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1. Synthesis and analysis

The compounds were synthesized on air, the commercially available acetonitrile (99%) and 2-
amino-pyridine (2-NH2-Py, 99%) were used without further purification. Compounds [Zn(Piv)2]n
and [Co(Piv)2]n were prepared according to the literature procedures.! Complex [Co(Piv)2((2-
NH2)CsH4N),] was prepared according to the literature procedure.?

The series of complexes [CoxZn-x(piv)2(2-NH2-Py)2] (x = 0.9 0.75, 0.5, 0.25, 0.1, 0.03, 0.01)
was obtained in one way. Mixture of [Co(Piv)]n and [Zn(Piv)2]» was added to the solution of 2-
amino-pyridine in MeCN (weight and amount of samples and solvent volume are given in the
Table S1). The reaction mixture was stirred for 20-30 min at 80 °C, resulting in the formation of
a blue/violet/pale violet/colorless solution. The resulting solution was kept at room temperature
for 3 days. Crystals suitable for X-ray diffraction were separated from the mother liquor by
decantation, washed with cold MeCN (-5°C), and dried in air at 20 °C.



Table S 1. Details of synthesis and analysis for [CoxZna-x(piv)2(2-NHz-Py)2] (1x, x = 0.9 0.75, 0.5, 0.25, 0.1, 0.03, 0.01).

Complex | Weight (g) / amount (mmol) MeCN | Yield | Crystal Elemental Molar ratio
[Co(Piv)a]n | [Zn(Piv)2 | 2-NHp- | (mL) (%) | color analysis, Co:Zn
In Py exp / calc (EDX
analysis)
los 0.3/1.149 | 0.034 /| 0.24 30 ~50 blue C:53.5/53.4 0.028+0.001
0.127 2.55 4 :
H:6.6/6.7 0.003+0.000
N:125/125 | > 03
referred to as
9:1
lo7s 0.232 /]0102 /|0.24 30 ~50 blue C: 53.2/53.3 0.034+0.001
0.888 0.381 2.55 7 :
H:6.7/6.7 0.011+0.000
N:123/124 | 073
referred to as
3:1
los 0.165 /]0170 /| 0.24 30 ~50 violet C:53.1/53.1 0.020+0,001
0.632 0.635 2.55 :
H:6.7/6.7 0.019+0.001
N:123/124 | -0
referred to as
1:1
lo2s 0.1/0.383 | 0.24 /] 0.24 30 ~60 violet C:53.0/52.9 0.011+0.000
0.897 2.55 8 :
H:6.5/6.6 0.028+0.001
N:1247123 | 4709
referred to as
1:3
lo1 0.025 /]0231 /|0.18 25 ~60 pale C:52.9/52.8 0.003+0.000
0.0957 0.863 1.91 violet 8 :
H.6.7/6.6 0.032+0.001
N:124/123 | 87009
referred to as
1:9
loos 0.009 /103/1.12 | 0.218 30 ~70 pale C:52.7/52.7 -
0.034 2.32 violet
H:6.6/6.6
N:12.2/12.3
lo.o1 0.03 /103/1.12 | 0.215 30 ~70 pale C:52.6/52.7 -
0.011 2.28 violet
H: 6.6/6.6




N:12.4/12.3

1o

0.1/0.38

0.072
0.77

/

15

colorless

C:52.6/52.7

H:6.6/6.6

N:12.3/12.3




1.1. X-ray data tables and PXRD data

Single crystals of compounds were obtained from mother liquor. The X-ray data sets for
[CoxZnx(piv)2(2-NH2-Py)2] with x = 0.9, 0.75, 0.5, 0.25, 0.1 and 0 were collected on a Bruker
APEX Il diffractometer equipped with a CCD camera and a graphite-monochromated Mo-K,
radiation source (A = 0.71073 A).2 For compounds [CoxZng-x(piv)2(2-NH2-Py),] (x = 0.25, 0.1
and 0) semi-empirical absorption correction was applied.* The structures were solved by direct
methods and by Fourier techniques and were refined by the full-matrix least squares method
against F? with anisotropic thermal parameters for all non-hydrogen atoms. The hydrogen atoms
of the carbon-containing ligands in the compounds were positioned geometrically and refined
using the riding model. All calculations were carried out with the use of the SHELXL-2014
software packages.” CCDC 1914493-1914498 (for [CoxZng-x(piv)2(2-NH2-Py),] with x = 0.9,
0.75, 0.5, 0.25, 0.1 and 0 respectively) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre. The crystallographic parameters and the refinement statistics are given in Table S 2.

XRPD data of samples were collected using a Bruker D8 Advance diffractometer (CuK,, A =
1.54 A, Ni-filter, LYNXEYE detector, geometry reflection) at RT.



Table S 2 Crystallographic parameters and structure refinement statistics for 1x with x =1, 0.9, 0.75, 0.5, 0.25, 0.1 and 0.

Parameters 11 los 1075 los 1o2s 1o 1o

CCDC 625391 1914497 1914494 1914495 1914496 1914493 1914498

Ref. 2 This work

Empirical formula CoC20Hs0N4 | C00.9Zn0.1C20H | C00.75ZN0.25C20H | C00.5ZN0.5C20H30 | C00.25ZN0.75C20H | C00.1ZN0.9C20H | ZNC20H30N4O4
O4 30N4O4 30N4O4 N4O4 30N404 30N4O04

Formula weight | 449.41 450.05 451.02 452.63 454.24 455.20 455.85

(g-mol )

T(K) 100(2) 150(2) 150(2) 150(2) 150(2) 296(2) 150(2)

Crystal system Monoclinic

Space group P2i/c

a(A) 11.2306(5) | 11.2471(10) | 11.2611(9) 11.2630(19) 11.7904(5) 11.9572(10) | 11.7525(7)

b (A) 23.6445(7) | 23.713(2) 23.7458(18) 23.767(4) 15.0865(6) 15.2563(13) | 15.1377(9)

c A 8.5436(4) 8.5650(7) 8.5582(6) 8.5542(14) 14.2619(6) 14.2673(13) | 14.2554(9)

B (deg) 102.668(4) | 102.580(2) 102.5270(10) | 102.451(3) 114.1650(10) | 113.225(5) 114.1370(10)

v (&) 2213.46(16) | 2229.5(3) 2234.0(3) 2236.0(6) 2314.54(17) 2391.8(4) 2314.4(2)

Z 4 4 4 4 4 4 4




Deatc (g-cm™) 1.349 1.341 1.341 1.345 1.304 1.264 1.308
u (mm™) 0.807 0.835 0.883 0.965 1.012 1.026 1.092
Rint 0.0637 0.0729 0.0813 0.1037 0.0277 0.0340 0.0211
Tmin / Tmax 0.284/0.325 | - - - 0.593/0.745 0.629/0.746 | 0.659/0.746
Omax 25.30 29.47 26.02 25.02 28.28 29.61 28.27
no. of reflns 12893 18439 15491 14729 19571 20964 15079
no. of reflns | 2798 4019 2706 2306 4546 4207 4625
(1>24(1))

GooF 1.016 0.997 0.805 0.794 1.158 0.988 1.023
Ri(1 >20(1)) 0.0415 0.0397 0.0366 0.0492 0.0350 0.0411 0.0308
WR2(l >26(1)) 0.0809 0.0731 0.0540 0.0982 0.0997 0.1027 0.0785
Ri(all data) 0.0777 0.0677 0.0783 0.0987 0.0488 0.0765 0.0418
WR2(all data) 0.0921 0.0725 0.0614 0.1126 0.1061 0.1204 0.0845




Table S 3 Selected bond lengths (A), angles (deg.) and distortion parameters in 1x with x = 1, 0.9, 0.75, 0.5, 0.25, 0.1 and 0.

Parameters 1 1o lo7s los lo2s 1021 1o
high-concentration materials (HCM) low-concentration materials (LCM)
Ref. 2 This work
M-01 (A) 2.065(2) 2.0540(13) 2.052(2) 2.046(3) 1.9764(13) | 1.965(2) 1.9660(12)
M-02 (A) 2.305(2) 2.3239(13) 2.353(2) 2.380(3) 2.701(2) 2.734(2) 2.7635(14)
M-03 (A) 2.084(2) 2.0761(12) 2.076(2) 2.070(3) 1.9995(12) | 1.986(2) 1.9871(11)
M-04 (A) 2.207(2) 2.2154(13) 2.228(2) 2.237(3) 2.4826(14) | 2.545(2) 2.5266(13)
M-N1 (&) 2.085(2) 2.081(2) 2.084(2) 2.085(3) 2.063(2) 2.066(2) 2.0622(14)
M-N3 (&) 2.105(2) 2.101(2) 2.091(2) 2.096(3) 2.044(2) 2.047(2) 2.0389(14)
c0 ) 1.254(3)- 1.252(2)- 1.251(3)- 1.244(5)- | 1.240(2)- 1.233(3)- 1.232(2)-
1.279(3) 1.281(2) 1.280(2) 1.283(5) 1.277(2) 1.275(3) 1.283(2)
01-M-03 (deg.) 145.49(8) 145.12(5) 144.91(7) 144.68(12) | 129.80(6) 129.59(7) 127.93(5)
01-M-04 (deg.) 95.69(8) 95.67(5) 95.76(7) 95.77(11) | 88.19(5) 89.34(7) 87.47(5)
02-M-03 (deg.) 93.42(7) 93.95(5) 93.73(6) 93.73(11) | 84.57(5) 85.52(6) 83.67(5)
02-M-04 (deg.) 94.00(7) 93.10(5) 92.60(6) 91.84(10) | 82.79(5) 83.40(7) 81.71(5)
N1-M-N3 (deg.) 95.01(9) 95.10(6) 95.46(8) 95.83(13) | 105.28(6) 104.68(8) 105.96(6)




0-C-O (deg) 119.3(3), 118.8(2), 119.4(2), 119.8(4), 120.0(2), 120.0(2), 120.5(2),
9. 120.0(3) 119.8(2) 120.3(2) 120.3(4) 121.8(2) 121.6(2) 122.4(2)
0..N* (A) 2.927(4), 2.929(2), 2.935(3), 2.938(5), 2.863(2), 2.876(3), 2.864(2),
2.941(4) 2.938(2) 2.937(3) 2.939(5) 2.947(2) 2.955(3) 2.953(2)
O...H* (A) 2.10, 2.14 2.13, 2.15 2.13,2.16 2.14,2.16 2.03,2.17 2.20, 2.06 2.04,2.17
O-H-N* (deg.) 157, 159 161, 166 161, 167 168, 170 147, 156 147, 158 147, 156
0..N'(A) 2.926(3), 2.937(2), 2.936(3), 2.945(5), 2.859(2), 2.871(3), 2.848(2),
2.964(3) 2.971(2) 2.965(3) 2.956(5) 2.927(2) 2.934(3) 2.917(2)
O...H'(A) 2.06, 2.13 2.14, 2.15 2.14,2.17 2.15, 2.19 2.00, 2.07 2.10, 2.03 1.99, 2.06
O-H-N"(deg.) 162, 169 164, 173 160, 175 158, 171 163, 166 163, 166 163, 166
Geometr of | MN2Os, MN204, MN20s4, MN2Os4, MN:O3, MN,O, MN:O2,
olvhe dr)(;n (So(P))’ Octahedron Octahedron Octahedron Octahedron | Tetrahedron | Tetrahedron Tetrahedron
poly Q (4.116) (4.200) (4.217) (4.282) (1.191) (1.068) (1.035)

* Intramolecular H-bond

" Intermolecular H-bond (symmetry operations for 1x (x = 0.9, 0.75, 0.5) are -x+1, -y+2, -z+3 and X, -y+3/2, z-1/2; symmetry operations for 1 (x =
0.25, 0.1, 0) are X, -y+1/2, z-1/2; X, -y+1/2, z+1/2)

i Distortion of the MXn coordination polyhedron was characterized by SQ(P) value, which measures the deviation of its shape from the ideal
symmetry. The analysis performed with SHAPE 2.1 software.5’
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Figure S 1.(a) Concentration dependence of the metal-ligand bond lengths for 1x with x = 1, 0.9, 0.75, 0.5, 0.25, 0.1 and 0, and
corresponding structures of 11 (b) and 1o (c) in ball-and-stick representation. Metal ion: teal, O: red, N: blue, C: gray, H and
counterion omitted.
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Figure S 2. Powder XRD pattern for compound 11: [Co(piv)2(2-NH2-Py)2] (4. = 1.541 A).
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Figure S 3: Powder XRD pattern for compound los: [C009Zno.1(piv)2(2-NH2-Py)2] (4 = 1.541 A).
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Figure S 4. Powder XRD pattern for compound Lo.7s: [C0o.7sZNo.2s(Piv)2(2-NH2-Py)2] (4 = 1.541 A).
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Figure S 5. Powder XRD pattern for compound los: [CoosZnos(piv)2(2-NH2-Py)2/ (& = 1.541 A) and results of data analysis
taking into account two phases.

12



[Co,,.ZN, . (PiV),(2-NH -Py) ]

0.25

calculated for [Zn(piv)2(2-NH2-Py)2]

n N Y I
) ke

T T T T T T T T 1

10 20 30 40 50
20, deg.

Figure S 6. Powder XRD pattern for compound Lo.2s: [C00.2sZn0o.75(piv)2(2-NH2-Py)2] (2 = 1.541 A).
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Figure S 7. Powder XRD pattern for compound Lo.1: [Coo.1Znoo(piv)2(2-NH2-Py)2/ (4 = 1.541 A).
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Figure S 8. Powder XRD pattern for compound 1o.0s: [C00.03Zno.g7(piv)2(2-NH2-Py)2] (2 = 1.541 A).
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Figure S 9 Powder XRD pattern for compound loo1: [C00.01Zno.ga(piv)2(2-NH2-Py)a/ (4 = 1.541 A).
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1.2. Mid-IR spectra and spectral bands assignment
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Figure S 10. IR spectra of 11 and 1o.
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Figure S 11. IR spectra of 11, 1os, and lo.
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Figure S 12. IR spectra of 11, 1o, and 1o.7s.
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Figure S 13. IR spectra of 1o, lo.1, 1003, 1o.1,and Lozs.
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Table S 4 The assignment of IR spectral bands for 11 and 1o

1; 1o
Vas(N-H(NH2)) 3420 | 3411
vsym(N-H(NH3)) 3337 | 3339
v (additional combined frequency) | 3226 | 3204
vas (C-H) 2959 | 2958
2930 | 2928
vsym (C-H) 2901 | 2903
2867 | 2868
d(N-H(NH>)) 1642 | 1656
v (C=N and C=C) 1618 | 1624
vas(N-H(NH>)) 1565 | 1598
1571
vas(COO) 1537 1562
1499
v (C=N and C=C) 1482 1478
das(CH3) 1449 | 1452
Vsym(COO-) 1419 1400
1376 | 1360
SSym(CHB) 1358 1351
1335 | 1333
d(C-H, aromatic ring) 1267 | 1269
v(C(CHz)3) 1224 | 1219
1006 | 1003
d(C-H, aromatic ring) 897 902
893
806 790
790 780
8(CO0) 768 769
742 743
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2. THz-EPR
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Figure S 14. THz-EPR spectra of 11. Shown are MDS spectra obtained by dividing a spectrum measured at Bo -1 T by a spectrum
measured at Bo. Data (black lines) is rescaled for better visibility and offset according to Bo. Simulations with Eq. 1 and
D=36.7cm*E = 45cm?, g, = 2.53, g, = 2.21 are shown as red lines. Calculated transition energies for magnetic field
applied along the principal axes x, y, and z of Eq. 1 are shown as gray dashed, dotted, and solid lines.
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Figure S 15. Raw spectra used to obtain the spectra shown in Figure S 14.
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Figure S 16. Temperature dependent THz-EPR spectra of 11. Shown are MDS spectra recorded at the indicated temperatures.
Data is offset for clarity. The vertical line is a guide for the eye following the maximum in the MDS spectra.

In the following plot the MDS spectra are shown with the raw spectra as measured. Apart from
the magnetic feature at 75 and 49 cm?, variations in the MDS are due to vanishing transmitted
radiation intensity. The variations in the MDS at 36 cm™ is due to 50 Hz noise and its position in
the spectrum can be changed by adjusting the scanner velocity, which was 20 kHz for the here
shown spectra.
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Figure S 17. THz-EPR spectra of 1og. In the upper plot the MDS are shown and in the bottom plot the raw spectra used for the
construction of the MDS are shown.
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Figure S 18. THz-EPR spectra of 1o.7s. In the upper plot the MDS are shown and in the bottom plot the raw spectra used for the
construction of the MDS are shown.
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Figure S 19. THz-EPR spectra of 1os. In the upper plot the MDS are shown and in the bottom plot the raw spectra used for the
construction of the MDS are shown.
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Figure S 20. THz-EPR spectra of 1o.2s. In the upper plot the MDS are shown and in the bottom plot the raw spectra used for the
construction of the MDS are shown.
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Figure S 21. THz-EPR spectra of 1o1. Shown are MDS spectra obtained by dividing a spectrum measured at Bo -1 T by a
spectrum measured at Bo. Data (black lines) is rescaled for better visibility and offset according to Bo. Simulations with Eq. 1
and D = -23.9cm™, E =3.1cm?, g, =2.25, g;, = 2.38 are shown as red lines. Calculated transition energies for magnetic field
applied along the principal axes x, y, and z of Eq. 1 are shown as gray dashed, dotted, and solid lines.
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Figure S 22. Raw spectra used to construct the MDS spectra shown in Figure S 21.
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Figure S 23. THz-EPR magnetic field division spectra for LCM (1o2s and 1o1; blue lines) and HCM (11, log, 1o7s and los; red
lines). Dashed vertical lines are a guide for the eye and mark 4 = 75 cm™ and 4 = 49 cm™. THz-EPR magnetic field division
spectra (MDS) were achieved by dividing spectra measured at an external magnetic field B =0T by a reference spectrum
measuredat B =1T.
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3. CW X-Band EPR

Continuous-wave X-Band EPR experiments were performed on 11, 1o, lo7s, los, lo.2s, 1o.1, 1o.03,
and 1o.o01. Experiments were performed at a temperature of 10 K and a microwave frequency of

9.69 GHz.

X-band EPR
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Figure S 24 Overview of X-Band EPR experimental results. In the middle panel (b) the experimental spectra are shown, with
those of LCM and HCM in blue and red, respectively. In panels (a) and (c) schematic energy diagrams for LCM (a) and HCM (c)
are shown. The splitting with magnetic field is depicted for magnetic field applied parallel to the main anisotropy axis (solid
black lines) and perpendicular to it (black and gray dashed lines). X-Band EPR transitions within the ground-state duplet are

indicated by blue/red bars.
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An overview over the experimental results is shown in Figure S 24. The spectra of HCM were
observed as quite similar with three observed EPR lines at roughly 115, 170, and 325 mT.
Spectra of LCM differed substantially from that. Although they differ significantly in shape and
to which extent hyperfine lines could be resolved, they might be summarized as all revealing
three EPR lines at fields of approximately 100, 745 and 875 mT. Taking into account that A is
much larger than both the temperature and the microwave energy, the observed EPR lines can be
assigned to transitions in the ground state duplet. First, the observation of three lines, for both
HCM and LCM, indicate that each has a non-vanishing rhombicity, i.e. E # 0. Furthermore,
from the resonance fields we can infer the ground state duplet and thereby the anisotropy. The
corresponding energy diagrams with resonance fields are shown in Figure S 24. For a half-
integer spin system with easy-plane anisotropy applying a field in that plane results in large
energy splittings and subsequently low resonance fields. The minimum spin projection along the
hard axis is non-vanishing. In fact, it is the same as for a single free electron and therefore the
third, and highest, resonance field is closer to that expected for a free electron. On the contrary
for a system with easy-axis anisotropy, applying a field along that direction lead to a low
resonance field. Applying a field perpendicular to this axis lead to quite large resonance fields.
Therefore, it is straightforward to assign HCM to easy-plane and LCM to easy-axis anisotropy.
After this qualitative analysis, we analyze the data more thoroughly in four steps. First, the
individual spectra are analyzed with an effective S’ = 1/2 model. This model solemnly relies on
the X-Band EPR results (although it is only meaningful and successful if A is much larger than
both the temperature and the microwave energy). The thereby obtained effective g’ parameters
can be compared to, e.g., ab initio results (see Table S 10). Second, an S = 3/2 model will be
used, with A fixed to the value obtained by THz-EPR. Third, we test whether a single set of
parameters can be used for all LCM and HCM, respectively. Finally, we probe the effect of a
rhombic g tensor on the spectrum of 1o.0:.

3.1. Effective S” = %2 model
ﬁl/Z = upBy - diag (g’x,g’y,g’z) -8+ LA,,S, (S1)

Table S 5: Best-fit parameters of X-band EPR spectra with the above given Hamiltonian in the effective S’ = % model. Iwpp and
g-strain describe line-broadening mechanism, with the former a uniform Gaussian broadening resulting in a peak-to-peak
distance of lwpp in the simulated derivative spectrum and the latter an isotropic Gaussian broadening in the three g factors. Az
describes the hyperfine interaction with the | =7/2 %°Co nuclei (the last term in the above Hamiltonian, further components of the
hyperfine tensor could not be resolved and are neglected henceforth). rms is the square root of the mean of the squared
deviations between simulation and experiment. It was not feasible to fit the spectrum of 1o.1 with least-squares fitting techniques,
therefore the fitting was performed manually.

Sample g, g'y g, Iwpp / mT g-strain A, I MHz | rms

1o.01 0.93 0.79 7.03 1 0.036 235 0.0968
10.03 0.95 0.80 6.95 2 0.07 235 0.1782
o4 0.93 0.82 6.85 4 0.09 235 0.1730
1o.2s 0.87 0.87 7.15 20 0.17 - 0.1736
1os 5.89 4.09 2.11 28 - - 0.0287
lors 5.57 4.08 2.10 37 - - 0.0209
1oy 5.94 4.30 2.10 40 - - 0.0564
1; 5.88 4,11 2.11 44 - - 0.0334
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Figure S 25: Experimental X-Band EPR spectra (black lines) compared to simulations (red lines) with best-fit parameters in the

effective S’ =% model. The parameters are given in Table S 5.
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3.2. S =3/2 model
In the following fits with Eq. 1 of the main text are used. In this fits 4 was fixed to the values
obtained from THz-EPR experiments. Hyperfine interactions with the I =7/2 %°Co nuclei (when
resolved) are described by the following Hamiltonian:

ﬁHFI = izAzzgz (82)

Table S 6: Best-fit parameters of X-band EPR spectra with eq 1. of the main text in S = 3/2 model. lwpp and E-strain describe
line-broadening mechanism, with the former a uniform Gaussian broadening resulting in a peak-to-peak distance of lwpp in the
simulated derivative spectrum and the latter an isotropic Gaussian broadening in the E parameter. A,, describes the hyperfine
interaction with the 1 =7/2 %Co nuclei. rms is the square root of the mean of the squared deviations between simulation and
experiment. For the samples lo2s, lo1, loos and looi the values of g, were fixed at 2.25. The samples showing most resolved
experimental spectra among HCM and LCM (105 and 1o.01) and corresponding simulation parameters are highlighted.

Sample g, g, |D/cm* | |E[/cm™ |lwpp/mT | E-strain | A,, /|rms
/ cmt MHz

1o.03 2.25 2.36 | -23.86 3.22 2 0.27 80 0.1837
lo1 2.25 2.35 | -23.80 3.33 4 0.50 80 0.1645
1oas 2.25 244 | -23.91 3.12 18 0.57 - 0.1675
lors 2.43 2.17 | 36.90 3.84 37 - - 0.0202
loo 2.65 2.23 | 36.43 5.16 42 - - 0.0440
1; 2.54 2.21 | 36.63 4.64 42 - - 0.0317
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Figure S 26: Experimental X-Band EPR spectra (black lines) compared to simulations (red lines) with best-fit parameters in the

J\/\// experiment
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S = 3/2 model. The parameters are given in Table S 6.
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3.3. Generalized Parameters
As generalized parameters for HCM and LCM we chose those of los and loo:.The only
remaining adjustable parameters are those describing the linewidth. Overall comparison is shown
in Figure S 27. Detailed comparison for each sample is shown in Figure S 28.
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Figure S 27: X-band EPR spectra of LCM (Lo2s, o1, loos and looz; blue lines) and HCM (11, los, lo.7s and los; red lines) and
corresponding simulations (green lines). Experimental parameters of the spectra are mentioned in the main text. HCM spectra
were simulated using the following EPR parameters: D = 36.66 cm™, E = 4.53 cm™, g, = 2.53, gy, = 2.21. EPR parameters for
simulation of LCM spectra were the following: D = -23.89 cm™, E = 3.14 cm™, g, = 2.25, gy, = 2.38. Linewidth and E-strain
were varied to fit the experimental spectra.
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Figure S 28: Experimental X-Band EPR spectra (black lines) compared to simulations (red lines) with best-fit parameters in the
S = 3/2 model. The parameters are given in Table S 6. In blue are simulations with the generalized parameter sets shown.
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3.4. Simulation of experimental EPR spectrum of 1¢.01 with S=3/2

model assuming axial and rhombic g-tensor

10.01

experiment

simulation with axial g-tensor
simulation with rombic g-tensor

0 200 400 600 800 1000
Magnetic field / mT

Figure S 29: Experimental and simulated spectra of loo:. Simulations with axial g tensor (red line) use the following
parameters: S = 3/2, g = diag(2.25, 2.25, 2.38), D = - 23.89 cm?, |E| = 3.14 cm™!, E-strain = 0.18 cm™, A,,= 80 MHz and an
additional Lorentzian line broadening with 1 mT FWHM. Simulations with rhombic g tensor (blue line) use the following
parameters: S =3/2, g = (2.15, 2.20, 2.38), D =-23.85cm™, |E| = 3.23 cm?, E-strain = 0.13 cm?, 4,,= 80 MHz and an

additional Lorentzian line broadening with 1 mT FWHM.
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4. AC Susceptibility

AC magnetic susceptibility data was collected on a Quantum Design MPMS-XL SQUID
magnetometer on finely ground polycrystalline powders (~20 mg) in the temperature range of 2 -
5 K under a DC field of 0.2 T and an AC field of 0.35 mT oscillating in a frequency range of 0.1
- 1500 Hz.

0,21 -
o /.\. —=— 1 Hz
0.18 1 e 10 Hz
p % 20 Hz
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S | \ % ¢ 150 Hz
%/ 0,12 - | a\ 300 Hz
£ ’ \ . 750 H
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:\ H‘ ‘/‘r B = L3 '\l*l\\.
= 0064 | * {y o N
| % NN
[ /’ o a
0034 | . * S
loe 3
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T T T T T T T T
0 200 400 600 800

dc magnetic field / mT

Figure S 30. Out of phase component y" of the AC magnetic susceptibility of 107 as function of the DC magnetic field for various
AC frequencies measured at a temperature of 2 K.

First experiments on 1075 revealed that, in the absence of a DC magnetic field, unfortunately no
significant out-of-phase susceptibility ¥" could be detected even at the highest frequencies and
lowest temperature. However, under an applied DC field clear out-of-phase susceptibility ¥" was
detected (see Figure S 30). For the further experiments we chose the DC magnetic field with
maximum y" at 10 Hz, i.e. 200 mT. In Figure S 31 the in-phase y' (left) and out-of-phase y"
(right) components of the AC magnetic susceptibilities measured at different temperatures and
an applied DC field of 200 mT are shown as function of AC frequency v. In the whole section
the data is normalized to one mol of Co molecules.
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Figure S 31. In-phase y' (left) and out-of-phase x" (right) components of AC magnetic susceptibility as function of frequency v of
11, loo, lo7s, los, lozs, and lo1 (from top to bottom) at the indicated temperatures and an applied DC field of 200 mT.
Simultaneous fits of y'(v) and x"(v) with the generalized Debye model are shown as solid lines.
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Under an applied DC field of 200 mT clear y" could be detected for all samples at all
temperatures and for most temperatures even a clear maximum was observed. For further
analysis we used the generalized Debye model to extract relaxation times T,

N
W) = g0+ Z( ) 1+ 2rvr,)t" % sin(ra,/2) )
XV = Ko ] An = Xn-1)7 + 2(2nvt,) % sin(ra, /2) + (2nvt, )220’
n=
§ (2nvt,)t ™% cos (%)
X (V) = Z(Xn - Xn—l) 1 - o 2 ) (S4)
n=1 1+ 2Q2nvt,)t % sin (T) + (2mvt, )2~ 200

with y, the isothermal magnetic susceptibility. Equations S1 and S2 include N relaxation
processes with corresponding adiabatic magnetic susceptibility y,, relaxation time t, and
distribution parameter «,,. For 1o2s and 101 N = 1 was sufficient. In order to obtain excellent fits
we used N = 2 for 11, 1og, lo7s, and 1los. While it significantly improved the fit quality, it turned
out that the parameters for n = 2 could not be reliably obtained from our data. Therefore we will
use only those for n = 1 for further analysis. The best-fit parameters are summarized in Table S7.

Table S7: Best-fit parameters to the generalized Debye model

relaxation times 71 (s):
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T, K 1; 1o, 1075 T, K 1os T, K 1o2s 104
2 0.00712 0.0113 0.0194 2 0.0180 2 0.0900 0.0992
2.5 0.00364 0.00687 0.0116 2.25 0.0125 2.25 0.0638 0.0718
3 0.00175 0.00307 0.00441 2.5 0.00923 2.5 0.0348 0.0377
3.5 7.14E-4 0.00113 0.00135 2.75 0.00640 2.75 0.0175 0.0182
3.75 4 55E-4 6.643E-4 | 7.50E-4 3 0.00373 3 0.00815 0.00805
4 2.89E-4 3.97E-4 4.33E-4 3.25 0.00215 3.25 0.00347 0.00337
4,15 2.23E-4 2.93E-4 3.18E-4 3.5 0.00117 3.5 0.00144 0.00137
4.3 1.70E-4 2.22E-4 2.33E-4 3.75 6.87E-4 3.75 5.83E-4 5.30E-4
4.45 1.30E-4 1.65E-4 1.75E-4 4 3.97E-4 3.9 3.34E-4 3.13E-4
4.6 1.03E-4 1.26E-4 1.32E-4 4.15 2.92E-4 4.05 1.95E-4 1.97E-4
4.75 7.89E-5 9.15E-5 9.97E-5 4.3 2.19E-4 4.2 1.13E-4 1.26E-4
49 6.13E-5 7.31E-5 7.62E-5 4.45 1.58E-4 4.35 6.75E-5 8.13E-5

4.6 1.28E-4

4.75 8.61E-5

4.9 6.71E-5

5.05 5.27E-5




(VA

T K 1, log lo7s T K los T K Lo2s o1
2 0.1676 0.1439 0.0970 2 0.1257 2 0.0758 0.0659
2.5 0.0777 0.0730 0.0771 2.25 0.1019 2.25 0.0601 0.0412
3 0.1077 0.0818 0.0441 2.5 0.0863 2.5 0.0527 0.0485
3.5 0.0787 0.0523 0.0284 2.75 0.0813 2.75 0.0408 0.0214
3.75 0.0651 0.0426 0.0201 3 0.0387 3 0.0298 0.0186
4 0.0530 0.0366 0.0229 3.25 0.0674 3.25 0.0248 0.0079
4,15 0.0410 0.0337 0.0138 3.5 0.0037 3.5 0.0277 0.0161
4.3 0,0349 0.0168 0.0076 3.75 0.0204 3.75 0.0210 0.0261
4.45 0.0419 0.0240 0.0122 4 0.0042 3.9 0.0270 0.0287
4.6 0.0241 0.0147 0 4,15 0.0092 4.05 0.0287 0
4,75 0.0299 0.0337 0 4.3 0.0052 4.2 0.0315 0
49 0.0270 0.0174 0.0123 4.45 0.0291 4.35 0.0463 0

46 0

475 100357

49 0.0303

5.05 0

Xo (cm3(mol Co)™):

T K 1 Loo o5 T K 1os T K lo2s o1
2 0.04026 0.03815 0.02276 2 0.02738 2 0.02805 0.01795
2.5 0.02228 0.02129 0.02143 2.25 0.02685 2.25 0.02861 0.01816
3 0.03260 0.03684 0.02119 2.5 0.02753 2.5 0.02613 0.01878
3.5 0.03097 0.03481 0.02066 2.75 0.02523 2.75 0.02660 0.01592
3.75 0.03135 0.03339 0.01923 3 0.02578 3 0.02611 0.01459
4 0.03088 0.03295 0.01834 3.25 0.03168 3.25 0.02397 0.01163
4,15 0.03251 0.03265 0.02042 3.5 0.02668 3.5 0.02029 0.01017
4.3 0.03282 0.03680 0.01966 3.75 0.02633 3.75 0.02323 0.00692
4.45 0.02991 0.03527 0.02403 4 0.02846 3.9 0.01540 0.00503
4.6 0.03426 0.03852 0.02178 4.15 0.02432 4.05 0.01228 0.02410
4,75 0.02810 0.02251 0.01034 4.3 0.02835 4.2 0 0.02990
49 0.02863 0.03488 0.02263 4.45 0.01548 4.35 0 0.03979

4.6 0.03776

4.75 0

4.9 0

5.05 0.02313
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x1(cm®(mol Co)™?):

T K 1, Log 1o7s T K 1los T K Lo2s o1
2 0.4707 0.8943 0.6826 2 1.0221 2 0.9741 0.6611
2.5 0.5095 0.6056 0.6275 2.25 0.8316 2.25 0.8853 0.6026
3 0.5715 0.6218 0.5709 2.5 0.7891 2.5 0.7968 0.5429
3.5 0.4997 0.5382 0.5089 2.75 0.7649 2.75 0.7288 0.4964
3.75 0.4707 0.5047 0.4730 3 0.6263 3 0.6664 0.4554
4 0.4468 0.4764 0.4544 3.25 0.6531 3.25 0.6137 0.4229
4,15 0.4327 0.4612 0.4395 3.5 0.5448 3.5 0.5792 0.3929
4.3 0.4200 0.4422 0.4231 3.75 0.5634 3.75 0.5399 0.3675
4.45 0.4082 0.4351 0.4154 4 0.5189 3.9 0.5186 0.3545
4.6 0.3971 0.4182 0.3952 4,15 0.5001 4.05 0.5006 0.3405
4,75 0.3869 0.4112 0.3743 4.3 0.4909 4.2 0.4834 0.3300
49 0.3780 0.3976 0.3849 4.45 0.4838 4.35 0.4689 0.3177
4.6 0.4618
4.75 0.4570
4.9 0.4438
5.05 0.4182
x2(cmi(mol Co)™):
T K 1 Loo o5 T K 1os
2 0.8634 0.9075 0.8889 2 1.0456
2.5 0.7401 0.7512 0.7392 2.25 0.9249
3 0.6052 0.6320 0.6233 2.5 0.8456
3.5 0.5271 0.5493 0.5438 2.75 0.7737
3.75 0.4920 0.5147 0.5070 3 0.7115
4 0.4640 0.4867 0.4786 3.25 0.6562
4.15 0.4423 0.4711 0.4626 3.5 0.6146
4.3 0.4256 0.4593 0.4472 3.75 0.5753
4.45 0.4099 0.4433 0.4339 4 0.5448
4.6 0.4086 0.4330 0.4191 4.15 0.5243
4,75 0.3876 0.4169 0.4082 4.3 0.5051
49 0.3804 0.4079 0.3940 4.45 0.4896
4.6 0.4752
4.75 0.4607
4.9 0.4454
5.05 0.4341
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T2 (S):

T K 1, log lo7s T K Llos
2 0.159 0.637 0.064 2 0.207
2.5 0.013 0.005 0.048 2.25 0.038
3 0.068 0.271 0.032 2.5 0.048
3.5 0.053 0.127 0.037 2.75 0.111
3.75 0.045 0.080 0.014 3 0.006
4 0.045 0.064 0.021 3.25 0.020
4,15 0.008 0.057 0.016 3.5 0.003
4.3 0.0005 0.032 0.006 3.75 0.024
4.45 0.002 0.046 0.011 4 0.006
4.6 0.032 0.016 0.002 4.15 0.003
4,75 0.003 0.080 0.0002 4.3 0.005
49 0.002 0.064 0.016 4.45 0.035
4.6 0.002
4.75 0.048
4.9 0.007
5.05 0.0003
o2:
T K 1 Loo o5 T K 1os
2 0 0 0.13 2 0
2.5 0.52 0.5 0.21 2.25 0
3 0.19 0 0.29 2.5 0.05
3.5 0.12 0.04 0.27 2.75 0
3.75 0.24 0.06 0.42 3 0.3
4 0.17 0.13 0.4 3.25 0
4,15 0 0.2 0.5 3.5 0.3
4.3 0 0.6 0.5 3.75 0
4.45 0 0.2 0.5 4 0.4
4.6 0.2 0.6 0.7 4.15 0.6
4,75 0 0.3 0.8 4.3 0.5
49 0 0.7 0.6 4.45 0
4.6 0.6
4.75 0.2
4.9 0.07
5.05 0.3
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The obtained temperature dependence of t is shown in Figure 2 of the main text. In order to
analyze it further we assumed that relaxation might happen via a direct, a Raman and an Orbach
process.®

Yess

1 -
— =BT +CT"+—e ksT, (5)
T To

where the first term, linear in the temperature T, models a direct process. The second term
describes a Raman process, where the exponent n should be 9 for a Kramers ion like Co'".°
However, lower n are possible if both optical and acoustic phonons contribute.® The least-square
fits were done to the data in the form of In = as function of 1/T. The fit results are summarized in
Table S 8 and the fits are compared to the data in Figure S 32. For the HCM it was sufficient to
include a direct and a Raman process. While for 1; the exponent n had to be included in the fit
and n = 7.6 was obtained, excellent fits were obtained for 19, 1075, and 1os with n fixed to 9.
Including an Orbach process instead of the Raman process lead to reasonable fits, however the
obtained U,r, were more than 3 times lower than the experimentally observed A. Hence, we
could safely exclude this relaxation mechanism for HCM. For the LCM considering only a direct
and a Raman process with fixed n = 9 gave poor results. Including n into the fit gave n of 12.5 to
13. Such high exponent seemed unreasonable to us. Leaving n = 9 fixed and including an Orbach
process resulted in excellent fits with U,, reasonably close to the experimentally observed A.
Indeed, fixing U, to A lead to very similar fits. Presence of an Orbach process means presence
of an energy barrier for thermal relaxation. Hence, we can conclude that the LCM have such a
barrier.
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Table S 8. Best-fit parameter for fits of equation S3 to In t as function of 1/T. Parameters highlighted in the table correspond to
the solid line fit shown in Figure 2 of the main text.

Compound, comments B, stK? C10°stK*® 1/79, 8 Uepr, cM™
Direct + Raman (n=9) 85+8 11.2+0.6 s*K?® — —
1;  Direct + Raman (n=7.6) 66 +3 80 + 10 s-K™® - -
Direct + Orbach 82+7 - (8 +3)-10° 211
loy  Direct + Raman (n=9) 44 +1 8.8+0.1 - —
lo7s  Direct + Raman (n=9) 23.0£0.5 8.23 £0.07 - -
Direct + Raman (n=9) 279+0.8 9.1+0.1 - -
1os
Direct + Orbach 34+2 - (1.7 £ 0.4)-10° 24.4+0.7
Direct + Raman (n=9) [1£2] 11+£2 - -
Direct + Raman (n=9) +
Orbach (Ue is allowed to 4.0+0.2 5.0+0.2 (5 +2)-10%° 46 + 1
lo2s Vary)
Direct + Raman (n=9) +
Orbach (Uer is fixed to A=49 39+0.2 53+0.2 (1.37 £0.04)- 10" | 49 (fixed)
cm™)
Direct + Raman (n=9) [1£2] 112 - -
Direct + Raman (n=9) +
Orbach (Ue is allowed to 3.8+0.2 43+0.2 (5 +2)-10° 39.8+0.9
lo1 vary)
Direct + Raman (n=9) +
Orbach (Ues is fixed to A=49 3.1+04 56+04 (1.3 £0.1)-10" 49 (fixed)

cm™)
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Figure S 32. Relaxation times shown as Int vs. 1/T . Lines correspond to fits with equation S3 and the parameters given in

Table S 8.
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5. Ab initio Calculations

10 quartet and 40 doublet states of the Co(ll) complexes have been calculated using the
CASSCF(7,5)/NEVPT2 method with DKH-def2-TZVP basis set with ORCA 4.1.1. Molecular
structures were taken from X-Ray data without geometry optimization. Two enantiomers are
present in the crystal, for a sake of consistency we have chosen the same type of enantiomers for
all calculations. Irrespective of the Co/Zn ratio always a Co(ll) molecule was calculated,
therefore 1o corresponds to a fictitious Co(ll) molecule in the pure Zn(ll) matrix. Results of
calculations for all available X-Ray structures show only subtle differences inside the HCM and
LCM groups.

Table S 9. Calculated ZFS and spin Hamiltonian parameters D and E as obtained from the effective Hamiltonian in comparison
with the experimentally observed ZFS.

A, cm? D,cm? E/D Experimental A, cm™

1o 42.69 -21.01 0.103 -

1o 44,18 -21.80 0.094 49

lo2s 45.58 -22.48 0.096

los 76.45 37.80 0.087

lo7s 77.30 38.45 0.058 75

1oy 78.28 39.04 0.041

1; 82.00 40.95 0.030

The calculated A are rather close to the experimentally observed ones (see Table S 9). However,
an important difference should be noted. While experimentally, A was observed as almost
identical within the HCM and LCM series, the calculated A is different for each molecule. The
calculated trend in A can be directly linked to differences in bond length between the metal
center and the atoms in the first ligation shell (see Figure S 33). The correlation is particularly
striking for the ligating oxygen atoms. The correlation is less obvious for N, however, the
differences in bond lengths were also much smaller. It was not possible to draw similar
conclusions for the bond angles. The calculated differences clearly exceed the experimental
resolution and uncertainty (better than 1 cm™). However, experimentally A was 75 cm? for all
HCM and 49 cm™ for LCM. The molecular structure refined from X-Ray diffraction spectra are
an average over all molecules within the crystal. Hence, one might argue that the perceived
differences in bond lengths inside the HCM and LCM groups are rather a result of averaging
bond lengths. This would mean the HCM would be a mixture of 1; with a Zn-containing
molecule structurally very close to, but not identical to, 1:. Similarly for LCM a Co-containing
molecule that is structurally very close to 1o would be mixed with 1o. Given that A is usually
extremely sensitive to small changes of the bond length!® and the explanation is in line with
XRD results this seems likely to be the case. However, we would like to stress that although
trends in A are often astonishingly well reproduced by CASSCF/NEVPT?2 calculations an overall
agreement with experiment within 20 % is currently considered as good match.! The calculated
differences are well below that and in fact all calculated values of A fall within this threshold.
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Figure S 33. Calculated 4 (black squares and left y scale) compared to metal-ligand bond length (right y scale) for the first
ligation shell. Each plot shows one particular bond length. For simpler identification of the respective bonds the structure of the
molecules 11 (left) and 1o (right) are shown on the top in ball-and-stick representation. Metal ion: teal, O: red, N: blue, C: gray,
H and counterion omitted.
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Table S 10. Calculated and experimental g-factors of the S = 3/2 model and the effective g’-factors of the lowest Kramers
doublets.

Calculated Experimental

o g2 gs g1 g2 g3 o | o gs g1 g2 g3
1o 2.1514 | 2.1911 | 2.3988 | 0.6194 | 0.7063 | 7.1143 | - - - - -
Loo1 - - - - - - 2.25 2.38 0.93 0.79 7.03
101 2.1508 | 2.1919 | 2.4054 | 0.5674 | 0.6415 | 7.1470 | 2.25 2.38 0.82 0.93 6.85
1o2s 2.1498 | 2.1948 | 2.4155 | 0.5820 | 0.6587 | 7.1727 | 2.25 2.44 0.87 0.87 7.15
los 2.0912 | 2.4620 | 2.4901 | 2.0954 | 4.2182 | 5.5959 | 2.21 2.53 2.11 4.09 5.89
1o7s 2.0903 | 2.4754 | 2.4815 | 2.1237 | 4.4612 | 5.3849 | 2.17 2.43 2.10 4.08 5.57
loo 2.0882 | 2.4746 | 2.4862 | 2.1353 | 4.6078 | 5.2553 | 2.23 2.65 2.10 4.30 5.94
1 2.0858 | 2.4618 | 2.5236 | 2.1473 | 4.7025 | 5.2163 | 2.21 2.54 2.11 4.11 5.88

In contrast to the calculated D and E the calculated A does not rely on the validity of a spin
Hamiltonian approach.

The effective g’ tensor of the ground state doublet is a good indicator for the type of anisotropy.
EPR experiments with hv << A and kgzT « A allow to experimentally determine the principal
values of those effective g’.** These conditions are fulfilled for the here studied molecules.
Corresponding experimental spectra are shown in section 3 of the SI (Figure S 25 and Table S 5)
and the calculated values are summarized in Table S 10. Easy-axis type of anisotropy is
characterized by one high (typically 7 or higher) and two low (1 or even lower) principal values.
The main magnetic axis, i.e. the easy-axis corresponds to the axis of the largest principal value of
the effective g’ tensor.’* The combination of large and small principal values of the effective g’
tensor provides an experimental challenge. To the contrary, the observation of an X-Band EPR
spectrum for Co'' with easy-plane type of anisotropy is straightforward. The principal values
span a range of around 6 to 2 and the axis corresponding to the smallest principal value is the
main magnetic axis, i.e. the hard axis. The principal values of the calculated effective g’ tensors
are compared to experimental results in Table S 10. Qualitatively they agree with the
experimental results, identifying easy-plane type of anisotropy for HCM and easy-axis type for
LCM. The effective g’-tensors are shown for structures 11 and 1o in Figure S 34. In the case of 1;
the tensor is oblate, and the smallest component almost coincides with the pseudo C» axis
(pointing out of the Figure S 34). In the case of 1o, the tensor is prolate, and the main component
almost perpendicular to the pseudo C» axis (~107° with respect to the axis that links M and the
middle of O1 and O3).
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Figure S 34. X-Ray structure of 11 (left) and 1o (right) orientated so that the pseudo-Cz symmetry axis is pointing out-of-plane of
the figure; effective g’-tensor and its components are represented as light blue ellipsoids and vectors, which lengths correspond
to the eigenvalues. Co: teal, O: red, N: blue, C: gray, H atoms are omited.

In the following we discuss the results of 1; and 1o as examples for HCM and LCM in more

details.

The energies of the non-relativistic states are different for 1; and 1o (Table S 11). Spin-orbit
coupling was taken into account via the mean-field approximation, and individual contributions
to the ZFS parameters from each excited state reveal the difference in the nature of the ground
and excited states for the two molecular structures. For 1; the largest contribution to D comes
from the two lowest lying excited states, which are close in energy. Both of them contribute
positively to D and the overall D is positive as well. In contrast for 1o the dominant contribution
is from a single state and negative, as well as the overall D. However, it should be noted that the
contributions of the individual states to D are calculated in a perturbative manner. In contrast, the
actual D is calculated in the effective Hamiltonian approach.*>® Hence the contributions don’t
add up to the actual D, and should be considered as an estimate for guidance.
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Table S 11.Non-relativistic relative energies of the excited states and their individual contribution to ZFS parameters D and E of
the ground quartet state.

1o 1,

25+1 |Energy, cm™ D,cm? |E,cm® [25+1|Energy,cm? |D,cm? |E, cm®
4 3043 -29.0 0.6 4 1362 244 9.0
4 5399 3.9 -1.8 4 1647 19.0 -4.8
4 6932 6.9 0.5 4 8025 -7.6 -1.7
4 7724 -2.0 -1.0 4 8374 -1.3 -0.9
4 9686 -0.3 -0.1 4 9071 0.8 -0.3
4 13408 0.0 0.0 2 11598 0.2 0.0
2 15654 -1.0 0.1 2 12794 -1.2 -1.4
2 17184 -0.4 -0.3 4 16915 0.0 0.0
2 18414 0.0 0.0 2 18309 0.0 0.0
2 19229 0.2 -0.1 2 18757 0.0 0.0
4 19877 0.0 0.0 2 19279 -0.6 0.2
2 20041 0.1 0.0 2 19440 -0.8 -0.4
2 20777 0.0 0.0 2 19757 -0.7 -0.6
2 21594 3.3 -0.1 2 19998 -0.7 0.6
2 22682 -2.0 0.5 4 21683 0.0 0.0
4 22971 0.0 0.0 4 21987 0.0 0.0
4 23355 0.0 0.0 2 22941 -0.2 0.0
2 23493 0.7 0.1 2 23027 0.0 0.0
2 23962 -2.4 -1.2 4 23170 0.0 0.0
2 25070 0.0 0.0 2 23316 -0.1 0.1
2 25137 0.1 0.0 2 25041 3.3 0.0
2 26632 0.1 0.0 2 27326 0.0 -0.1
2 27061 -0.1 0.1 2 27804 0.0 0.1
2 27332 -0.1 -0.1 2 28770 -0.2 0.3
2 28196 -0.1 0.3 2 28777 -0.3 0.0
2 28296 0.0 0.0 2 29029 -0.1 -0.1
2 29633 -0.1 -0.1 2 29543 -0.1 0.1
2 29839 0.1 0.0 2 31080 -0.4 -0.3
2 30152 0.0 0.1 2 31442 0.1 -0.1
2 30669 -0.1 0.0 2 32939 1.3 0.0
2 31734 0.0 0.0 2 33598 -0.1 -0.1
2 31885 -0.4 -0.2 2 34103 -0.2 0.2
2 32216 -0.6 0.2 2 34669 -0.2 0.2
2 33623 0.0 0.0 2 34722 0.0 -0.1
2 34300 0.5 0.0 2 35368 -0.1 -0.1
2 35090 0.0 0.0 2 35564 0.0 0.0
2 36156 0.0 0.0 2 35949 0.0 0.0
2 41689 0.0 0.0 2 42143 -0.1 0.1
2 42073 0.1 0.0 2 42554 0.2 0.0
2 42572 0.1 0.0 2 42954 0.0 0.0
2 43394 -0.1 0.0 2 43785 0.0 0.0
2 43993 0.0 0.0 2 44088 -0.1 0.0
2 44337 0.0 0.0 2 44729 0.0 0.0
2 44842 0.0 0.0 2 45056 0.0 0.0
2 62058 0.0 0.0 2 64050 0.0 0.0
2 62476 0.0 0.0 2 64385 0.0 0.0
2 63948 0.0 0.0 2 65053 0.0 0.0
2 64940 0.0 0.0 2 65264 0.0 0.0
2 66275 0.0 0.0 2 65853 0.0 0.0
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Based on the energies and the wavefunctions of 10 quartet and 40 doublet states the ligand field
theory parameters of the interelectronic repulsion B and C (Racah parameters) and d-orbitals
splitting and mixing (5-by-5 LFT matrix) were extracted as implemented in the AILFT module
in ORCA. The AILFT d-orbital splitting shows a dramatic change due to structural differences
between 1; and 1o.

H
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Eenergy, cm’”

2000 —

4
4+
4000 — _T_
—H-

A1

.

Figure S 35. AILFT d-orbitals splitting computed with CASSCF(7,5)/NEVPT2. For 1o, the splitting resembles a distorted
terahedral enviroment, while 1; show an almost octahedral splitting. The corresponding orbitals are shown in Table S 12.

The shape of the AILFT orbitals (see Table S 12 and Table S 13) reflects the differences in the
coordination environment. 1o is characterized by a wider N-M-N angle and smaller O-M-O angle
compared to 1; (see Table S 2). At the given electronic configuration, the lowest energy one-
electron excitation is from the second d-orbital to the third one (2-> 3). Markedly the symmetry
of those orbitals is quite different for 11 and 1o. The contributions to D from the lowest excited
states have opposite sign. Unfortunately, in both cases the symmetry is very low, inhibiting a
further analysis.
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Table S 12. AILFT d-orbitals isosurfaces for 1o and 11, which correspond to the energy diagram in Figure S 35 and coefficients
in Table S 13.
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Table S 13. AILFT parameters computed with CASSCF(7,5)/NEVPT2. Racah parameters B and C, relative energies of the d-
orbitals and their wavefunctions defined in the X-Ray structure frames.

1o 1,
B/cm® 1008.5 1030.2
C/cm? 3960.3 3982.7
{soc lem™ 514.3 518.7
Orbital 1
Energy / eV 0 0
Energy / cm™ 0 0
Coefficient dyy 0.064186 0.46339
Coefficient dy, -0.07028 -0.40308
Coefficient d,» 0.752195 -0.58024
Coefficient dy, -0.21651 -0.16474
Coefficient dxo.y2 0.61533 -0.50889
Orbital 2
Energy / eV 0.15 0.045
Energy / cm™ 1213.6 361.2
Coefficient dyy -0.015314 0.003035
Coefficient dy, 0.15961 -0.27171
Coefficient d,» 0.65084 -0.50085
Coefficient dy, 0.36031 -0.08687
Coefficient dxo.y2 -0.64875 0.81717
Orbital 3
Energy / eV 0.445 0.139
Energy / cm™ 3591.2 1120.6
Coefficient dyy 0.96962 -0.02608
Coefficient dy, 0.2147 -0.73353
Coefficient d,» -0.039457 0.30854
Coefficient dy, -0.092129 0.60495
Coefficient dyo.y» -0.06082 0.009614
Orbital 4
Energy / eV 0.734 0.881
Energy / cm™ 5918.6 7106.3
Coefficient dyy 0.19457 0.74994
Coefficient dy, -0.95373 0.39266
Coefficient d,» 0.054544 0.017449
Coefficient dy, -0.055834 0.49651
Coefficient dxo.y2 -0.21553 0.19125
Orbital 5
Energy / eV 0.923 1.023
Energy / cm™ 7441.3 8254.9
Coefficient dyy 0.13276 0.47134
Coefficient dy, -0.11787 -0.26731
Coefficient d,» -0.080238 0.563
Coefficient dy, 0.90094 -0.59399
Coefficient dxo.y» 0.38775 0.19129
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In an attempt to rationalize the fundamental structural differences between 1; and 1o, we
performed gas phase geometry optimization. They were performed with both Co and Zn as metal
ion. We optimized 1o(Co), and 1o(Zn), i.e. starting from the molecular structure of 1o as refined
from X-Ray diffraction, with the metal ion being Co and Zn, respectively. The B3LYP/def2SVP
method was used and harmonic frequency calculations confirmed the minimal energy structures.
Optimized gas phase structures quite similar 6-coordinate complexes with M-O bonds ranging
from 2.11 to 2.22 A similar to 1; (see Table S 14). However, a slight difference was observed. If
one writes the metal-oxygen bond distances as (M-O1, M-02, M-03, M-0O4) one obtains (2.123,
2.243, 2.136, 2.227) A, i.e. short-long-short-long, for 1o(Zn) and (2.110, 2.211, 2.219, 2.137) A,
corresponding to short-long-long-short for 19(Co).
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Table S 14. Optimized (B3LYP/def2-SVP) structure of 11(Co), 11(Zn), 1o(Co), and 1o(Zn), starting from 11 and 1o X-Ray
structures.

Optimized structure of 1o(Zn) Optimized structure of 1o(Co)

49



Optimized structure of 1o(Zn)

Zn

r r r r r r r r r r r r T T T T I IT I I IT IT IT O O O O O O O O O O O O O O o O o o o o =2z =2 2 2 0O 0O o o

-0.002075000000
-1.652619000000
-1.411537000000
1.669095000000
1.440627000000
0.925597000000
-0.393581000000
-0.970475000000
0.343858000000
-2.015268000000
-3.187745000000
-2.736240000000
-3.555757000000
-4.393104000000
2.049508000000
3.263198000000
2.804761000000
4.334552000000
3.824757000000
1.944057000000
2.730965000000
2.445064000000
1.407874000000
0.638510000000
-2.001036000000
-2.816794000000
-2.548479000000
-1.499224000000
-0.699928000000
-0.586443000000
-0.940180000000
0.915843000000
0.527165000000
-2.470119000000
-1.856270000000
-3.546620000000
-3.864529000000
-4.386908000000
-2.698042000000
-4.730704000000
-4.135123000000
-5.239732000000
2.383949000000
3.655923000000
2.029450000000
3.931496000000
4.679032000000
5.210820000000
4.136999000000
3.073191000000
4.699924000000
2.130050000000

0.008539000000
-0.505479000000
-1.612258000000
-0.409055000000
-1.588512000000

1.471300000000
1.009748000000
1.488965000000
1.123108000000
-1.444302000000
-2.345952000000
-3.149823000000
-3.301347000000
-1.458257000000
-1.364281000000
-2.226128000000
-3.698701000000
-2.038183000000
-1.817898000000
2.146632000000
3.064466000000
3.289443000000
2.605577000000
1.681702000000
2.119362000000
3.038077000000
3.314161000000
2.677266000000

1.749455000000

1.127259000000

0.334538000000

0.449180000000

1.279952000000
-2.479580000000
-3.771212000000
-3.816963000000
-2.745757000000
-3.958737000000
-3.928376000000
-0.866409000000
-0.759421000000
-2.081256000000
-3.990278000000
-4.360262000000
-3.860367000000
-2.308081000000
-0.991922000000
-2.673773000000
-0.762794000000
-1.946878000000
-2.438820000000

1.910282000000

-0.011942000000
1.220734000000
-0.657701000000
-1.275180000000
0.559154000000
1.296454000000
3.158299000000
-1.272566000000
-3.159373000000
0.419964000000
0.836633000000
2.075232000000
-0.307133000000
1.203779000000
-0.508307000000
-0.894447000000
-0.920843000000
0.200371000000
-2.263448000000
0.727824000000
1.404072000000
2.762491000000
3.366247000000
2.604335000000
-0.674686000000
-1.314534000000
-2.667074000000
-3.300524000000
-2.574994000000
4.141919000000
2.612823000000
-2.640176000000
-4.139293000000
2.906086000000
1.844656000000
2.412628000000
-1.205537000000
-0.002867000000
-0.589940000000
0.337222000000
2.012683000000
1.536323000000
0.051952000000
-1.152093000000
-1.687105000000
1.187220000000
0.246536000000
-0.008609000000
-2.269531000000
-3.057200000000
-2.516580000000
-0.323603000000

Optimized structure of 1o(Co)

Co
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-2.395381000000
-1.280534000000
-0.549588000000
-0.118788000000
-0.675174000000

1.046371000000

0.820208000000
-2.461435000000
-2.030950000000
-3.665195000000
-4.224692000000
-4.723405000000
-3.094164000000
-4.822564000000
-4.069521000000
-5.301676000000

1.814245000000

3.200849000000

1.747924000000

3.365860000000

4.398863000000

4.757121000000

4.270864000000

3.206506000000

4.663632000000

2.148850000000

0.012051000000
-0.518988000000
-1.298783000000
-0.301073000000
-1.766719000000

1.237165000000
0.472943000000
1.664642000000
1.665733000000
-1.287381000000
-2.184534000000
-3.232998000000
-2.882789000000
-1.321302000000
-1.420925000000
-2.355220000000
-3.700364000000
-2.572767000000
-1.749090000000
1.999451000000
2.787328000000
2.779533000000
2.007332000000
1.229682000000
2.177088000000
3.211483000000
3.743462000000
3.230814000000
2.173196000000

0.475723000000

-0.027752000000

0.860382000000
1.991704000000
-2.748501000000
-3.841081000000
-3.910676000000
-2.150622000000
-3.541556000000
-3.488342000000
-0.561569000000
-0.800400000000
-1.951542000000
-4.128420000000
-4.418075000000
-3.573671000000
-2.985308000000
-1.625584000000
-3.273454000000
-0.776094000000
-1.588637000000
-2.423865000000
1.946857000000

0.003134000000
1.246047000000
-0.799304000000
-1.312002000000
0.203171000000
1.350871000000
3.248278000000
-1.091891000000
-2.871076000000
0.335580000000
0.691015000000
1.707941000000
-0.568329000000
1.334983000000
-0.731642000000
-1.155280000000
-1.581665000000
0.073302000000
-2.312682000000
0.795826000000
1.526664000000
2.926765000000
3.517395000000
2.700327000000
-0.492297000000
-1.020299000000
-2.258265000000
-2.893333000000
-2.284578000000
4.250261000000
2.664273000000
-2.466133000000
-3.789731000000
2.618798000000
1.280077000000
1.993330000000
-1.313377000000
-0.310495000000
-1.045636000000
0.629298000000
2.226370000000
1.634369000000
-0.763132000000
-1.856781000000
-2.453226000000
0.913887000000
0.404450000000
-0.172757000000
-2.033040000000
-3.198437000000
-2.597695000000
-0.293115000000

a
o




3.543456000000
3.038637000000
1.165356000000
-2.172359000000
-3.637822000000
-3.164968000000
-1.269549000000

3.581585000000
4.000248000000
2.761547000000
1.844809000000
3.517101000000
4.027771000000
2.873431000000

0.892461000000
3.343765000000
4.419781000000
0.369834000000
-0.779991000000
-3.220392000000
-4.350211000000

I T T T IT I T

3.718165000000
3.494111000000
1.719949000000
-2.306630000000
-3.669564000000
-2.960584000000
-0.948338000000

3.382999000000
3.380141000000
1.984340000000
1.711791000000
3.585275000000
4.556334000000
3.623352000000

1.022294000000
3.549899000000
4.602267000000
0.460469000000
-0.487047000000
-2.722152000000
-3.857043000000
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