIRMS/HFEPR field vs. energy (or frequency) map shown in Figure

4 (left), and the results are summarized in Table 1.

Frequency (THz)
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Figure 4. Color maps (Intensity vs. field and energy/frequency) of far-infrared resonance
absorption measured for complexes 1 (left), 2 (middle), and 5 (right) at 4.6 K. Regions of magnetic
absorption are indicated with blue. The lines are simulations of turning points in the powder
spectra that assume the (best-fitted) spin Hamiltonian parameters shown in Table 1. The circles at
low frequencies (below those accessible by FIRMS) correspond to the observed HFEPR

resonances.

FIRMS data measured for 2 (Figure 4, middle) are partially affected by artifacts, but the
inter-Kramers transition is clearly evident at 161.2 cm™! in zero field. Complex 2 produced almost
the same quality of HFEPR spectra as 1, one of which is shown in Figure 5 (middle) as recorded
at 10 K and 101 GHz, together with its simulation. The final spin Hamiltonian parameters for
complex 2 were obtained from the combined FIRMS/HFEPR field vs. energy (or frequency) map
via least-square fit as shown in Figure 4 (middle), and the results are summarized in Table 1. The
D-value of —=77.4 cm™! measured for 2 is consistent with the sizable increase in magnetic anisotropy

from 12 observed by magnetometry (vide supra).
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Figure 5. HFEPR spectra of the three S = 3/2 complexes (black traces) at 10 K and varying
frequency. The simulated spectra (red traces) assume a random distribution of crystallites. The
spin-Hamiltonian parameters listed here are derived from the simulation that provided the best
agreement with experiment at the indicated frequency. Complex 1: frequency: 140.1 GHz, D = —
38.7cm™!, E=-10.0 cm™! (E/D = 0.26), gx = 2.20, gy = 2.08, g, = 2.51; complex 2: frequency:
101.3GHz, D=-77.4cm™, E=-11.8 cm™! (E/D =0.15), g« = 2.31, gy = 2.20, g, = 2.62; complex
5: frequency: 101.4 GHz, D =—-18.8 cm ™!, E=-6.3 cm! (E/D = 0.33), gx = 2.05, gy =2.0, g, =
2.4. The three sharp resonances [g = 2.0, 2.15, 2.45] are interpreted as the powder pattern of a low-
spin (S = 1/2) Co(II) impurity''? and are not simulated.

Complexes 3 and 4 are EPR-silent even at the highest frequencies available to us, indicative of
a very large absolute value of D. A single zf resonance of magnetic origin was observed by FIRMS
at 117.5 and 130.0 cm™' for 3 and 4, respectively (Figure 6). Given the negative sign of D, as
suggested by magnetometry and calculations, this feature corresponds to the |D + E| transition,
where it is assumed that D and E have the same sign. The fact that a second zf resonance,
corresponding to the |D — E| transition, is not observed by FIRMS is consistent with the negative

anisotropy of these complexes and indicates a sizable magnitude of £, which makes the next

higher-energy spin sublevel ms= |+1) unpopulated at low temperature. The Ams = £2 transition
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between the ms = |-1) and [+1) levels is not observed for either 3 or 4 either, which suggests that
the E-values are smaller than half of the lower boundary of the FIRMS transmittance window (~20
cm™). Thus, based on the FIRMS data, we can conclude that the D-values of 3 and 4 fall within
the range of =100 to =130 cm™!, in excellent agreement with the magnetometry results,!!3114-113
FIRMS spectra of complex 5 showed a rather weak inter-Kramers resonance at 46 cm™! in zero
field (Figure 4, right). The HFEPR response (Figure 5, bottom) was problematic. Although the
low-field signal at 1 T at 101 GHz can be clearly identified as the parallel turning point of the
intra-Kramers transition within the ms = [£3/2) doublet, analogously to complexes 1 and 2. The
group of three sharp resonances at higher field (3—4 T) cannot be reconciled with an S = 3/2 system,
and must represent a different spin species. We tentatively identify those signals as originating
from a low-spin (S = 1/2) Co(Il) impurity characterized by a rhombic g-tensor. One can also,
however, recognize two much broader underlining lines that we interpret as the two perpendicular
turning points of the intra-Kramers transition within the ms = |[£3/2) doublet. The final spin
Hamiltonian parameters for complex 5 were obtained from the combined FIRMS/HFEPR map as
shown in Figure 4 (right), and the results are summarized in Table 1. Unlike complexes 1 and 2,
we did not perform a least-square fit due to uncertainties arising from the broadness of the

resonance positions; hence, we refrained from estimating the errors for the parameters.
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Figure 6. Color maps (Intensity vs. field and energy/frequency) of far-infrared resonance
absorption measured for complexes 3 (left) and 4 (right) at 4.6 K. Regions of magnetic absorption
are indicated with blue in the colored FIRMS maps. The lines are simulations of turning points in
the powder spectra that assume the spin-Hamiltonian parameters shown in Table 1.
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D. Theoretical Calculations

D.1. Quantum chemical calculations of [Co™(Tp?"?)(LON)] (1) and [Co"™(Tp?*?)(LSY)] (2).
The magnetic susceptibility, HFEPR, and FIRMS experiments described in previous sections
revealed that both 1 and 2 possess sizable ZFS, as indicated by the results summarized in Table 1.
The large and negative magnetic anisotropy exhibited by 1 and 2 is unusual for five-coordinate
Co(II) complexes, especially those with tbp geometry (vide supra). We have applied quantum
chemical theory to truncated models of 1 and 2 with the goal of understanding the structural origins
of their atypical magnetic parameters. Ligand-field (LF) energies, g-values, and ZFS parameters
were computed using the complete active-space self-consistent field (CASSCF) approach, as
implemented in ORCA 4.0. The active space consisted of the 7 d-electrons in the Co(3d) shell
(i.e., CAS(7,5)). These calculations computed energies for all quartet and doublet ligand-field
states of the Co(Il) center. The CASSCF method was supplemented with n-electron valence
second-order perturbation theory (NEVPT2), which substantially improves agreement between the
experimental and computed spin-Hamiltonian parameters (Tables S4-S6). Additional details are
provided in the Computational Methods section.

As shown in Table 1, our CASSCF/NEVPT?2 calculations reproduce the negative magnetic
anisotropy of 1 and 2, and the computed E/D ratios and g-values are also consistent with the
experimental data. The splitting of the S = 3/2 ground state into ms = +£1/2 and £3/2 doublets is
due to mixing between the ground and excited states induced by spin-orbit coupling (SOC). From
the CASSCF/NEVPT?2 calculations, it is possible to quantify the impact of each excited state on
the molecular D- and E-values; these results are summarized in Figure 7 for 1 and 2. In both cases,
ZFS arises almost entirely from contributions of the four lowest-energy quartet excited states,
which belong to either A’ or A” representations in Cs symmetry. The net effect of the doublet states
on ZFS is comparatively minor. The dominant contributor to the negative sign of D is the lowest-
energy excited state, A’(1), which is predicted to lie only 1527 and 834 cm™' above the *A"(1)
ground state for 1 and 2, respectively. Smaller positive contributions from the higher-energy
“A"(2) and *A"(3) states are offset by the negative contribution of the second A’ excited state,
“A’(2). However, the two *A” excited states are responsible for the observed rhombicity of 1 and

2, as they make the largest contributions to the £ parameter.
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Table 1. Experimental and Theoretical spin-Hamiltonian Parameters for Complexes 1-5. ¢

complex g-values ZFS parameters
(spin) gi 2 g3 D(em™") E(cm™y IE/D| | J(ecm™)¢|  method(s)
1 2.08(2) 2.20(3) 2.51(1) -38.7(1)  —10.0(1) 0.26 NA FIRMS/HFEPR
(S=13/2) 2.140(2) 2.140(9)  2.6615(4) | —41.4(1) ND ND NA mag. suscept.
2.012 2.227 2.636 —49.4 -13.2 0.27 NA QCT*
2 2.216(6) 2.326(6) 2.72(1) —-77.42)  -11.8(3) 0.15 NA FIRMS/HFEPR
(S=3/2) 2.096(7) 2.096(7)  2.7898(6) | —77.7(5) ND ND NA mag. suscept.
1.954 2.186 2.842 -70.1 -14.7 0.21 NA QCT ¢
3 Giso=2.00¢ |D+ E|=117.5cm™ ND FIRMS
(S=1) 2.040(6) 2.040(6) 2.941(4) ~112(3) -5.79(2) 0.052 < =300 | mag. suscept.
1.903 2.030 3.402 -170.6 -8.2 0.048 -330 QCT*
4 Ziso =2.00¢ |D+ E|=130cm™ ND FIRMS
(S=1) 2.46(2) 2.46(2) 3.003(6) ~135(6) ~11.6(1) 0.086 —121(4) | mag. suscept.
1.881 2.028 3.436 -178.8 -12.1 0.068 -128 QCT*
5 2.00 2.05 2.40 -18.8 -6.26 0.33 NA FIRMS/HFEPR
(5=13/2) 2.003(4) 2.003(4) 2.304(1) -29.6(3) ND ND NA mag. suscept.
2.143 2.267 2.437 -21.2 -5.9 0.28 NA QCT ¢

¢ NA = not applicable; ND = not determined. ® The sign of E obtained by HFEPR and magnetic
susceptibility is arbitrarily assumed to be the same as that of D. ¢ J-values were computed using the
Hex = —2J+Sa*Sp formalism. ¢ Because FIRMS simulations are largely insensitive to g-values, an isotropic
g-tensor (giso = 2.00) was employed. ¢ QCT = parameters derived from quantum chemical calculations
employing the CASSCF/NEVPT2 approach (def2-TZVP basis set). /QCT values were computed for

structure B in the X-ray structure of 5 (see Table S6).
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Figure 7. CASSCF/NEVPT2 computed energies of the five lowest-energy quartet states of
complexes 1, 2, and [Co"'Cl(tpta)]*. The contribution of each excited state to the molecular D- and
E-parameters is indicated in red and blue, respectively.

Based on insights provided by the CASSCF/NEVPT2 calculations, we are now able to
rationalize the much greater negative anisotropy of 1 and 2 compared to 5C Co(II) complexes with
tripodal ligands, such as TMPA and Mestren. Figure 7 compares the LF energies of 1 and 2 to
those computed for [Co"'Cl(tpta)]", where tpta is the tetradentate chelate tris[(1-phenyl-1H-1,2,3-
tris(triazol-4-yl)methyl]amine. The latter complex was the subject of a recent experimental study
that found the following spin-Hamiltonian parameters: g123=2.22,2.32,2.42; D=-9.02 cm™'; |E|
= 1.64 cm™'.®® The three equatorial N-Co—N angles of [Co''Cl(tpta)]* are roughly equivalent at
112°, resulting in Csy symmetry. The *A; ground state is accompanied by four low-lying quartet
excited states: A1, “E, and *A; in order of increasing energy. These four excited states are largely
derived from the (e)’(e)*(a1)! configuration. From the experimental absorption spectra,®® it was
determined that the *A; state of [Co"'Cl(tpta)]" lies 5300 cm™! above the ground state (slightly
higher than the computed energy of 4800 cm™!). Like the “A’(1) state in complexes 1 and 2, the
contribution of the *A; state to the D-tensor of [Co™Cl(tpta)]" is negative (=24.5 cm™). However,
this effect is partially offset by the positive contribution of the “E state (+17.3 cm™), resulting in

an overall computed D-value of 6.7 cm™'.
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Figure 8. Energy level diagram for the cobalt 3d orbitals of [Co"!Cl(tpta)]" and 1. Orbital energies
were obtained by application of ligand field theory to the NEVPT2 transition energies, as described
in Schweinfurth et al.®* The 3d orbitals of 1 are labeled according to their dominant component
(the coordinate scheme employed for 1 is indicated in the figure).

Although complexes 1, 2, and [Co""Cl(tpta)]* share tbp geometries, the structural distortions
introduced by the facially-coordinating Tp""? ligand cause dramatic shifts in ligand-field energies
that impact magnetic anisotropy. As noted above, the Tp™? ligand of 1 and 2 enforces a ~95°
angle between the equatorial pyrazole donors, thereby increasing the equatorial Ntp—Co—O/S
angles to around 130° (vide supra). The disparity in equatorial bond angles splits the pair of Co
3dxy- and 3dx2 y2-based molecular orbitals (MOs) of 1 by 3645 cm™, as illustrated in Figure 8.''¢
The stabilization of the dx2 2 orbital in 1 and 2 accounts for the low energies of the *A’(1) and
4A"(2) excited states, as these states are generated by one-electron dx,/dy,—>dx2y2 excitations.
Following perturbation theory, the lower relative energy of the *A’(1) excited state sharply
increases its negative contribution to the magnetic anisotropy. At the same time, the positive
contributions of the *E state in Csy symmetry are diminished by its splitting into A’/A" states in Cs
symmetry. Thus, the sizable negative D- and non-zero E-values of 1 and 2 are achieved by

removing the Cs3y symmetry of five-coordinate Co(II) complexes with tripodal ligands.
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To further examine this hypothesis, we generated a computational model in which the
tridentate Tp™ ligand of 1 was “descorpionated” by replacement with three unconstrained,
monodentate 1-methyl-3-phenylpyrazole (pzM*™) ligands, i.e., [Co(LON)(pzZM>Fh);]".  The
structure of [Co(LON)(pzMePh);]* obtained by DFT geometry optimization features equatorial N—
Co—N/O bonds angles of 114°, 117°, and 124°, which are much closer to the ideal value of 120°
than those observed in the X-ray structure of 1. Most notably, the change in molecular geometry
from 1-[Co(LON)(pzM®™);]" is accompanied by a dramatic reduction in the magnitude of the

computed D-value from —49 to —20 cm™!

. Collectively, these results support our thesis that the
unusually large and negative D-values of 1 and 2 originate from structural constraints imposed by
the scorpionate Tp*"? ligand.

D.2. Quantum chemical calculations of [Co" (P2 Tp)(L°Nisq)] (3) and [Co"(PM2Tp)(LOsq)]

h73—74

(4). The broken symmetry (BS) approac was applied to DFT calculations of 3 and 4 in order

to probe cobalt-ligand exchange interactions. These calculations yielded J-values of =529 and —

199 cm™! for 3 and 4, respectively (the Hex = —2J-SaSp formalism and Yamaguchi method!!”-!13
were employed). Thus, DFT correctly predicts that 3 and 4 possess S = 1 ground states arising
from antiferromagnetic (AF) coupling between the high-spin Co(Il) center and the
(imino)semiquinonate radical. Furthermore, in agreement with the magnetic susceptibility data,
the AF interaction is calculated to be much stronger in 3 than 4, although BS-DFT overestimates
the magnitude of J by ~50 cm™! in the case of 4. Exchange coupling parameters were also obtained
from CASSCF/NEVPT2 calculations, where the active space consisted of 7 d-electrons in the
Co(3d) shell and an unpaired electron in an (imino)semiquinonate-based MO (i.e., CAS(8,6)).
This approach yielded a J-value of =128 cm™! for 4 — remarkably close to the experimental value
of =121(4) cm™! (Table 1). Additionally, this approach gave a J-value of =330 cm™' for 3, near the
upper limit of —300 cm™! established by susceptibility data simulations. In both complexes, the
AF exchange is mediated by overlap between the singly-occupied MO (SOMO) of the ligand
radical and the 3dxy-based MO of cobalt, as illustrated in Figure 9. The degree of orbital overlap
(S), as computed by BS-DFT, is greater for 3 (S = 0.39) than 4 (§ = 0.28), which accounts for the

observed difference in J-values. Spin-density plots for 3 and 4 are shown in Figure S20.
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Figure 9. DFT-generated contour plots of the spin-up Co 3dxy-based MO (green and yellow) and
spin-down LO9sq n*-based MO (blue and grey) of complex 4. These two singly-occupied MOs
mediate AF exchange interactions between the Co(II) center and L%9sq radical. The phenyl rings
of the pyrazole donors have been removed for the sake of clarity.

The CASSCF/NEVPT2 calculations also provide insights into the role of the ligand-based
radical in modulating the energies of ligand-field states and, hence, the ZFS parameters. A high-
spin Co(II) center possesses 10 quartet LF states, each of which couples to the doublet LONsq or
L%0gq radical to generate a pair of quintet (spins “up-up”) and triplet (spins “up-down”) states.
From the relative energies of quintet/triplet pairs arising from the same electronic configuration, it
is possible to derive the LF energies of a hypothetical “uncoupled” complex that lacks AF
exchange. The results of this procedure are shown in Figure 10 for complex 3. In the absence of
exchange coupling, the computed energy difference between the ground state and first excited state
is 793 cm™! (this energy gap is labeled AE;VC in Figure 10; UC = uncoupled). Comparison of the
computed LF energies 1 and 3 suggests that oxidation of the LN ligand to LONisq reduces the
relative energy of the first excited state by ~700 cm™!, largely by stabilizing the Co 3dx2-y2 orbital.
Thus, changes in ligand oxidation state have a major impact on LF energies, independent of

exchange interactions.
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Figure 10. Right: CASSCF/NEVPT2 computed energies of the six lowest-energy states of
complex 3. Energy splittings between the three triplet states are indicated by AEIAT and AE,AF
(AF = antiferromagnetic). Left: Relative energies of ligand-field states in the absence of exchange
coupling between Co(II) and LONisq (i.e., J-value of zero). The energy of each uncoupled (UC)
state was calculated by taking the weighted average of the corresponding quintet and triplet
energies: EUC = 3/8 E(triplet) + 5/8 E(quintet).

In the presence of AF exchange, the lowest-energy excited state, *A”(1), lies only 650 cm™
above the >A’(1) ground state (AE1*F in Figure 10). This result suggests that coupling to the LONisq
radical further shrinks the AE; gap by ~140 cm™'. In contrast, exchange interactions increase the
relative energy of the 3A’(2) excited state (i.e., AE»F > AE,YC), demonstrating that the impact of
AF coupling is not uniform across the LF states. In this manner, exchange interactions contribute
to the overall magnetic anisotropy. CASSCF/NEVPT?2 calculations of complex 4 give rise to a
similar pattern of LF states, as evident by the energy-level diagram shown in Figure S21. In this
case, the computed AE1AF value is slightly smaller at 505 cm™.

Inclusion of SOC effects in CASSCF/NEVPT2 calculations of 3 and 4 causes extensive mixing
between the *A’(1) ground state and low-lying 3A”(1) excited state due to their close proximity.
As shown in Figure 11 for 3, the presence of SOC gives rise to six low-energy states within 1000

cm™!'. The two lowest-energy states are separated by only 17 cm™! (8; in Figure 11), while a third
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lies at 188 cm™! above the ground-state (52). Calculations of complex 4 provided similar 8- and
S2-values of 26 and 226 cm™!, respectively. These computational results provide a helpful
framework for interpreting the experimental magnetic and spectroscopic data presented above.
Specifically, we can now assign the zero-field transition observed at 117 and 130 cm™' in FIRMS
spectra of 3 and 4, respectively, to the 02 splitting in Figure 11. The CASSCF/NEVPT2
calculations overestimate the size of the zero-field transition by ~50% but correctly predict the
modest increase in &2 from 3 to 4.

As noted previously, the ZFS model must be applied cautiously to complexes like 3 and 4 with
low-lying LF states. Nevertheless, to a rough approximation, the three lowest-energy states
correspond to the |S, ms) = |1, £1) and |S, ms) = |1, 0) components of a classical S = 1 system with
D < 0. Following this assumption yields the ZFS parameters reported in Table 1. The computed
D-values are larger in magnitude than those extracted from the magnetic susceptibility data,
suggesting that the energy of the lowest excited state is underestimated (i.e., the computed values

of AE\™F are too low). Despite this, the CASSCF/NEVPT?2 results are fully consistent with the

large and negative anisotropy observed experimentally for 3 and 4.
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Figure 11. Energy-level diagram illustrating the zero-field splitting of the *A’(1) ground state and
3A"(1) excited state of 3 due to SOC. Relative energies were obtained by applying the effective
Hamiltonian approach to the CASSCF/NEVPT2 wavefunction.
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D.3. Quantum chemical calculations of [Co'(*"2Tp)(L%Nio)] [5]*. FIRMS and HFEPR
studies of complex 5 revealed a strongly rhombic D-tensor (E/D = 0.33) and an inter-Kramers
splitting of A = 46 cm™!, roughly half the magnitude of the A-value measured for 1. The X-ray
crystal structure of 5 features two symmetry-independent Co(II) complexes (labeled 5-A and 5-B)
in the unit cell. The geometries of 5-A and 5-B are quite similar and each lies nearly halfway
between the spy and tbp limits. CASSCF/NEVPT2 methods were applied to both structures. As
summarized in Table S6, the 5-B structure yields computed D- and E-values (=21 and =5.9 cm ™!,
respectively) in excellent agreement with the experimental values of D =—-18.8 and £ =-6.26 cm™~
! obtained by HFEPR and D = —29.6 cm™ obtained by dc magnetic susceptibility. However, the
D-value of =57.4 cm™! calculated for 5-A is considerably more negative. These results suggest
that minor changes molecular geometry can have a major impact on ZFS parameters.

The smaller magnetic anisotropy of 5 can be attributed to the arrangement of its three
pseudoequatorial N-donor ligands (N2, N4, and N6 in Figure 1, right). As described above, 1 and
2 exhibit idealized Cs symmetry with equatorial bond angles near 95°, 130°, and 130° (Table S2).
In contrast, the three equatorial angles of 5-B display quite different values of 96.6°, 118.9 °, and
138.6 ° (similar angles are observed for 5-A; see Table S3). The loss of mirror-plane symmetry
causes extensive mixing among the dx./dy, and dxy/dx2y2 orbitals, which increases the rhombicity
of the molecular D-tensor. Although the energy of the first excited state remains rather low at
2130 cm™! for 5-B, the magnitude of its contribution to axial ZFS is sharply reduced. Thus, for
this series of Co(II) complexes, it appears that negative magnetic anisotropy is diminished by loss

of any molecular symmetry (in this case the mirror plane).

IV. Conclusions

The development of inexpensive magnetic materials requires the ability to finely tune the spin-
states and magnetic anisotropy of transition-metal complexes through ligand design and
modification. In this study, we have examined the geometric structures, magnetic properties, and
spectroscopic features of a series of pentacoordinate Co(II) complexes (1-5; Scheme 1) prepared
with redox-active ligands in multiple oxidation states. X-ray crystallographic analysis showed that
each complex consists of a high-spin Co(II) center in a distorted tbp coordination geometry formed
by the bidentate LXY and facially-coordinating Tp™? ligands. Magnetic susceptibility studies

determined that the S = 3/2 ground-states of 1 and 2 possess negative (easy-axis) anisotropy. The
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axial ZFS term (D) is sensitive to subtle changes in ligand structure, as evident by the two-fold
increase in magnitude when the phenolate O-donor of 1 is replaced with the thiophenolate S-donor
of 2 (Table 1). The two complexes with o-(imino)semiquinonate ligands (3 and 4) feature S = 1
ground states due to antiferromagnetic cobalt-radical exchange interactions.  Magnetic
susceptibility experiments of 4 indicate that the S =2 excited state is partially occupied at elevated
temperatures and data fitting yielded an exchange coupling constant of J = =121 cm™' (=2J
formalism). Although it was not possible to exactly quantify the J-value of 3, the upper limit was
established at =300 cm™!, indicating that cobalt-radical exchange interactions are considerably
stronger for 3 than 4.

By taking advantage of recent advances in far-infrared magnetic spectroscopy (FIRMS), we
were able to directly measure the zero-field splittings of complexes 1-5. FIRMS data of the three
S = 3/2 complexes (1, 2, and 5) reveal a single magnetic absorption that arises from the inter-
Kramers transition, ms = [+3/2) = |+1/2) = A. The A-values of 84.7 and 161.2 cm™' measured at
zero field for 1 and 2, respectively, are consistent with the large D-values extracted from the
magnetic susceptibility data. Parallel HFEPR studies of 1, 2, and 5 yielded complete sets of spin-
Hamiltonian parameters, which are listed in Table 1. These results demonstrate that two-electron
oxidation of the ligand (from LONto LONBq) is accompanied by a decrease in axial anisotropy
and an increase in rhombicity (E/D ratio). In addition, the use of FIRMS proved critical in
measuring the ZFS of the two § = 1 complexes, which are EPR-silent even at high frequencies.
Complexes 3 and 4 each exhibit a single absorption at 117.5 and 130 cm™', respectively, that
corresponds to the |D + E| transition of a S = 1 system. While it was not possible to deconvolute
the axial and rhombic ZFS terms (a difficulty inherent to triplets with large rhombicity), the
collective results indicate that the D-values of 3 and 4 lie between =100 and =130 cm™!. To the
best of our knowledge, this study represents the first application of FIRMS to transition-metal
complexes with ligand-based radicals.!!*!2-12! The anisotropies of 1 and 2 are considerably larger
and more negative than those previously reported for five-coordinate Co(II) complexes (Tables S7
and S8), as well as those reported for related four-coordinate Co(II)-X complexes supported by
Tp ligands (X = CI-, NCS-, NCO-, N;37)."”? Based on quantum chemical calculations that
employed the multiconfigurational CASSCF/NEVPT2 approach, we ascertained that the sizable
D-values of 1 and 2 are due to deviations in the equatorial bond angles from the ideal value of

120°. Specifically, the Tp™? scaffold constrains the equatorial Ntp—Co—Nr, bond angle to ~95°,
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which stabilizes the lowest-energy singly-occupied Co 3d orbital (i.e., the dx2y2 orbital in Figure
8). The energy gap between the ground state and lowest-energy excited state is reduced as a
consequence (Figure 7), triggering an increase in the inter-Kramers splitting due to SOC. The
equatorial distortions are also responsible for the rhombic nature of the spin-Hamiltonian
parameters measured for 1. These conclusions are consistent with previous studies by Mallah and
coworkers, which found that the anisotropies of pentacoordinate Co(II) complexes with tripodal
ligands become more negative and rhombic as the equatorial bond angles deviate from 120°.°1%?
While the large and negative anisotropies of 1 and 2 are promising from the standpoint of SMM
design, the rhombic nature of their D-tensors is likely to diminish performance. Thus, for Co(II)
complexes with tbp geometries, there appears to be a tradeoff between the magnitude of D and
rhombicity. Future efforts in our labs will seek to minimize the E-values of Tp-based Co(II)
complexes while maintaining the large, negative D-values.

The sizable ZFS observed for the S = 1 complexes (3 and 4) arises from a similar set of
electronic and structural factors. However, in these cases, the anisotropy is further enhanced by
exchange coupling between the Co(Il) ion and o-(imino)semiquinonate radical. As illustrated in
Figure 10, these interactions perturb the relative energies of the ligand-field states, further
diminishing the energy gap the ground and first excited states. The high degree of SOC-induced
mixing between these two triplet states gives rise to the large and negative anisotropies of 3 and 4.
Thus, the use of redox-active ligands offers another means for chemists to modulate the spin-states

and ZFS of transition-metal complexes of relevance to magnetic materials.
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Various experimental and computational methods are used to develop magneto-structural
correlations for pentacoordinate cobalt(I) complexes consisting of redox-active ligands in
multiple oxidation states. The magnetic anisotropies of each complex are measured directly using
far-infrared magnetic spectroscopy (FIRMS), and additional electron-structure insights are
provided by magnetic susceptibility and high-frequency and -field electron paramagnetic
resonance (HFEPR). The experimental results are analyzed within theoretical frameworks

provided by density functional and multireference ab initio calculations.
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