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Experimental Section

X-ray crystal structure determination

Single-crystal X-ray diffraction studies were carried out with a Bruker D8 Quest Eco Photon50
CMOS diffractometer equipped with a Mo-K a generator (graphite monochromator, A = 0.71073 A)
at 295(2) and 161(2) K for 1 and 120(2) K for 2 (see Table S1 for full details). Data reduction and
cell refinements were performed using SAINT.! Intensities of reflections were corrected for the
sample absorption using multi-scan methods (SADABS).? The structure was solved using direct
methods and refined anisotropically using weighted full-matrix least-squares on F® with the
SHELXL-2014/7 program.l®® Structure solution resolved the positions of the metals and most of
the CI, O, N and C atoms. The remaining non-hydrogen atoms were located by alternating cycles of
least-squares refinements and difference Fourier maps. Hydrogen atoms were placed at calculated
positions and refined as riding with Uiso(H) fixed at 1.2 Ugq(C). The program Mercury 3.9 was
used for graphics. CCDC 1812294, 1812295 and 1812293 contain the supplementary
crystallographic data for 1 at 161 and 295 K and 2 at 120 K, respectively. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif. Room temperature unit cell parameters for 1, 2 and 3 were

also collected (Table S2) with a four-circle Bruker X8-APEX diffractometer equipped with a Mo-
Ka generator (A = 0.71073 A) and an area detector controlled by Bruker-Nonius X8APEX

software.

Magnetic measurements

Direct current (dc) measurements at ambient pressure were carried out using a Quantum Design
Magnetic Property Measurement System (MPMS) equipped with a Superconducting Quantum
Interference Device (SQUID) magnetometer and a 5 T magnet on a 19.27 mg grinded
polycrystalline sample of 1 pelletized in a Teflon® matrix. The temperature dependence of the
magnetization (M) was followed from 2 to 300 K by applying a 10 kOe field (Hpc) from 300 to 30
K and a 1 kOe field below 30 K to reduce magnetic saturation effects. Molar magnetic
susceptibility (ym) was then evaluated as ym = Mwm/H. The field dependence of isothermal
magnetization, My, at 7.0, 5.0, 3.0 and 1.8 K was measured in applied fields up to 50 kOe. The
response was corrected by the diamagnetic contributions of sample holder, Teflon® and compound
diamagnetism, estimated as —360.96 10° emu mol* from Pascal constants.* Alternating current
(ac) data were collected using a Quantum Design Physical Property Measurement System (PPMS)
susceptometer in the 10-10000 Hz range on 8.66 and 35.28 mg grinded polycrystalline samples of 1
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and 3, respectively, pelletized in a Teflon® matrix. Additional in-field ac data on 3 were also
recorded with the Quantum Design MPMS SQUID magnetometer in the 10-1000 Hz range. The ac
susceptibility data were analysed within the extended Debye model™® in which a maximum in the
out-of-phase component yn” of the complex susceptibility is observed when the relaxation time ¢
equals (2zv) %, The frequency dependence of ym" of the investigated samples at constant T was
fitted using the equation:

™ (@) = (rr — x9)[(w2)* “cos(an/2))/[1 + 2(w2)* “sin(an/2) + (w1)* %] (S1)
where @ = 2zv, yt and ys are the isothermal and adiabatic susceptibilities, i.e., the susceptibilities
observed in the two limiting cases v — 0 and oo, respectively, and « is a parameter that accounts for

a distribution of relaxation times.

Cantilever Torque Magnetometry (CTM) measurements

A single crystal of 1 of volume about 0.5 x 0.5 x 0.5 mm?® was placed on a square acetate foil (Sides
ca. 3 x 3 mm) with Apiezon vacuum grease and its faces were indexed with an SCD Oxford
Xcalibur3 X-Ray diffractometer using a Cu source (Cu-Ko = 1.54060 A). The crystal on the acetate
foil was then placed on a home made two-legged CuBe cantilever, separated by 0.1 mm from a gold
plate. This was inserted into an Oxford Instruments MAGLAB2000 platform with automated
rotation of the cantilever chip and a 12 T vertical magnet. The measurements were performed
rotating the cantilever and recording the capacitance with an Andeen-Hegerling 2500 A Ultra
Precision Capacitance Bridge. For constructive reasons the rotation angle could only range from 0
to 200°, which however already provides redundant angular data due to the 180° periodicity
expected for any anisotropic paramagnetic system. At each temperature (T = 10, 30, 50, 80, 100 and
150 K) the rotation was performed also in zero field in order to correct data for the deflection due to
the mass of both sample and cantilever. The torquemeter was always operated in the linear response
regime and an overall scale factor (dependent on the model applied, i.e. spin Hamiltonian, Griffith
Hamiltonian or MOLCAS-calculated torque data) was refined to account for the sample mass

(about 80 ng), which was impossible to measure with due accuracy.

Electron paramagnetic resonance (EPR) measurements

Continuous Wave (CW) X-band (v ~ 9.4 GHz) EPR spectra of all samples were recorded on a
Bruker Elexsys E500 spectrometer equipped with a SHQ cavity. Low-temperature measurements
were obtained using an Oxford Instruments ESR900 continuous flow helium cryostat. The angular
dependence of single-crystal spectra has been measured in steps of 5° by using a digital

programmable goniometer (ER218PG1, Bruker BioSpin).
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Ab initio calculations

The calculations of the second-order magnetic anisotropy (or zero field splitting, zfs) parameters (D
and E) was carried out with two different software packages, MOLCAS " and Orca,®® using the
experimental geometries as found in the X-ray investigations. We employed MOLCAS (along with
the SINGLE_ANISOF®31% code) to carry out a CASSCF/CASPT2 calculation of the energy states
of 1. After that, the spin-orbit coupling was introduced, as implemented in the SO-RASSI approach,
to mix up these energies and obtaining the final energy states. In these calculations we employed an
all electron ANO-RCC basis set with two different contractions:s****! i) standard, Co (6s5p4d2f),
N (4s3p2d1f, 3s2p for atoms not attached to Co), O (3s2p), C (3s2p) and H (2s), ii) larger, Co
(7s6p4d3f2g), N (5s4p3d2f, 3s2pld for N atoms not attached to Co), O (4s3pl1d), C (3s2p) and H
(2s). Both basis sets were applied only to the molecular structure of 1 at 161 K in order to test the
dependency of the calculated D and E values from the basis set, while standard one was used to
evaluate both structures at 161 and 295 K. In order to improve the convergence of the CASPT2
calculation, the orbitals with small population in the active site (less than 0.1 of the density) were
kept frozen.

The CASSCF/NEVPT2-5] procedure was employed in the calculations with Orca. In this case
all the atoms are described by the standard def2-TZVPP and larger def2-QZVPP basis sets, 585
including the corresponding auxiliary basis sets for correlation and Coulomb fitting. In both sets of
calculations, the active space is formed by the seven d electrons of the cobalt(ll) centre and the 5d
orbitals (7,5), and all the quadruplet (10) and doublet (40) states were taken into account.

The energy order of the 3d orbitals for 1 was computed with Orca in the CASSCF calculation,
employing the Ab Initio Ligand Field method (AILF) to derive the d-orbital energy splitting using
the experimental X-ray structure at 161 K.

Torque values at different temperatures and applied fields for rotations around the different axes
were also computed from the magnetization values extracted from MOLCAS/CASSCF calculation
and application of eq 2 in the main text. The magnetization vector was calculated at 18 rotation

angles every 10°, corresponding to a global rotation of 180°.
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Table S1. Crystallographic data and refinement parameters for 1 (Co) and 2 (Zn) collected with the
Bruker D8 Quest Eco Photon50 CMOS diffractometer.

1(T=295K) 1(T=161K) 2(T=120K)
formula C,6H2Cl,CoN;19015 CyH»Cl,CoN1gO12  CosH22CIN10012ZN0
formula weight 796.36 796.36 802.83
crystal system monoclinic monoclinic monoclinic
space group C2/c (n. 15) C2/c (n. 15) C2/c (n. 15)
crystal description yellow-orange plate  yellow-orange plate colourless plate
crystal size [mm®] 0.30 x 0.16 x 0.12 0.20 x 0.16 x 0.04 0.21 x 0.15x 0.05
a[A] 23.5908(9) 23.5857(14) 23.6567(7)
b [A] 10.5891(4) 10.3842(6) 10.1802(3)
c[A] 15.9727(6) 15.9185(10) 16.0292(4)
£I°] 127.5430(10) 127.542(2) 127.522(1)
VIAY, Z 3163.7(2), 4 3091.2(3), 4 3061.7(2), 4
Peaiea [9 €M7 1.672 1.711 1.742
u[mm™] 0.792 0.811 1.060
T[K] 295(2) 161(2) 120(2)
26hax [°] 51.44 49.48 52.75
collected/indep reflns 15425/3009 17031/2647 17240/3123
Rint 0.0345 0.0396 0.0408
restraints/parameters 0/231 0/231 0/232

Rl, WR2 (I > ZG(I))
R:, WR, (all data)
goodness-of-fit on F?

max./min. residual density [e A~%]

completeness

0.0455, 0.1205
0.0544, 0.1262

0.0381, 0.0902
0.0442, 0.0933

1.059 1.049
0.768,-0.578 0.746, -0.584
0.998 0.995

0.0290, 0.0677
0.0378, 0.0713
1.023
0.372,-0.519
0.998

Table S2. Room temperature unit cell parameters for 1, 2 and 3 collected with the four-circle
Bruker X8-APEX diffractometer.

1 (Co) 2 (Zn) 3 (Cog.05ZN0.05)
formula C26H2,C1,CoN100;5, C26H2,CIoN1001.Z0 C26H22C1,C00,05N 10012210 95
formula weight 796.36 802.83 802.51
crystal system monoclinic C monoclinic C monoclinic C
T[K] 298(2) 298(2) 298(2)
a[A] 23.58(3) 23.66(2) 23.60(3)
b [A] 10.57(1) 10.577(9) 10.561(9)
c [A] 15.97(2) 16.01(2) 15.99(2)
BI°] 127.66(3) 127.66(2) 127.52(2)
Vv [AT] 3151(2) 3171(6) 3161(4)
Fitted/total reflns 395/408 219/248 358/365
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Figure S1. View of the [M(bpp-COOMe),]** cation along b in a) 1 at 161 K, b) 1 at 295 K and c) 2
at 120 K; d) Crystal packing of 1 at low T with the perchlorate positions as representative for all the
structures (colour code: Zn = light blue, Co = azure, Cl = green, O =red, N = blue, C = grey, H =

white or omitted for clarity in the crystal packing).
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Table S3. Hydrogen bonds in 1 at 295 K (A and °).

D—H--A%" d(H-A) d(D--A) <(DHA)
C1-H1--0174#1 2.46 3.291(4) 148.9
C3-H302#2 2.41 3.321(5) 165.7
C6-H6 0242 2.55 3.456(5) 165.0
C8-H8:04#3 2.52 3.367(6) 151.8
C11-H11--04#3 2.34 3.234(6) 160.0
C13-H13--01#4 2.47 3.360(7) 159.8

2 d(D—H) are fixed to 0.93 A; ® symmetry transformations used to generate equivalent
atoms: #1 = x+1/2,~y+1/2,2-1/2; #2 = —x+1/2,~y+1/2,—z; #3 = —x+1/2,y+1/2,—z+1/2,;
#4 = —X,~y,~Z

Table S4. Hydrogen bonds in 1 at 161 K (A and °).

D—H--A%" d(H-A) d(D--A) <(DHA)
C1-H1--017#1 2.46 3.252(3) 147.5
C3-H302#2 2.33 3.261(4) 165.3
C6-H6:02#2 2.50 3.420(4) 164.1
C8-H8:04#3 2.46 3.291(4) 146.1
C11-H11--04#3 2.40 3.284(4) 155.2
C13-H13--01#4 2.47 3.360(7) 159.8

2 d(D-H) are fixed to 0.93 A; ® symmetry transformations used to generate
equivalent atoms: #1 = x+1/2,-y+1/2,z-1/2; #2 = —x+1/2,-y+1/2,—z; #3 = —
X+1/2,y+1/2,—z+1/2; #4 = —X,-y,~Z

Table S5. Hydrogen bonds in 2 at 120 K (A and °).

D-H--A?" d(H-A) d(D--A) <(DHA)
C1-H1--017#1 2.42 3.249(2) 145.2
C3-H3--02#2 2.28 3.208(3) 165.6
C6-H6--02#2 2.48 3.403(3) 163.2
C8-H8:04#3 2.48 3.304(3) 145.1
C11-H11--04#3 2.44 3.336(3) 156.3
C13-H13--01#4 2.51 3.421(3) 160.8

2 d(D-H) are fixed to 0.93 A; ® symmetry transformations used to generate equivalent
atoms: #1 = x+1/2,~y+1/2,2-1/2; #2 = —x+1/2,~y+1/2,-z; #3 = —Xx+1/2,y+1/2,~z+1/2;
#4 = X,-y,-Z
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Figure S2. Experimental data obtained by CTM for the two rotations, Rot1 and Rot2, of 1 at several

temperatures and for different applied magnetic fields.
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Figure S3. Sketch of the information provided by CTM in Rotl when scanning the magnetic field
in the a*c plane. The orientation of the magnetic field is defined by the angle @ which is measured
clockwise from the c axis (at @ = 0° the magnetic field is parallel to c, whereas at 8 = 90° it is

parallel to —a*).

T T T T T T 1
0 100 200 300 400 500 600 700
Fleld (mT)

Figure S4. Comparison of experimental X-band powder EPR spectra of 1 (black trace) and 3 (red

trace), measured at 10 K.
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Figure S5. Dependence of the relative difference between experimental and calculated ge values

(using Griffith model) on Ax/Arm for different & values, assuming A = —180 cm*. The difference is

eff eff
gi,exp - gi,cal

i=1,2,3 eff
gi,exp

reported as log| >

Table S6. Energy differences (cm ™) between ground doublet and excited KDs calculated with spin
Hamiltonian reproducing magnetic data and with Griffith Hamiltonian reproducing EPR spectrum

(see text for more details).

Model 1% exc. 2" exc. 3" exc. 4™ exc. 5" exc.
Spin Hamiltonian 127 -
Griffith Hamiltonian 210 558 819 2334 2380
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Figure S6. Simulation (black lines) of dc magnetic data (dots) of 1 obtained using Griffith
Hamiltonian with parameters reproducing the ges values determined by EPR.
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Figure S7. Simulation (lines, N m mol™), as implemented by a home-written MATLAB code
exploiting EasySpin functions,® of representative CTM data (dots) of 1 obtained using Griffith

Hamiltonian with parameters reproducing the ges values determined by EPR.
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Figure S8. Real component of the ac susceptibility, »u', of 1 measured at 1 kOe applied static field
in the 10-10000 Hz frequency range and in the 1.9(red)-9.5(blue) K temperature range; grey lines
are a guide for the eye.
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Figure S9. a) Real (yu") and b) imaginary (ym") component of the ac susceptibility of 3 measured in
zero applied static field in the 10-10000 Hz frequency range and in the 1.9(blue)-3.2(red) K
temperature range; grey lines are a guide for the eye.
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Figure S10. a) Real (yv') and b) imaginary (ym") component of the ac susceptibility of 3 measured
in 1 kOe applied static field in the 10-1000 Hz frequency range and in the 1.9(blue)-10.0(red) K
temperature range; grey lines are a guide for the eye.
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Table S7. ORCA/CASSCF computed spin-free (5g) and spin-orbit (Ag) state energies (cm ™) for 1.

Spin-free states (6g) and spin  Spin-orbit states (Ag)

0.0

0.0 3/2 196 1
653.5

364.7 3/2 9437
2056.5

1754.6 3/2 2157 4
7223.8

6915.2 3/2 79709
7538.8

7203.4 3/2 7603.9
8097.1

7773.9 3/2 8193 1
14441.4 172 14766.0
15102.0
14719.2 3/2 15110 3
15426.6 172 15754.8
19868.5 172 20074.3
20109.6 1/2 20336.2
20143.2 1/2 20588.6
20693.2 172 21073.3

Table S8. ORCA/NEVPT2 computed spin-free (5g) and spin-orbit (Ag) state energies (cm ™) for 1.

Spin-free states (6g) and spin  Spin-orbit states (Ag)

0.0

0.0 3/2 1794

722.0

467.4 3/2 981.9
2427.2

2165.3 3/2 2518.8
9485.0

9223.8 3/2 9518.0
9872.6

9597.1 3/2 9922.6
10048.7 1/2 10368.4
10614.6
10347.6 3/2 10722.6
11369.4 1/2 11693.0
18183.3 1/2 18373.9
18547.2 1/2 18718.0
18561.3 1/2 18957.1
19359.8
19141.9 3/2 19497 5
19371.2 1/2 19787.1
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Table S9. MOLCAS/CASSCF computed spin-free (8g) and spin-orbit (Ag) state energies (cm™) for
1.

Spin-free states (6g) and spin  Spin-orbit states (Ag)

0.0

0.0 3/2 1951

655.0

368.9 3/2 944 4
2053.9

1751.7 3/2 2154 2
7339.0

7032.8 3/2 7385.4
7655.1

7322.1 3/2 7720 8
8205.6

7883.8 3/2 8300 7
14507.7 1/2 14832.0
14971.8 1/2 15351.4
15453.9 1/2 15358.6
19995.3 1/2 15781.5
20219.6 1/2 20195.9
20259.5 1/2 20451.4
20702.4
20809.7 3/2 21184 8

Table S10. MOLCAS/CASPT2 computed spin-free (8g) and spin-orbit state (Ag) energies (cm™)
for 1.

Spin-free states (6g) and spin  Spin-orbit states (Ag)

0.0

0.0 3/2 1910
648.2

364.6 3/2 928 8
2134.3

1842.7 3/2 2931 3
7579.1

7283.5 3/2 7623.2
7870.2

7539.9 3/2 79416
9115.0

8814.3 3/2 9198 3
12757.6 1/2 13075.5
13810.1 1/2 14132.3
16408.7 1/2 16756.7
18050.3 1/2 16764.3
18707.8 1/2 18398.5
18739.6 1/2 18830.8
19145.9
19102.0 3/2 19513.8
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Table S11. D, E, diagonalized g and D matrices and energy difference between the ground and the
first excited KD (Ag) computed using the structure of 1 at 295 K with different methods and the
standard basis set (see Experimental Section above). For comparison, the first excitation energy (g)

in the absence of SOC for the ground state is also reported.

Method G Oy Gz Dy, Dy, Dz (cm™) D (cm™) Eem™)  As(em™) & (cm™)
ORCA/CASSCF 2.138,1.937, 3.081 48.54, 14.63, -63.17 -94.8 17.0 198.4 352.5
ORCA/NEVPT2 2.134,1.956, 3.010 42.49, 15.63, -58.12 -87.2 134 180.5 463.1

MOLCAS/CASSCF  2.153, 1.958, 3.084 49.11, 13.53, -62.64 -94.0 17.8 197.8 359.4
MOLCAS/CASPT2 2.137,1.958, 3.068 47.02, 14.35, -61.37 -92.1 16.3 192.6 360.6

Table S12. D, E, diagonalized g and D matrices and energy difference between the ground and the
first excited KD (Ag) computed using the structure of 1 at 161 K with different methods and the
larger basis set (see Experimental Section above). For comparison, the first excitation energy (6g) in

the absence of SOC for the ground state is also reported.

Method O Oyys Oz Dxx, Dy, Dz (cm™) D (cm™) E (cm?) Aeem™)  8e(cm™®)
ORCA/CASSCF 2.159,1.944, 3.071 49.61, 13.15, -62.77 -94.2 18.2 198.6 363.4
ORCA/NEVPT2 2.157,1.961, 3.004 43.84,14.04, -57.88 —86.8 14.9 181.1 469.0

MOLCAS/CASSCF  2.159, 1.957, 3.081 49.90, 12.60, —62.50 -93.8 18.7 198.3 354.9
MOLCAS/CASPT2 2.242,1.957, 3.049 55.43,5.94, -61.37 -92.1 24.7 203.1 382.5
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Figure S11. Effect of distortion of the octahedral coordination geometry and spin-orbit coupling on
the energy levels of 1. The energy splitting given in the right panel is scaled with respect to the
energy levels computed by ORCA/NEVPT2 calculation, see Table S8. The first three spin-free
states (dg) correspond to the splitting under C, symmetry of the complex, while the first six SOC

energy levels (Ag) are the final splitting in six KDs.

Figure S12. Orientation of the computed g and D matrices for 1 obtained with the ORCA/NEVPT2

calculation (the orientations with other calculations are practically coincident).
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Figure S13. Experimental (dots) and MOLCAS-computed (lines, N m mol™) torque values for Rotl

at different temperatures and fields.
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Figure S14. Experimental (dots) and MOLCAS-computed (lines, N m mol™?) torque values for

Rot2 at different temperatures and fields.
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