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1．Synthesis and characterization 

General procedure 

All chemicals and solvents were obtained commercially and used as received without 

any further purification. 3,5-diacetyl-4-methyl-1-H-pyrazole was synthesized 

following a previously reported method.1 The precursor Dy2
*Cl was synthesized by in 

situ imine condensation reaction of 3,5-diacetyl-4-methyl-1H-pyrazole and N, N-bis(2-

aminoethyl)methylamine in the presence of DyCl3·6H2O according to a previously 

published method.2 Elemental analyses for C, H, N and S were performed on a Perkin-

Elmer 2400 analyzer. FT-IR spectra were recorded with a Nicolet 6700 Flex FTIR 

spectrometer equipped with a smart iTR attenuated total reflectance (ATR) sampling 

accessory in the range from 4000 to 530 cm-1. Powder X-ray diffraction (PXRD) 

measurements were recorded on Bruker D8 advance X-ray diffractometer using Cu-Kα 

radiation. Thermogravimetric analyses were recorded on a Netzsch STA449F3 TG-

DSC instrument in the temperature range of 25-800 °C with a heating rate of 10 K min-

1 under N2 conditions. 

 

Synthesis of Dy2 

Et3N (0.6 mmol, 84 L) and precursor Dy2
*Cl (0.1 mmol, 95.9 mg) were added to a 

DCM/H2O (20 mL/20 mL) solution of 4-(methylthio)phenol at room temperature. Then 

the mixture was refluxed for 1 hour. After cooling to room temperature, DCM phase 

was separated. Yellow crystals of 1 suitable for single crystal X-ray measurement were 

obtained by slow diffusion of n-pentane into DCM. Yield = 20% (based on Dy). 

Elemental analysis (%) calcd for C54H68Dy2N10O4S4 (Mw = 1374.42): C, 47.19; H, 4.99; 

N, 10.19; S, 9.33. Found: C, 47.01; H, 4.99; N, 10.15; S, 9.18. FTIR ν/cm-1 (ART): 

2997 (w), 2917 (w), 1614 (s), 1582 (m), 1482 (s), 1431 (m), 1296 (vs), 1254 (m), 1212 

(m), 1161 (w), 1123 (w), 1094 (m), 1043 (w), 965 (m), 856 (m), 828 (s), 775 (m), 719 

(m), 659 (s), 543 (m). 

 

Synthesis of Dy2@Y2 

The precursor Y2
*Cl was firstly synthesized by the same procedure to Dy2

*Cl except 

that YCl3·6H2O was used instead of DyCl3·6H2O. Then, Y2 was prepared using the 

same method to Dy2 except that the precursor Y2
*Cl was used rather than Dy2

*Cl. The 

crystalline samples Y2 (0.095 mmol, 116.59 mg) and Dy2 (0.005 mmol, 6.87 mg) were 

dissolved in DCM (100 mL) giving a clear solution. Dy2@Y2 was obtained as yellow 

powders after removing DCM under a reduced pressure. 

 

Synthesis of DyY 

The precursor DyY*Cl was synthesized using a same method to Dy2
*Cl except that 

DyCl3·6H2O and YCl3·6H2O are used in a molar ratio of 1 to 19 instead of pure 

DyCl3·6H2O. The synthesis of DyY was the same as that for Dy2, except that the 

precursor DyY*Cl was used to replace Dy2
*Cl. 
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Figure S1. Thermogravimetric analysis of Dy2. 

 

 

Figure S2. Experimental and simulated powder X-ray diffraction (PXRD) patterns of 

Dy2. The simulated pattern is calculated based on the single crystal X-ray diffraction 

structural model. 

  

0 100 200 300 400 500 600 700 800

60

70

80

90

100

0 100 200 300 400 500 600 700 800
-0.5

-0.4

-0.3

-0.2

-0.1

0.0

D
e

ri
v

. 
W

e
ig

h
t 

 /
 %

 /
 ° C

T / °C

W
e

ig
h

t 
p

e
rc

e
n

ta
g

e
 /

 %

T / °C



S4 

 

2. X-ray crystallography 

Crystallographic data were collected using a Bruker SMART APEX diffractometer 

equipped with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) at 180 K. 

The structures were determined in Olex2 with SHELXT structure solution program 

using intrinsic phasing solution method. The model was refined with SHELXL using 

least squares minimization.3-5 All non-hydrogen atoms were refined anisotropically. All 

hydrogen atom positions were calculated geometrically and refined using the riding 

model. Crystallographic data and refinement details are given in Tables S1-S3. 

 

Table S1. Crystal Data and Structure Refinement for Dy2. 

Compound reference Dy2 

Chemical formula 

Formula Mass 

Temperature (K) 

Crystal system 

Space group 

a (Å) 

b (Å) 

c (Å) 

α (°) 

β (°) 

γ (°) 

Unit cell volume (Å3) 

Z 

ρcalc (g/cm3) 

μ / mm-1 

F (000) 

Radiation 

Reflections collected 

Independent reflections 

Rint 

GOF on F2 

R1 (I ≥ 2σ (I)) 

wR2 (all data) 

CCDC number 

C54H68Dy2N10O4S4 

1374.42 

180.0 

monoclinic 

P21/c 

13.4709(4) 

15.4749(5) 

14.3264(4) 

90 

112.0970(10) 

90 

2767.13(15) 

2 

1.650 

2.885 

1380.0 

MoKα (λ = 0.71073) 

29346 

4830 

0.0243 

1.243 

0.0189 

0.0426 

2223798 

  



S5 

 

Table S2. Crystal Data and Structure Refinement for Y2. 

Compound reference Y2 

Chemical formula 

Formula Mass 

Temperature (K) 

Crystal system 

Space group 

a (Å) 

b (Å) 

c (Å) 

α (°) 

β (°) 

γ (°) 

Unit cell volume (Å3) 

Z 

ρcalc (g/cm3) 

μ / mm-1 

F (000) 

Radiation 

Reflections collected 

Independent reflections 

Rint 

GOF on F2 

R1 (I ≥ 2σ (I)) 

wR2 (all data) 

CCDC number 

C54H68Y2N10O4S4 

1227.24 

180.0 

monoclinic 

P21/c 

13.4581(5) 

15.4761(6) 

14.3076(6) 

90 

112.099(2) 

90 

2761.05(19) 

2 

1.476 

2.297 

1272.0 

MoKα (λ = 0.71073) 

21476 

4842 

0.0332 

1.031 

0.0250 

0.0632 

2284417 

 

Table S3. Selected bond distances (Å) for complexes Dy2. 

Dy2 

Dy1 −O1 

Dy1−O2 

Dy1−N11 

Dy1−N21 

Dy1−N31 

Dy1−N4 

Dy1−N5 

2.1474(18) 

2.1512(18) 

2.476(2) 

2.548(2) 

2.497(2) 

2.473(2) 

2.485(2) 
11−X, 1−Y, 1−Z 
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Table S4. Selected bond angles () for complexes Dy2. 

Dy2 

O1−Dy1−O2 

O1−Dy1−N11 

O1−Dy1−N21 

O1−Dy1−N31 

O1−Dy1−N4 

O1−Dy1−N5 

O2−Dy1−N11 

O2−Dy1−N21 

O2−Dy1−N31 

O2−Dy1−N4 

O2−Dy1−N5 

N11−Dy1−N21 

N11−Dy1−N31 

N11−Dy1−N4 

N11−Dy1−N5 

N21−Dy1−N31 

N21−Dy1−N4 

N21−Dy1−N5 

N31−Dy1−N4 

N31−Dy1−N5 

N4−Dy1−N5 

173.24(7) 

90.68(7) 

87.04(7) 

89.99(7) 

91.78(7) 

86.46(8) 

95.05(7) 

86.41(7) 

89.09(7) 

91.59(7) 

89.58(8) 

133.87(7) 

65.85(7) 

91.99(7) 

157.56(7) 

68.08(7) 

134.11(7) 

68.26(7) 

157.79(7) 

136.32(7) 

65.89(7) 
11−X, 1−Y, 1−Z 

 

Table S5. Selected bond distances (Å) for complexes Y2. 

Y2 

Y1−O1 

Y1−O2 

Y1−N1 

Y1−N2 

Y1−N31 

Y1−N41 

Y1−N51 

2.1442(14) 

2.1377(14) 

2.4625(16) 

2.4724(18) 

2.4873(17) 

2.4698(17) 

2.5435(17) 
11−X, 1−Y, 1−Z 
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Table S6. Selected bond angles () for complexes Y2. 

Y2 

O1−Y1−O2 

O1−Y1−N1 

O1−Y1−N2 

O1−Y1−N31 

O1-Y1-N41 

O1−Y1−N51 

O2−Y1−N1 

O2−Y1−N2 

O2−Y1−N31 

O2−Y1−N41 

O2−Y1−N51 

N1−Y1−N2 

N1−Y1−N31 

N1−Y1−N41 

N1−Y1−N51 

N2−Y1−N31 

N2−Y1−N41 

N2−Y1−N51 

N31−Y1−N41 

N31−Y1−N51 

N4−Y1−N51 

173.09(2) 

91.55(6) 

89.52(6) 

89.24(6) 

94.94(6) 

86.35(6) 

91.91(6) 

86.42(6) 

89.85(6) 

90.96(6) 

86.96(6) 

66.11(6) 

157.47(6) 

91.35(5) 

134.35(6) 

136.42(6) 

157.17(6) 

68.27(6) 

66.15(5) 

68.18(6) 

134.28(6) 
11−X, 1−Y, 1−Z 
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Table S7. The CShM values calculated by SHAPE 2.1 for Dy2.6-7 

Coordination Geometry Dy2 

Heptagon (D7h) 

Hexagonal pyramid (C6v) 

Pentagonal bipyramid (D5h) 

Capped octahedron (C3v) 

Capped trigonal prism (C2v) 

Johnson pentagonal bipyramid J13 (D5h) 

Johnson elongated triangular pyramid J7 (C3v) 

32.306 

22.373 

1.121 

8.694 

6.917 

2.354 

22.371 

 

Table S8. The CShM values calculated by SHAPE 2.1 for Y2. 

Coordination Geometry Y2 

Heptagon (D7h) 

Hexagonal pyramid (C6v) 

Pentagonal bipyramid (D5h) 

Capped octahedron (C3v) 

Capped trigonal prism (C2v) 

Johnson pentagonal bipyramid J13 (D5h) 

Johnson elongated triangular pyramid J7 (C3v) 

32.433 

22.535 

1.079 

8.669 

6.901 

2.298 

22.570 

 

 

Figure S3. Packing diagram of Dy2 along a axis. The pale bule frame represents cell 

axes. The shortest intermolecular Dy···Dy distance is shown in a red double arrow. 
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3. Magnetic measurements 

The magnetic measurements in the temperature range of 2 – 300 K were recorded on a 

Quantum Design MPMS-XL7 SQUID magnetometer (Figure S4-14, 17, 18; Table S9-

10). Direct-current (dc) measurements were performed on fresh polycrystalline samples 

with an external magnetic field of 1000 Oe. Alternating-current (ac) measurements 

were performed at different frequencies from 0.1 to 1488 Hz under zero dc field and a 

3.0 Oe ac oscillating field. The experimental magnetic susceptibilities were corrected 

for all the constituent atoms and the sample holder using Pascal’s constants.8 The dc 

decay measurements were collected by magnetizing the sample at 100 K using a dc 

field of 2 T, followed by removing the field and measuring the magnetization as a 

function of time. 

 

In the temperature range of 30 mK - 4 K, the magnetization decay (Figure S15-16; 

Table S11) and the magnetic hysteresis loops (Figure S19), on a single crystal of Dy2, 

were obtained by µ-SQUIDs. After a fast sweep from saturation magnetization to zero 

field, the magnetization was plotted with waiting time to plot magnetization decay 

curves at zero field and different temperatures. Due to the different initial populations 

at different temperatures, the magnetization was normalized to initial population (N0) 

to plot N/N0 vs time (Figure S15). Figure S19 (top) shows the sweep rate dependent 

magnetic hysteresis curve at 30 mK obtained along the easy axis of the crystal. The 

observed four steps (Figure S19 top, middle), indicating QTM between the 

antiferromagnetic and ferromagnetic states, were tracked in the M(H) curves obtained 

along different directions of field. This yields the derivative (dM/dH)-field angle map 

(Figure S19 bottom) that clearly shows the two axes in the crystal corresponding to the 

two macrocyclic planes (Figure S3). 

 

 

Figure S4. Plots of χMT versus temperature for Dy2 under an applied magnetic field of 

1000 Oe. 
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Figure S5. Field dependence of magnetization between 0 and 70 kOe and at 

temperatures of 1.9, 3.0, and 5.0 K for complex Dy2. 

 

 

Figure S6. Cole-Cole plots for the ac susceptibilities for Dy2 under zero dc field in the 

temperature range of 20 to 67 K. The solid lines represent the fitting results. 
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Table S9. The relaxation fitting parameters for Dy2 from fitting ac data at varying 

temperatures. 

T (K) s T τ α 

20 

25 

30 

35 

40 

45 

50 

55 

58 

61 

63 

65 

66 

67 

0.388638E-01 

0.313664E-01 

0.267766E-01 

0.260249E-01 

0.244613E-01 

0.251584E-01 

0.253361E-01 

0.214525E-01 

0.216882E-01 

0.434133E-01 

0.308753E-01 

0.607967E-01 

0.592774E-08 

0.857422E-08 

0.120735E+01 

0.972531E+00 

0.813683E+00 

0.700565E+00 

0.615009E+00 

0.550243E+00 

0.497065E+00 

0.455393E+00 

0.431013E+00 

0.408348E+00 

0.397476E+00 

0.387165E+00 

0.380521E+00 

0.373858E+00 

0.468268E-01 

0.178550E-01 

0.856665E-02 

0.467174E-02 

0.279405E-02 

0.174044E-02 

0.105991E-02 

0.480640E-03 

0.246654E-03 

0.127005E-03 

0.736453E-04 

0.502963E-04 

0.322772E-04 

0.269987E-04 

0.172481E-01 

0.233623E-01 

0.227608E-01 

0.221357E-01 

0.246432E-01 

0.225359E-01 

0.242130E-01 

0.261966E-01 

0.246996E-01 

0.186612E-10 

0.284973E-10 

0.596823E-21 

0.636871E-21 

0.822618E-21 

 

 

Figure S7. Frequency dependence of the out-of-phase susceptibility ('') for Dy2 under 

zero dc field in the temperature range of 2 to 15 K. 
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Figure S8. Plots of time-dependent decay of magnetization at 1.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 

 

 
Figure S9. Plot of time-dependent decay of magnetization at 2.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 
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Figure S10. Plot of time-dependent decay of magnetization at 3.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 

 

 
Figure S11. Plot of time-dependent decay of magnetization at 4.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 
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Figure S12. Plot of time-dependent decay of magnetization at 5.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 

 

 
Figure S13. Plot of time-dependent decay of magnetization at 6.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 
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Figure S14. Plot of time-dependent decay of magnetization at 7.9 K for Dy2. The violet 

line represents the best fit using the following equation M(t) = M1 + (M0 – M1)exp[–

(t/τ)b], where M0 is the initial magnetization after zero external field was achieved. 
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Table S10. Magnetic relaxation times extracted from dc magnetisation decay data for 

Dy2. 

Temperature (K) τ (s) 

1.9 3016 

2.9 980.7 

3.9 174.5 

4.9 46.28 

5.9 17.25 

6.9 7.864 

7.9 3.997 

 

 

Figure S15. Magnetization vs. time decay plots for a single crystal of Dy2 at the 

indicated temperatures. 
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Table S11. Magnetic relaxation times extracted from Figure S15 for Dy2. 

Temperature (K) τ (s) 

0.03 25601 

0.05 23487.16 

0.1 17655.86 

0.15 12800.5 

0.2 9309.455 

0.25 6956.793 

0.3 5689.111 

0.4 4531.15 

0.5 3908.55 

0.6 3657.286 

 

 

Figure S16. Temperature dependence of the relaxation time τ for Dy2 measured at low 

temperatures (0.03 - 0.6 K) by µ-SQUIDs. The solid lines are the fitting results using 

equation ln(τ) = -ln[(1/10^p2) exp(-E2/kBT) + 1/τQTM]. 
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Table S12. Some representative examples of high-performance dinuclear lanthanide 

SMMs highlighting the relaxation time of zero-field QTM. 

Compound 

Ueff 

/ 

cm-1 

TB / 

K 

Sweep 

rate / 

Oe/s 

τQTM 

/ s 
Ref. Notes 

[Dy(Cy3PO)2(μ-I)(I)2]2·4C7H8 897 14 120 

3.88 

× 

10-4 

9 
Air-stable; 

Nonradical 

[Dy2(BPA-

TPA)2(C6H4O2)](BPh4)4·4CH3CN 
505 20 200 

4.45 

× 

10-2 

10 
Air-stable; 

Nonradical 

[Dy(Cy3PO)2(μ-Br)(Br)2]2·2C7H8 476 3 8.7 

1.69 

× 

10-3 

11 
Air-stable; 

Nonradical 

Dy2@C80(CH2Ph) 426 21 29 

3.25 

× 

103 

12 
Air-stable; 

Radical 

Tb2@C80(CH2Ph) 555 28 95 

6.50 

× 

104 

13 
Air-stable; 

Radical 

Tb2@C80(CF3) 557 27 29 

3.56 

× 

104 

14 
Air-stable; 

Radical 

Tb2@C79N 526 26 29 

1.66 

× 

104 

15 
Air-stable; 

Radical 

[K(crypt-222)(THF)][(CpMe4H 

2Tb(THF))2(µ-N·
2)] 

242 15 100 

3.64 

× 

103 

16 
Air-

sensitive; 

Radical 

[K(crypt-222][(CpMe4H 

2Tb)2(µ-N·
2)] 

276 

/ 

564 

30 100 

4.00 

× 

104 

16 
Air-

sensitive; 

Radical 

[K(crypt-222)][(CpMe4H 

2Dy)2(µ-N·
2)] 

108 7.5 100 

6.70 

× 

102 

16 
Air-

sensitive; 

Radical 

[(CpMe5
2Dy)2(µ-5,5’-

F2bpym)](BPh4) 
93 7 24 

3.16 

× 

102 

17 
Air-

sensitive; 

Radical 

Dy2 670 14.9 200 

2.43 

× 

104 

This 

work 

Air-stable; 

Nonradical 
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Figure S17. Frequency dependence of the out-of-phase susceptibility ('') for DyY 

under zero dc field in the temperature range of 3 to 67 K. 

 

 

Figure S18. Temperature dependence of the relaxation time τ for DyY. The red and 

green lines are given by ln(τ) = -ln[τ0
-1exp(-Ueff/kBT] and ln(τ) = -ln[τ0

-1exp(-Ueff/kBT) 

+ CTn + 1/τQTM], respectively. 
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Figure S19. µ-SQUID measurements on a single crystal of Dy2, normalized M(H) plots 

at 30 mK at various sweep rates (top) and the corresponding first-field derivative 

(dM/dH) (middle). Field angle dependent derivative (dM/dH) map (bottom) obtained 

from M(H) measured at different directions of field with respect to the crystal. 
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4. Ab initio calculations 

Computational Details 

The magnetic properties of Dy2 have been studied by standard ab initio calculations 

based on multiconfigurational methods.18-19 The full molecular structure from single-

crystal X-ray analysis was directly employed, i.e., no geometry optimization was done. 

All atoms were described with the ANO-RCC basis sets, which include relativistic 

corrections for core orbitals. Three different basis set definitions were employed, Dy(III) 

and all closely spaced atoms were described with large basis sets, while distant atoms 

were described with medium (smaller) basis.20 To describe the low-lying local energy 

spectra of individual Dy(III) ion, the neighboring metal center was computationally 

modeled by diamagnetic Lu(III). The active space of the complete active space self-

consisting field (CASSCF) of calculation of the Dy(III) included the 4f9 configuration 

(CAS (9 in 7) since only ligand field states are considered. 21 states with S = 5/2, 128 

states with S = 3/2 and 130 states with S = 1/2 states were mixed by the spin-orbit 

interaction in RASSI. The local magnetic properties (g-tensors, main magnetic axes, 

crystal field parameters, etc.) were computed by the SINGLE_ANISO program based 

on the resulting spin-orbital multiplets. The magnetic properties of the entire complex, 

involving two Dy(III) centers, were calculated by the POLY_ANISO program, in 

which the anisotropic exchange interactions were simulated within the Lines model. 

 

Table S13. Ab initio energy structure for the ground J =15/2 multiplet of one single Dy 

sites in Dy2. 

 
Basis 

MB 
 

Basis 

VDZP 
 

Basis 

VTZP 
 

 
Energy 

(cm-1) 

Main values of 

the g-tensor 

Energy 

(cm-1) 

Main values of 

the g-tensor 

Energy 

(cm-1) 

Main values of 

the g-tensor 

KD1 
0.0 

0.0 

0.00039 

0.00045 

19.88053 

0.0 

0.0 

0.00087 

0.00108 

19.87635 

0.0 

0.0 

0.00071 

0.00086 

19.87891 

KD2 
512.7 

512.7 

0.01147 

0.01517 

16.97041 

403.7 

403.7 

0.02472 

0.03739 

17.04089 

437.0 

437.0 

0.02037 

0.03009 

17.03045 

KD3 
896.9 

896.9 

0.23254 

0.26880 

14.07259 

676.0 

676.0 

0.73475 

1.11419 

13.37039 

734.0 

734.0 

0.65644 

0.82023 

13.74325 

KD4 
1073.9 

1073.9 

1.33306 

1.71922 

17.80121 

726.1 

726.1 

0.26856 

0.67514 

18.00862 

804.6 

804.6 

0.17492 

0.62628 

18.47643 

KD5 
1124.2 

1124.2 

7.96826 

7.54698 

2.40076 

791.3 

791.3 

3.70933 

6.37462 

11.20615 

869.4 

869.4 

4.13342 

6.56395 

10.85012 

KD6 
1188.8 

1188.8 

1.34961 

4.19350 

13.52042 

837.6 

837.6 

0.11772 

2.91093 

12.70470 

916.1 

916.1 

0.18338 

2.67184 

13.02876 

KD7 
1250.9 

1250.9 

0.96958 

2.10348 

16.24552 

890.6 

890.6 

1.35900 

3.39114 

13.68472 

971.6 

971.6 

1.12420 

2.82825 

14.26726 

KD8 
1381.6 
1381.6 

0.28032 

0.37074 

19.07300 

992.8 
992.8 

0.33039 

0.70193 

18.36999 

1079.7 
1079.7 

0.32986 

0.64924 

18.51246 
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Table S14. Crystal field parameters of the ground J =15/2 multiplet. The quantization 

axis is the main magnetic axis gZ of the ground Kramers doublet state. 

Rank Projection Basis MB Basis VDZP Basis VTZP 

2 

-2 

-1 

0 

+1 

+2 

-0.1406898E+01 

 0.1118154E+01 

-0.6906373E+01 

-0.1260091E+01 

-0.1753370E+01 

-0.8561021E+00 

 0.1295228E+01 

-0.4530497E+01 

-0.1587283E+01 

-0.1389810E+01 

-0.8786159E+00 

 0.1332869E+01 

-0.5025004E+01 

-0.1607720E+01 

-0.1524162E+01 

4 

-4 

-3 

-2 

-1 

0 

+1 

+2 

+3 

+4 

0.8970863E-02 

 0.8810626E-03 

 0.1024859E-02 

-0.5029624E-02 

-0.1432189E-01 

 0.2533359E-02 

 0.4819509E-02 

-0.6999085E-02 

 0.9079277E-02 

0.4873385E-02 

 0.2773085E-02 

-0.2507227E-03 

-0.4870842E-02 

-0.1290040E-01 

 0.3939366E-02 

 0.4216436E-02 

-0.5671462E-02 

 0.1073913E-01 

0.5015457E-02 

 0.2869582E-02 

-0.2651868E-03 

-0.4732106E-02 

-0.1352647E-01 

 0.3556880E-02 

 0.4482322E-02 

-0.5834179E-02 

 0.1130900E-01 

6 

-6 

-5 

-4 

-3 

-2 

-1 

0 

+1 

+2 

+3 

+4 

+5 

+6 

-0.2971856E-03 

-0.2715206E-04 

 0.4526810E-04 

-0.1400190E-04 

 0.3934682E-04 

-0.4836257E-04 

 0.3507592E-04 

 0.1143543E-03 

 0.5186264E-05 

-0.3300954E-04 

 0.5180304E-04 

-0.2689489E-04 

-0.9138532E-04 

-0.2067538E-03 

-0.3772506E-04 

 0.2457250E-04 

-0.6694873E-05 

 0.4314311E-04 

-0.7100198E-04 

 0.2489681E-04 

 0.1238955E-03 

-0.2581710E-06 

-0.3545264E-04 

 0.6681765E-04 

-0.5736221E-04 

-0.2136203E-03 

-0.2066009E-03 

-0.3413795E-04 

 0.2286445E-04 

-0.9344041E-05 

 0.4439047E-04 

-0.7926762E-04 

 0.2522378E-04 

 0.1351147E-03 

-0.1186932E-06 

-0.3756457E-04 

 0.6551242E-04 

-0.5459312E-04 

-0.2201531E-03 
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Table S15. Squared magnitudes of projections of the local ab initio CF eigenstates 

calculated for one Dy ion onto pseudospin eigenstates with pseudospin J = 15/2 and 

projection MJ, using VTZP results. 

MJ KD1 KD2 KD3 KD4 

-15/2 6.47E-01 3.53E-01 2.92E-07 4.12E-07 5.42E-05 9.96E-09 5.34E-06 3.61E-08 

-13/2 9.52E-08 4.07E-08 5.99E-01 3.86E-01 9.87E-03 1.12E-05 4.72E-05 3.36E-04 

-11/2 3.91E-05 2.12E-05 6.63E-03 4.50E-03 8.49E-01 1.73E-03 1.28E-02 1.68E-02 

-9/2 1.82E-05 8.93E-06 6.94E-04 4.54E-04 7.48E-02 1.40E-04 8.09E-03 3.36E-03 

-7/2 1.05E-04 5.69E-05 2.79E-04 1.19E-04 1.27E-02 6.20E-04 2.29E-02 1.60E-03 

-5/2 9.30E-07 9.38E-07 6.44E-04 4.94E-04 1.08E-02 4.41E-03 2.31E-03 8.11E-02 

-3/2 4.08E-05 2.36E-05 5.34E-05 2.38E-05 2.05E-03 3.73E-03 3.13E-01 5.63E-03 

-1/2 2.68E-07 6.34E-07 8.75E-04 3.04E-04 1.42E-03 2.85E-02 2.92E-03 5.29E-01 

+1/2 6.34E-07 2.68E-07 3.04E-04 8.75E-04 2.85E-02 1.42E-03 5.29E-01 2.92E-03 

+3/2 2.36E-05 4.08E-05 2.38E-05 5.34E-05 3.73E-03 2.05E-03 5.63E-03 3.13E-01 

+5/2 9.38E-07 9.30E-07 4.94E-04 6.44E-04 4.41E-03 1.08E-02 8.11E-02 2.31E-03 

+7/2 5.69E-05 1.05E-04 1.19E-04 2.79E-04 6.20E-04 1.27E-02 1.60E-03 2.29E-02 

+9/2 8.93E-06 1.82E-05 4.54E-04 6.94E-04 1.40E-04 7.48E-02 3.36E-03 8.09E-03 

+11/2 2.12E-05 3.91E-05 4.50E-03 6.63E-03 1.73E-03 8.49E-01 1.68E-02 1.28E-02 

+13/2 4.07E-08 9.52E-08 3.86E-01 5.99E-01 1.12E-05 9.87E-03 3.36E-04 4.72E-05 

+15/2 3.53E-01 6.47E-01 4.12E-07 2.92E-07 9.96E-09 5.42E-05 3.61E-08 5.34E-06 

 

MJ KD5 KD6 KD7 KD8 

-15/2 1.33E-05 5.07E-06 2.11E-06 3.16E-05 6.63E-05 2.88E-05 8.18E-05 2.74E-05 

-13/2 7.91E-04 2.44E-04 9.57E-04 4.90E-04 1.19E-03 1.59E-04 2.97E-04 6.71E-04 

-11/2 9.00E-03 1.04E-02 9.10E-03 3.97E-02 1.97E-03 1.92E-02 8.31E-03 1.06E-02 

-9/2 1.44E-01 1.45E-01 1.81E-02 1.73E-01 8.98E-02 1.89E-01 5.23E-02 1.00E-01 

-7/2 1.72E-01 4.61E-02 2.36E-02 3.73E-02 1.57E-01 1.90E-01 2.22E-01 1.13E-01 

-5/2 1.49E-03 9.80E-02 3.24E-01 6.87E-02 1.49E-01 1.75E-02 3.46E-02 2.07E-01 

-3/2 1.21E-01 6.82E-02 3.96E-02 2.23E-01 4.87E-02 2.91E-02 1.14E-01 3.21E-02 

-1/2 6.43E-02 1.19E-01 1.74E-02 2.51E-02 8.68E-02 2.01E-02 1.85E-02 8.58E-02 

+1/2 1.19E-01 6.43E-02 2.51E-02 1.74E-02 2.01E-02 8.68E-02 8.58E-02 1.85E-02 

+3/2 6.82E-02 1.21E-01 2.23E-01 3.96E-02 2.91E-02 4.87E-02 3.21E-02 1.14E-01 

+5/2 9.80E-02 1.49E-03 6.87E-02 3.24E-01 1.75E-02 1.49E-01 2.07E-01 3.46E-02 

+7/2 4.61E-02 1.72E-01 3.73E-02 2.36E-02 1.90E-01 1.57E-01 1.13E-01 2.22E-01 

+9/2 1.45E-01 1.44E-01 1.73E-01 1.81E-02 1.89E-01 8.98E-02 1.00E-01 5.23E-02 

+11/2 1.04E-02 9.00E-03 3.97E-02 9.10E-03 1.92E-02 1.97E-03 1.06E-02 8.31E-03 

+13/2 2.44E-04 7.91E-04 4.90E-04 9.57E-04 1.59E-04 1.19E-03 6.71E-04 2.97E-04 

+15/2 5.07E-06 1.33E-05 3.16E-05 2.11E-06 2.88E-05 6.63E-05 2.74E-05 8.18E-05 
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Magnetic exchange 

Magnetic exchange computed by BS-DFT method using ORCA 5.0.3 quantum 

chemistry software. Computationally, the Dy(III) was modeled by Gd(III) since the 

latter has a non-degenerate ground state 8S term, whereas the applicability of the DFT 

method for the Dy(III), which has a near-degenerate ground state, 6H term, is 

questionable. The calculations were done using several density functionals. The 

obtained magnetic exchange were transformed to the Ising model, by the formula: 

𝐻𝐵𝑆−𝐷𝐹𝑇 = −2𝐽𝐷𝐹𝑇 𝑜𝑛 𝐺𝑑 ×
7

2
×

7

2
= −𝐽𝐿𝑖𝑛𝑒𝑠×

5

2
×

5

2
= −𝐽𝐼𝑠𝑖𝑛𝑔×

1

2
×

1

2
 

𝐽𝐼𝑠𝑖𝑛𝑔 = 98 × 𝐽𝐷𝐹𝑇 𝑜𝑛 𝐺𝑑 

𝐽𝐿𝑖𝑛𝑒𝑠 =
98

25
× 𝐽𝐷𝐹𝑇 𝑜𝑛 𝐺𝑑 

In the manuscript, another Hamiltonian is employed, 𝐻𝑒𝑥𝑐ℎ = −2𝐽𝑚𝐽𝐴𝑚𝐽𝐵 , where 

𝑚𝐽𝐴 = 𝑚𝐽𝐵 = 15/2. The parameter of magnetic interaction for this Hamiltonian is 

obtained as follows: 

𝐽 =
49

225
× 𝐽𝐷𝐹𝑇 𝑜𝑛 𝐺𝑑 =

1

18
× 𝐽𝐿𝑖𝑛𝑒𝑠 =

1

450
× 𝐽𝐼𝑠𝑖𝑛𝑔 

 

Table S16. Magnetic exchange obtained in BS-DFT calculations as well as those 

obtained in POLY_ANISO (in cm-1). 

DFT 

functional 

Magnetic 

exchange 

𝐽𝐷𝐹𝑇 𝑜𝑛 𝐺𝑑 for 

Hamiltonian 

𝐻 = −2𝐽𝑆𝐴𝑆𝐵, 

where 𝑆𝐴 = 𝑆𝐵 =

7/2 

Rescaled magnetic 

exchange 𝐽𝐿𝑖𝑛𝑒𝑠  for 

Hamiltonian 

𝐻 = −𝐽𝑆𝐴𝑆𝐵 , where 

𝑆𝐴 = 𝑆𝐵 = 5/2 

Rescaled 

magnetic 

exchange 𝐽𝐼𝑠𝑖𝑛𝑔 

for Ising 

Hamiltonian 

𝐻 = 𝐽𝐼𝑠𝑖𝑛𝑔𝑠̃𝐴𝑧 𝑠̃𝐵𝑧, 

where 𝑠𝐴 = 𝑠𝐵 =

1/2 

Rescaled 

magnetic 

exchange 𝐽 for 

the Hamiltonian 

𝐻 = −2𝐽𝑚𝐽𝐴𝑚𝐽𝐵, 

where 𝑚𝐽𝐴 =

𝑚𝐽𝐵 = 15/2 

3LYP -0.013437227 -0.052673928 -1.316848200 -0.002926329 

CAM-B3LYP -0.013437254 -0.052674035 -1.316850887 -0.002926335 

wB97 -0.013437227 -0.052673928 -1.316848200 -0.002926329 

RI-B2PLYP -0.013437254 -0.052674035 -1.316850887 -0.002926335 

LC-PBE -0.013437254 -0.052674035 -1.316850887 -0.002926335 

TPSS0 -0.017916339 -0.070232047 -1.755801183 -0.003901780 

magnetic exchange obtained in POLY_ANISO (cm-1) 

  Lines model Ising model  

exchange-only 

(fitted) 

-- -0.035634602 -0.890865057 -0.001979700 

dipole-dipole 

only (not 

fitted) 

-- -0.062361936 -1.559048404 -0.003464552 

total magnetic 

interaction 

-- -0.097996538 -2.449913461 -0.005444252 
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Exchange and Zeeman interactions in Dy2 

From Figures 4 and S19, the magnetic field required for the magnetic state to become 

ground state was estimated to be around ± 0.15 T. We can use this value to estimate the 

magnetic exchange as follows. 

 

Derivation of the energy gap between ferromagnetic and antiferromagnetic states in the 

absence of applied magnetic field. This is done by using the Ising exchange 

Hamiltonian: 

 

𝐻𝑒𝑥𝑐ℎ = −𝐽𝐼𝑠𝑖𝑛𝑔𝑠̃1𝑧𝑠̃2𝑧 

 

The 𝑠̃1𝑧 and 𝑠̃2𝑧 are the pseudospins of the ground KD on each Dy sites. They can 

take values of ±
1

2
 each. There are 4 coupled states and the energy of each state is: 

𝐸++ = −𝐽𝐼𝑠𝑖𝑛𝑔 (+
1

2
) (+

1

2
) = −

1

4
𝐽𝐼𝑠𝑖𝑛𝑔 

𝐸+− = −𝐽𝐼𝑠𝑖𝑛𝑔 (+
1

2
) (−

1

2
) = +

1

4
𝐽𝐼𝑠𝑖𝑛𝑔 

𝐸−+ = −𝐽𝐼𝑠𝑖𝑛𝑔 (−
1

2
) (+

1

2
) = +

1

4
𝐽𝐼𝑠𝑖𝑛𝑔 

𝐸−− = −𝐽𝐼𝑠𝑖𝑛𝑔 (−
1

2
) (−

1

2
) = −

1

4
𝐽𝐼𝑠𝑖𝑛𝑔 

As we see, there are two groups, doubly degenerate: 𝐸++ = 𝐸−− and 𝐸+− = 𝐸−+. 

The energy splitting between the two groups is:  

Δ𝐸 = 𝐸++ − 𝐸+− = −
1

4
𝐽𝐼𝑠𝑖𝑛𝑔 − (

1

4
𝐽𝐼𝑠𝑖𝑛𝑔) = −

1

2
𝐽𝐼𝑠𝑖𝑛𝑔 

Since the 𝐽𝐼𝑠𝑖𝑛𝑔 < 0, the ground state is antiferromagnetic, Δ𝐸 > 0. 

From ab initio calculations, Δ𝐸~1.225 𝑐𝑚−1, which corresponds to an Ising exchange 

of 𝐽𝐼𝑠𝑖𝑛𝑔 = −2Δ𝐸 = −2.45 𝑐𝑚−1. Correspondingly, 

𝐽𝐿𝑖𝑛𝑒𝑠 =
1

25
𝐽𝐼𝑠𝑖𝑛𝑔 

Now, this energy gap is compensated by the Zeeman splitting of the excited doublet 

state 𝐸++, 𝐸−−. The ground state has no net magnetic moment and therefore, does not 

interact with applied magnetic field and remains degenerate.  

 

State magnetic moment on 

site 1 

magnetic moment on 

site 2 

total magnetic moment 

(sum of two contributions) 

++ 𝜇𝐵𝑔𝐽𝑀𝐽 = 10𝜇𝐵 𝜇𝐵𝑔𝐽𝑀𝐽 = 10𝜇𝐵 2𝜇𝐵𝑔𝐽𝑀𝐽 = 20𝜇𝐵 

+- 𝜇𝐵𝑔𝐽𝑀𝐽 = 10𝜇𝐵 𝜇𝐵𝑔𝐽𝑀𝐽 = −10𝜇𝐵 0𝜇𝐵 

-+ 𝜇𝐵𝑔𝐽𝑀𝐽 = −10𝜇𝐵 𝜇𝐵𝑔𝐽𝑀𝐽 = 10𝜇𝐵 0𝜇𝐵 

-- 𝜇𝐵𝑔𝐽𝑀𝐽 = −10𝜇𝐵 𝜇𝐵𝑔𝐽𝑀𝐽 = −10𝜇𝐵 2𝜇𝐵𝑔𝐽𝑀𝐽 = −20𝜇𝐵 
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Each of the above four states interacts with magnetic field, via Zeeman interaction, and 

their energy changes as follows: 

 

State total magnetic moment (sum of 

two contributions) 

Energy in applied magnetic field of 

strength 𝐻 (𝐻𝑍𝑒𝑒 = 𝜇𝐻) 

++ 2𝜇𝐵𝑔𝐽𝑀𝐽 = 20𝜇𝐵 20𝜇𝐵𝐻 

+- 0𝜇𝐵 0𝜇𝐵𝐻 

-+ 0𝜇𝐵 0𝜇𝐵𝐻 

-- 2𝜇𝐵𝑔𝐽𝑀𝐽 = −20𝜇𝐵 −20𝜇𝐵𝐻 

 

At level crossing the Zeeman energy compensates the antiferromagnetic exchange 

splitting Δ𝐸 and therefore, we have the relationship: 

 

Δ𝐸 = −
1

2
𝐽𝐼𝑠𝑖𝑛𝑔 = 2𝜇𝐵𝑔𝐽𝑀𝐽𝐻 = 20𝜇𝐵𝐻 

 

Form this relationship, we extract 𝐽𝐼𝑠𝑖𝑛𝑔: 

𝐽𝐼𝑠𝑖𝑛𝑔 = −4𝜇𝐵𝑔𝐽𝑀𝐽𝐻 = −40𝜇𝐵𝐻 

 

Using the 𝑔𝐽 =
4

3
 and 𝑀𝐽 =

15

2
 and 𝐻 = 0.15 𝑇 and 𝜇𝐵 =

0.4668643740 𝑐𝑚−1 𝑇⁄  we have: 

𝐽𝐼𝑠𝑖𝑛𝑔 = −4 × 0.4668643740 ×
4

3
×

15

2
× 0.15 = −2.8011862 𝑐𝑚−1 

 

𝐽𝐿𝑖𝑛𝑒𝑠 =
1

25
𝐽𝐼𝑠𝑖𝑛𝑔 = −

2.8011862

25
= −0.1120474 𝑐𝑚−1 

 

Comparison with ab initio results: 

From ab initio calculations, Δ𝐸 = 1.225 𝑐𝑚−1 , which corresponds to an Ising 

exchange of 𝐽𝐼𝑠𝑖𝑛𝑔 = −2Δ𝐸 = −2.45 𝑐𝑚−1. The corresponding Lines parameter (of 

total magnetic interaction, exchange + dipolar) is: 

𝐽𝐿𝑖𝑛𝑒𝑠 =
1

25
𝐽𝐼𝑠𝑖𝑛𝑔 = −0.098 𝑐𝑚−1 
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Dipolar-dipolar interaction in Dy2 using Hamiltonian 𝑯 = −𝟐𝑱𝒎𝑱𝑨𝒎𝑱𝑩, where 

𝒎𝑱𝑨 = 𝒎𝑱𝑩 = 𝟏𝟓/𝟐 

For a centrosymmetric dinuclear Dy(III) system, the intramolecular dipolar-dipolar 

interaction can be calculated by the following equation:21-24 

𝐸𝑑𝑖𝑝 = − {
𝜇0

4𝜋
}

𝜇1𝜇2

𝑟3
[3 cos2 𝜃 − 1] 

Using SI units: 

𝜇0 = 4𝜋 × 10−7   Henry/meter = Tesla x meter/Ampere = [kg⋅m⋅s−2·A-2] 

𝜇𝐵 = 9.274 × 10−24
  Joule/Tesla = [kg m2 s-2 / kg s-2 A-1]=[A m2] 

𝑟12 = 4.779 × 10−10  meter 

θ = 87.6° 

On-site magnetic moment 

𝜇1 = 𝜇2 = −𝜇𝐵𝑔𝑍𝑠𝑍 = −𝜇𝐵 × 20 × (±
1

2
) = ∓10𝜇𝐵 (along Z direction) 

Therefore, ∆𝐸𝑑𝑖𝑝 = 0.7932 𝑐𝑚−1 

Writing only the dipolar(+exchange) term and Zeeman term of a two ion Ising 

Hamiltonian (mJ  = ±15/2 with large ZFS), with the assumption that field is along Z 

direction (easy axis) and dominant interaction is also along Z direction. 

 

Hdip+Zeeman = µB gzz Bz mJA + µB gzz Bz mJB + 2Jzz mJA mJB = µB g Bz mJA + µB g Bz mJB + 

2J mJA mJB , here mJA = mJB = ±15/2 

 

Gap between AFM and FM states at zero field: 

 

ΔE = 2 J (+15/2) (+15/2) - 2 J (+15/2) (-15/2) = 4 J (15/2)2 = 4JmJ
2 with mJ = 15/2 or -

15/2) 

For our case, 4J(15/2)2 = 0.7932 cm-1
. So, J should be = 0.0035 cm-1, very similar to 

micro-SQUID results (see below, calculation of J from Hex).  

 

Derivation of Hex: 

 

At Bz = Hex, the FM and AFM states cross, i.e., 

EFM = EAFM 

µBgHex(15/2) + µBgHex(15/2) + 2J(15/2)*(15/2) = µBgHex (15/2) + µBgHex (-15/2) + 

2J(15/2)*(-15/2) 

Therefore, Hex = −2JmJ/gJμB
 

For our case, Hex = 0.15 T, mJ = 15/2, g = 4/3. Hence, J = 0.0062 cm-1. 
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Table S17. Energies of the exchange states (cm-1) for Dy2 as obtained in 

POLY_ANISO. 

Low-lying exchange states 

Coupled 

State 
Exchange Dipole-Dipole Total Total, relative 

1 -0.222717121924 -0.389767194186 -0.612484456534 0.000000000000 

2 -0.222717121676 -0.389767190194 -0.612484452796 0.000000003737 

3 0.222715401282 0.389757027632 0.612474692552 1.224959149086 

4 0.222715403176 0.389757029605 0.612474692625 1.224959149158 

5 436.864043843841 436.729990224003 436.559647788245 437.172132244779 

6 436.864043856900 436.729990374080 436.559647852568 437.172132309101 

7 436.940241774090 436.781221087511 436.584615150340 437,197099606874 

8 436.940241796091 436.781221164348 436.584615321111 437.197099777645 

.. … … … … 

 

 

Figure S20. Orientation of main magnetic axes in Dy2 with respect to the molecular 

frame, using the VTZP results. 

 

 
Figure S21. Comparison between measured and calculated magnetic susceptibility. 
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