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Experimental Part

General considerations: All experiments were carried out under a moisture-free nitrogen or argon
atmosphere by using standard Schlenk or glove box techniques. All solvents were dried by
standard methods and freshly distilled before used. UV-vis spectra were recorded on Lambda 750
spectrometer. Elemental analyses were performed at Shanghai Institute of Organic Chemistry, the
Chinese Academy of Sciences. The temperature-dependent magnetic data for polycrystalline
samples was collected on a Quantum Design MPMP-XL7 superconducting quantum interference
device (SQUID) magnetometer, while the field-dependent magnetization and alternative-current
properties were measured on a MPMS Squid VSM. For the single crystal X-ray structure analyses,
the crystals were each mounted on a glass capillary in perfluorinated oil and measured in a cold N,
flow. The data were collected on Bruker D8 CMOS detectors at 123K. The structures were solved
by direct methods and all refined on F? with the SHELX-2014/2018 software package. The
positions of the H atoms were calculated and considered isotropically according to a riding model.
Commercially available reagents were purchased from Aldrich, Acros or Alfa-Assar, and used
upon arrival. LCo(Tol)! and [Cp,Fe][BPh4]?> were synthesized according to the literature method.
Synthesis of 1: LCo(Tol) (200 mg, 0.35 mmol) and 2,2’-bipyrimidine (26.5 mg, 0.17 mmol) was
placed in a Schlenk flask (100 mL), and toluene (30 mL) was added via cannula. The mixture was
stirred at room temperature overnight. After filtration, the filtrate was concentrated in vacuo to
afford dark brown solid of 1. Yield: 97 mg, 48.5%. X-ray quality crystals were grown by slowly
cooling a warm THF solution to room temperature. Elemental analysis for CgHggNgCoy(%):
Calculated: C 71.33, N 10.08, H 7.98; Found: C 71.64, N 10.32, H 7.97. IR (KBr, cm™'): 685.0,
758.6, 794.1, 1021.5, 1086.6, 1100.0, 1141.0, 1176.6, 1261.1, 1316.0, 1390.6, 1435.9, 1462.2,
1519.9, 2866.0, 2925.5, 2961.0, 3056.9. UV-Vis (THF, nm): 331.

Synthesis of 2: LCo(Tol) (200 mg, 0.35 mmol) and 2,2’-bipyrimidine (26.5 mg, 0.17 mmol) was
placed in a Schlenk flask (100 mL), and toluene (30 mL) was added via cannula. The mixture was
stirred at room temperature overnight. After removel of solvent in vacuo, [Cp,Fe][BPhy] (90 mg,
0.18 mmol) was added, then fluorobenzene (30 mL) was added via cannula and stirred at room
temperature for 1 day. The solution was filtered and the filtrate was then concentrated. Minimum
hexane (2 mL) was added to afford dark brown solid of 2. Yield: 73 mg, 36.5%. X-ray quality

crystals were grown by layering a concentrated THF solution with hexane. IR (KBr, cm™): 669.8,
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682.3, 713.8, 759.5, 759.1, 838.5, 885.7, 935.2, 1127.7, 1163.3, 1278.2, 1355.1, 1437.7, 1463.7,

1558.5, 2872.6, 2932.3, 2969.7. UV-Vis (THF, nm): 328.
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Table S1. Crystal Data and Structure Refinement for 1 and 2¢

1 2
formula C66H88C02N8 C94H] 16BC02N80
formula weight 1111.30 1502.61
crystal system monoclinic Triclinic
space group P21/n P-1
alA 12.577(2) 15.2751(6)
b/A 16.039(3) 16.3305(6)
c/A 15.838(2) 20.2692(7)
aldeg 84.7460(10)
pldeg 105.293(4) 76.3530(10)
yldeg 72.5170(10)
VIA3 3081.9(8) 4685.3(3)
VA 2 2
Pealed/g-em 1.198 1.065
w/mm’! 0.583 0.400
F(000) 1188 1606
crystal size/mm? 0.20x0.15x0.10 0.27x0.25x0.19
0 range/deg 2.242-25.00 2.068-25.0009
index ranges 24<h<14 -18<h<16
-18<k<19 -19<k<14
-18</<18 —24<[<24
collected data 19966 34490
unique data 5405 (Rine = 0.0674) 16458 (Rine = 0.0299)
completeness to 6 99.8% 99.6%
data/restraints/parameters 5405/0/353 16458 /191 /1020
GOF on F? 1.011 1.037
o R, =0.0441 R, =0.0412
final R indices [~20(D)] WR, = 0.0875 WwRy = 0.1017
o R, =0.0786 R, =0.0582
R indices (all data) WwRy = 0.1019 wRy=0.1111
Largest diff peak/hole (e-A-3) 0.303/-0.239 0.268/—0.302

a All data were collected at 123(2) K using Mo K, (A = 0.71073 A) radiation. R, = Y(||Fo| —|F|)/S|F|, wR, =

{ZIW(F? = FPTE[w(FSP11} 2, GOF = {Z[w(Fs® = F2)J/(No — Np)} 2.
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Fig. S1 The fitting result of M-H with giant spin model of 2.
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Fig. S2 The frequency-dependence out-of-phase (y"') AC magnetization susceptibility of 2

with different dc field at 1.8 K.
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Fig. S3 The frequency-dependence in-phase (') AC magnetization susceptibility of 2 under

1.0 kOe in the temperature range of 1.8 — 5.0 K.
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Fig. S4 Cole-cole plot of 2 under 1.0 kOe in the temperature range of 1.8 — 5.0 K.
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Ab initio calculations for complexes 1 and 2

Both of binuclear complexes 1 and 2 have an inversion center, thus only one individual Co!
fragment was calculated, respectively. Complete-active-space self-consistent field (CASSCF)
calculations on individual Co" fragments of the model structures (see Fig. S5 for the calculated
model structure of complexes 1 and 2) extracted from the compounds on the basis of single-crystal
X-ray determined geometry have been carried out with MOLCAS 8.2 program package.? Each
individual Co!" fragment was calculated keeping the experimentally determined structure of the
corresponding compound while replacing the neighboring Co'! ion by diamagnetic Zn'l. In the
calculation of individual Co™ fragment of complex 2, the spin of the central radical was considered
as 0.

The basis sets for all atoms are atomic natural orbitals from the MOLCAS ANO-RCC library:
ANO-RCC-VTZP for Co" ions; VTZ for close N; VDZ for distant atoms. The calculations
employed the second order Douglas-Kroll-Hess Hamiltonian, where scalar relativistic contractions
were taken into account in the basis set and the spin-orbit couplings were handled separately in the
restricted active space state interaction (RASSI-SO) procedure. For the calculation of Col
fragments, active electrons in 10 active spaces considering the 3d-double shell effect (5+57)
include all seven 3d electrons (CAS(7 in 5+57)), and the mixed spin-free states (all from 10
quadruplets and 20 from 40 doublets). Single Aniso* program was used to obtain the energy
levels, g tensors, m; values, magnetic axes, et al, based on the above CASSCF/RASSI

calculations.

Fig. S5 Calculated model structure of individual Co! fragment of complex 1 and 2; H atoms are

omitted.
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Table S2. Calculated zero-field splitting parameters D (E) (cm™') and g (gx, gy, &) tensor of the

lowest spin-orbit state of individual Co"" fragment of complexes 1 and 2 using CASSCF/RASSI

with MOLCAS 8.2.

1] [
D (E) g D (E) g
2.131 2.122
—28.0(2.7) | 2.186 | —292(2.8) | 2.177
2511 2.526

Fig. S6 Orientations of the local magnetic axes of the ground doublet on Co'lions of complexes 1

and

2

using

CASSCF/RASSI with

MOLCAS

8.2.
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The calculated D, E (cm™!) and g tensor (x, y, z) of individual Co" fragments of complexes 1
and 2 using CASSCF/RASSI were listed in Table S2 where the calculated D values of two
complexes are both negative and similar. The calculated orientations of the g tensors on Co'l ions

of complexes 1 and 2 were shown in Fig. S6.
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Estimation of the exchange interactions by BS-DFT calculation

To obtain the isotropic exchange coupling constants .J, Orca 4.0.1 calculations’ were performed
with the popular hybrid functional B3LYP proposed by Becke®7 and Lee et al.® Triple-{ with one
polarization function TZVP%!0 basis sets were used for all atoms, and scalar relativistic
Hamiltonians (ZORA) was used for the scalar relativistic effect in all calculations. For complex 2,
only the nearest neighboring Co''-Radical exchange interactions were considered. The calculated

model structure including one radical and two Co™! was shown in Fig. S7.

Fig. S7 Calculated model structure of the labeled exchange coupling constants for complex 2; H
atoms are omitted.

There is only one type of J between Co! and radicals. The large integration grid (grid = 5) was
applied to Co" for ZORA calculations. Tight convergence criteria were selected to ensure the
results to be well converged with respect to technical parameters. Through calculating the energies
of two spin states: the high-spin state (Sys = Sco1+SRadicaltSco2), the low-spin state (flip the spins on
Radical; Sts = Sco1—Sradica™Sco2), the isotropic Co'-Radical coupling constant J,_z.s Was obtained
as eq. 1 using the spin-projected approach'!-!3 according to the Heisenberg exchange Hamiltonian:
H=-2J¢o_paa(Sco1Sraa + ScozSrad)

J — s~ “Hs (1)

The calculated Co"-Radical coupling constant J¢, z.q using eq 1 is —114.5 em™!, which shows that
the antiferromagnetic interactions between Co!! and radicals are very strong. Ruiz and coworkers'*
showed that self-interaction error within B3LYP-BS approach could overestimate the exchange

coupling constant. And so, they proposed the spin non-projected approach!® combined with
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B3LYP-BS method to evaluate J. They showed that such approach could give more accurate J
values compared to the experiments for a lot of transition metal complexes.'* The isotropic Co'l-

Radical coupling constant J,_z.s Was obtained as eq. 2 using the non-projected approach. !>

E . -E

JCofRad = % (2)

The calculated Co"-Radical coupling constant J¢,.g.q using eq 2 is —=76.3 cm™'.

HS LS

Fig. S8 Spin density distribution map of complex 2 in the high (left) and low (right)-spin state
(blue and green regions indicate positive and negative spin populations, respectively; the

isodensity surface represented corresponds to a value of 0.002 e~ bohr3).
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