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1. Experimental details

General Considerations. All reactions and manipulations described below were carried out under anhydrous and 
anaerobic conditions using standard Schlenk line techniques and Ar-filled glove box. Tetrahydrofuran (THF), 
toluene, hexanes, and diethyl ether (Et2O) were degassed and dehydrated by MBraun solvent purification system; dry 
dichloromethane (DCM) were obtained through distillation over CaH2 followed by freeze-pump-thaw cycle. THF-d8 
were purchased from CIL and were redistilled over sodium. Cyclooctatetraene (COT) were purchased from Strem 
and were redistilled under vacuum to remove the stabilizer BHT. Ultra-dry ErI3, potassium, zirconocene dichloride 
(Cp2ZrCl2), 1-trimethylsilylpropyne, nBuLi (2.5 M in hexanes), PCl3 (2.0 M in DCM) were commercially available 
and used as received. 3,4-dimethyl-2,5-bis(trimethylsilyl)-phospholyl potassium (KDsp) was prepared according to 
literature [1] with slight modifications. ErICOT(THF)x (x ≈ 2.5, Anal. Calc.: C, 37.37%; H, 4.87%; found: C, 36.93%; 
H, 4.65%.) was prepared by the reaction of ErI3 with K2COT [2] in THF.

1H NMR and 31P NMR spectra were recorded on a Bruker-500 MHz NMR spectrometer. Organometallic samples 
for NMR spectroscopic measurements were prepared in the glovebox using J. Young valve NMR tubes (Wilmad 
528-JY). Before 31P NMR experiment, a sealed thin glass tube containing 85% H3PO4 was put into the NMR tube 
containing the THF-d8 solution of sample as the external standard. Elemental analyses were performed on the Vario 
EL CUBE Elemental Analyzer.

Synthesis of (Dsp)Er(COT). 0.5786 g (1 mmol) of ErICOT(THF)2.5 and 0.2946 g (1 mmol) of KDsp were dispersed 
in ca. 20 mL of toluene in a Schlenk tube followed by reflux under Ar overnight. After cooled to room temperature, 
the reaction solution was filtered to remove KI, and the filtrate was concentrated. Orange single crystals suitable for 
X-ray diffraction analysis were obtained by cooling the concentrated solution at ‒30 ºC. Yield: 0.2844 g, 53.97%. 
Analytically calculated for DspErCOT: C, 45.59%; H, 6.12%; found: C, 45.73%; H, 6.12%.

Following the similar procedure, single crystals of (Dsp)Y(COT), (Dsp)Tb(COT), (Dsp)Dy(COT), 
(Dsp)Tm(COT) can also be isolated with satisfactory yields.

2. Crystallographic Data
2.1 Data collection and refinement

The crystals were wrapped in mineral oil and then were frozen in 180 K. Data collections were performed at 180 
K on a SuperNova diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). Using Olex2 [3], 
the structure was solved with the Superflip structure solution program using Charge Flipping [4] and refined with the 
ShelXL refinement package using Least Squares minimization. Refinement was performed on F2 anisotropically for 
all of the nonhydrogen atoms by the full-matrix least-squares method. The hydrogen atoms were placed at the 
calculated positions and were included in the structure calculation without further refinement of their parameters. 
COT rings in (Dsp)Tb(COT) and (Dsp)Dy(COT) were not disordered, while in (Dsp)Y(COT), (Dsp)Er(COT) and 
(Dsp)Tm(COT) were disordered at 180 K and were treated with 68.6% and 31.4% occupancy in (Dsp)Y(COT), 
55.8% and 44.2% in (Dsp)Er(COT), and 60.7% and 39.3% in (Dsp)Tm(COT). Crystallographic data (excluding 
structure factors) have been deposited with the Cambridge Crystallographic Data Centre with supplementary 
publication numbers: 1835954 ~ 1835958. These data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.2 Single crystal structure of (Dsp)RE(COT) (RE = Y, Tb, Dy, Er, Tm)

Figure S1. Front view (a), top view (b), side view (c) and packing diagram (d) of single crystal structure of (Dsp)Tb(COT) with yellow, 

orange, tan, and black ellipsoids (30% possibility) representing Tb, P, Si, and C, respectively. Hydrogen atoms have been omitted for 

clarity. 
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Figure S2. Front view (a), top view (b), side view (c) and packing diagram (d) of single crystal structure of (Dsp)Dy(COT) with 

yellow, orange, tan, and black ellipsoids (30% possibility) representing Dy, P, Si, and C, respectively. Hydrogen atoms have been 

omitted for clarity.
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Figure S3. Front view (a), top view (b), side view (c) and packing diagram (d) of single crystal structure of (Dsp)Y(COT) with yellow, 

orange, tan, and black ellipsoids (30% possibility) representing Y, P, Si, and C, respectively, and the light grey ones are carbon atoms 

on another disorder fragment of COT. Hydrogen atoms have been omitted for clarity.
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Figure S4. Front view (a), top view (b), side view (c) and packing diagram (d) of single crystal structure of (Dsp)Er(COT) with pink, 

orange, tan, and black ellipsoids (30% possibility) representing Er, P, Si, and C, respectively, and the light grey ones are carbon atoms 

on another disorder fragment of COT. Hydrogen atoms have been omitted for clarity.
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Figure S5. Front view (a), top view (b), side view (c) and packing diagram (d) of single crystal structure of (Dsp)Tm(COT) with dark 

yellow, orange, tan, and black ellipsoids (30% possibility) representing Tm, P, Si, and C, respectively, and the light grey ones are carbon 

atoms on another disorder fragment of COT. Hydrogen atoms have been omitted for clarity.
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Table S1 Crystallographic data of (Dsp)RE(COT) (RE = Y, Tb, Dy, Er, Tm)
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Table S2 Selected bond lengths of (Dsp)RE(COT) (RE = Y, Tb, Dy, Er, Tm)

Table S3 Selected angles of (Dsp)RE(COT) (RE = Y, Tb, Dy, Er, Tm)
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3. Magnetic properties
Samples were closely wrapped by two layers of para-films followed by plugged into a capsule in glovebox, and 

then fixed in a straw. This straw was placed in a Schlenk tube before being transferred out of glovebox. Direct current 
(DC) susceptibility and alternative current (AC) magnetic susceptibility with frequencies ranging from 1 to 997 Hz 
were performed on a Quantum Design MPMS2 XL-5 SQUID magnetometer on polycrystalline samples. AC 
susceptibility measurement with frequencies ranging from 100 to 10000 Hz was performed on a Quantum Design 
PPMS on polycrystalline samples. Magnetic hysteresis measurements were carried out on a Quantum Design 
MPMS3 SQUID magnetometer. All DC magnetic susceptibilities were corrected for diamagnetic contribution from 
the sample holder, para-films, capsules and diamagnetic contributions from the molecule using Pascal’s constants [4].

3.1 Magnetic properties of DspErCOT

Figure S6. Temperature dependence of the static molar magnetic susceptibility times temperature (χMT; inset: χM
-1) for (Dsp)Er(COT) 

under an applied static field of 1000 Oe over the temperature range from 2 to 300 K.

Figure S7. Plot of zero-field cooled (ZFC, black circles) and field-cooled (FC, red circles, HDC = 1000 Oe) magnetic susceptibility of 

(Dsp)Er(COT) versus temperature.
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Figure S8. Magnetic hysteresis loops for (Dsp)Er(COT) with a field-sweeping rate of 200 Oe/s at 2, 3, 4, 5, 6, 7, 8, 9, 10 K, 

respectively.
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Figure S9. Temperature-dependence (a, b) and frequency-dependence (c, d) of in-phase (χM′, upper) and out-of-phase (χM′′, lower) 

molar AC susceptibility for (Dsp)Er(COT) under zero applied DC magnetic field. (a, c) are data derived from MPMS, and (b, d) are 

data derived from PPMS.
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Figure S10. (a) and (b): Argand plots of χM′′ vs χM′ of (Dsp)Er(COT) under zero applied DC magnetic field ((a) data derived from 

MPMS, (b) data derived from MPMS). (c) Plot of natural log of relaxation time versus inverse temperature. The red and purple circles 

represent the data from PPMS and MPMS, respectively. The black solid line represents the best fitting using a combination of Orbach 

and QTM process. The fitting gives energy barrier Δ/kB = 358(3) K and τ0 = 1.6(3) × 10‒11 s.
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Figure S11. Plot of in-phase (χM′, upper) and out-of-phase (χM′′, lower) molar AC susceptibility for (Dsp)Er(COT) vs field under AC 

magnetic field with oscillated frequency of 100, 1000, 10000 Hz, respectively.
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Figure S12. Temperature-dependence (a, b) and frequency-dependence (c, d) of in-phase (χM′, upper) and out-of-phase (χM′′, lower) 

molar AC susceptibility for (Dsp)Er(COT) under an applied DC magnetic field of 1000 Oe. (a, c) are data derived from MPMS, and 

(b, d) are data derived from PPMS.
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Figure S13. (a) and (b): Argand plots of χM′′ vs χM′ of (Dsp)Er(COT) under an applied DC magnetic field of 1000 Oe ((a) data derived 

from MPMS, (b) data derived from MPMS). (c) Plot of natural log of relaxation time versus inverse temperature. The red and purple 

circles represent the data from PPMS and MPMS, respectively. The black solid line represents the best fitting using pure Orbach process. 

The fitting gives energy barrier Δ/kB = 367(1) K and τ0 = 0.9(2) × 10‒11 s.
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3.2. Magnetic properties of (Dsp)Dy(COT)

Figure S14. Temperature dependence of the static molar magnetic susceptibility times temperature (χMT; inset, χM
-1) for (Dsp)Dy(COT) 

under an applied static field of 1000 Oe over the temperature range from 2 to 300 K.

The value of χMT for (Dsp)Dy(COT) at T = 300 K is 14.09 cm3 mol–1 K, almost equals to that of a free Dy(III) ion 
(14.17 cm3 mol–1 K).
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Figure S15. Temperature-dependence (a, b) and frequency-dependence (c, d) of in-phase (χM′, upper) and out-of-phase (χM′′, lower) 

molar AC susceptibility for (Dsp)Dy(COT) under an applied DC magnetic field of 1000 Oe. (a, c) are data derived from MPMS, and 

(b, d) are data derived from PPMS.

(Dsp)Dy(COT) doesn’t show slow magnetic relaxation under zero applied DC field, that is, no frequency-
dependence. So we don’t show the data. The energy barrier under 2000 Oe DC field could be fitted using the 
combination of Orbach and Raman process, and returns 57 K (Fig. S15).
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Figure S16. (a) and (b): Argand plots of χM′′ vs χM′ of (Dsp)Dy(COT) under an applied DC magnetic field of 2000 Oe ((a) data derived 

from MPMS, (b) data derived from MPMS). (c) Plot of natural log of relaxation time versus inverse temperature. The red and purple 

circles represent the data from PPMS and MPMS, respectively. The black solid line represents the best fitting using pure Orbach process. 

The fitting gives energy barrier Δ/kB = 57 K and τ0 = 1 × 10‒11 s.
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3.3. Magnetic properties of (Dsp)Tm(COT)

Figure S17. Temperature dependence of the static molar magnetic susceptibility times temperature (χMT; inset, χM
-1) for (Dsp)Tm(COT) 

under an applied static field of 1000 Oe over the temperature range from 2 to 300 K.

The value of χMT for (Dsp)Tm(COT) at T = 300 K is 7.20 cm3 mol–1 K, almost equals to that of a free Tm(III) ion 
(7.15 cm3 mol–1 K).
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Figure S18. Temperature-dependence (a, b) and frequency-dependence (c, d) of in-phase (χM′, upper) and out-of-phase (χM′′, lower) 

molar AC susceptibility for (Dsp)Tm(COT) under an applied DC magnetic field of 2500 Oe. (a, c) are data derived from MPMS, and 

(b, d) are data derived from PPMS.

(Dsp)Tm(COT) doesn’t show slow magnetic relaxation under zero applied DC field, that is, no frequency-
dependence. So we don’t show the data. The energy barrier under 2500 Oe DC field could be fitted using the 
combination of Orbach and Raman process, and returns 109 K (Fig. S19).
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Figure S19. (a) and (b): Argand plots of χM′′ vs χM′ of (Dsp)Tm(COT) under an applied DC magnetic field of 2500 Oe ((a) data derived 

from MPMS, (b) data derived from MPMS). (c) Plot of natural log of relaxation time versus inverse temperature. The black circles 

represent the data derived from the measurements. The red solid line represents the best fitting using a combination of Orbach and Raman 

process. The fitting gives energy barrier Δ/kB = 109 K and τ0 = 4 × 10‒11 s.
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4. Computational details
Complete-active-space self-consistent field (CASSCF) calculations on the (Dsp)Tb(COT), (Dsp)Dy(COT), 

(Dsp)Er(COT) and (Dsp)Tm(COT) (see Fig. S20 for the complete structure of complex (Dsp)Tb(COT); see Fig. 
S22 for the other three complexes) on the basis of X-ray determined geometry have been carried out with MOLCAS 
8.2 program package [5], [6].

For CASSCF calculations, the basis sets for all atoms are atomic natural orbitals from the MOLCAS ANO-RCC 
library: ANO-RCC-VTZP for TbIII (DyIII, ErIII, TmIII) ions; VTZ for close C and P; VDZ for distant atoms. The 
calculations employed the second order Douglas-Kroll-Hess Hamiltonian, where scalar relativistic contractions were 
taken into account in the basis set and the spin-orbit coupling was handled separately in the restricted active space 
state interaction (RASSI-SO) procedure. The active electrons in 7 active spaces include all f electrons (CAS (8 in 7 
for TbIII, 9 in 7 for DyIII, 11 in 7 for ErIII, 12 in 7 for TmIII) for complexes (Dsp)Tb(COT), (Dsp)Dy(COT), 
(Dsp)Er(COT) and (Dsp)Tm(COT), respectively) in the CASSCF calculations. To exclude all the doubts, we 
calculated all the roots in the active space. We have mixed the maximum number of spin-free state which was possible 
with our hardware (all from 140 quintuplets and 68 from 500 triplets for TbIII; all from 21 sextets, 128 from 224 
quadruplets and 130 from 490 doublets for DyIII; all from 35 quadruplets and all from 112 doublets for ErIII; all from 
21 triplets and all from 68 singlets for TmIII).

Figure S20. Calculated complete structure of (Dsp)Tb(COT); H atoms are omitted.
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Figure S21. Calculated (solid line) magnetic susceptibility.

Table S4. Calculated energy levels (cm−1), g (gx, gy, gz) tensors and mJ values of the lowest Kramers doublets of the 
DyIII (ErIII), non– Kramers doublets of the TbIII (TmIII).

(Dsp)Tb(COT) (Dsp)Dy(COT)

E/cm–1 g mJ
E/cm–

1

g mJ

gx 0.000 gx 0.051
0.0

gy 0.000 gy 0.0851
11.0

gz 15.919

±6 0.0

gz 18.608

±15/2

gx gx 0.485
gy gy 0.4902 47.5
gz

0 33.0
gz 12.601

±13/2

gx 0.000 gx 0.513
103.6

gy 0.000 gy 1.2453
103.8

gz 6.183

±2 63.8

gz 7.267

±3/2
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gx 0.000 gx 0.170
208.3

gy
0.000

gy 0.2004
209.8

gz 9.428

±3 77.3

gz 14.698

±5/2

gx 0.000 gx 9.705
gy 0.000 gy 6.6605

311.3
314.8

gz 15.018
±4 97.1

gz 3.013
±9/2

gx 0.000 gx 0.521
346.3

gy 0.000 gy 1.840 6
348.3

gz 15.458

±1 142.0

gz 18.065

±1/2

gx 0.000 gx 0.001
422.6

gy 0.000 gy 0.0037
423.1

gz 16.252

±5 197.9

gz 17.338

±11/2

gx 0.000
gy 0.0008 480.6
gz 19.854

±7/2

(Dsp)Er(COT) (Dsp)Tm(COT)

E/cm–1 g mJ
E/cm–

1
g mJ

gx 0.0003 gx 0.000
0.000

gy 0.0004 gy 0.0001 0.0

gz 17.933

±15/2
0.007

gz 13.989

±6

gx 0.062 gx 0.000
247.2

gy 0.081 gy 0.0002 164.3

gz 15.993

±13/2
247.4

gz 11.745

±5

gx 0.567 gx 0.000
368.3

gy 1.956 gy 0.0003 185.1

gz 14.481

±1/2
373.0

gz 8.979

±4

gx 7.361 gx 0.000
379.9

gy 5.627 gy 0.0004 205.3

gz 3.447

±5/2
381.3

gz 7.777

±2

gx 0.655
gy 1.3035 222.6
gz 9.200

±9/2 406.0 0

gx 0.844 gx 0.000
417.2

6 230.3
gy 1.434

±7/2
423.7

gy 0.000
±3
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gz 8.894 gz 9.022
gx 0.348 gx 0.000

437.7
gy 0.732 gy 0.0007 258.5

gz 14.970

±3/2
440.2

gz 0.081

±1

gx 0.484
gy 0.6638 275.4
gz 15.454

±11/2

Figure S22. Orientations of the local main magnetic axes (green arrows) of the ground Kramers doublets on DyIII (ErIII), non–Kramers 

doublets on TbIII (TmIII).
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Figure S23. The magnetization blocking barriers in complexes (Dsp)Ln(COT). The thick black lines represent the Kramers doublets 

for complexes (Dsp)Dy(COT) and (Dsp)Er(COT), non–Kramers doublets for complexes (Dsp)Tb(COT) and (Dsp)Tm(COT) as a 

function of their magnetic moment along the magnetic axis. The green lines correspond to diagonal quantum tunneling of magnetization 

(QTM); the blue line represent off-diagonal relaxation process. The numbers at each arrow stand for the mean absolute value of the 

corresponding matrix element of transition magnetic moment. 
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In order to build model fragment [Er(COT)]+, COT2– was optimized using ORCA 3.0.3 package [7] (RKS, 
B3LYP/G 6-311G**). The Er3+ ion was put on the normal through the center of the COT ring. Series of fragments 
were obtained by scanning the distance between Er3+ ion and the ring center. CASSCF/RASSI-SO/SINGLE_ANISO 
[8], [9] calculations were performed by using MOLCAS 8.1 program [10] to calculate the magnetic properties.

Table S5 Calculated energy levels and g tensors (gx, gy, gz) of the lowest J multiplets for the hypothetical fragment 
[Er(COT)]+ with series of dEr-COT.
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Figure S24. Relaxation of the magnetization for the hypothetical fragment [Er(COT)]+ with series of dEr-COT. The numbers at each arrow 

stand for the mean absolute value of the corresponding matrix element of transition magnetic moment. 
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Figure S25. Plot of energy barrier vs series of dEr‒COT for the hypothetical fragment [Er(COT)]+ calculated based on ab initio; inset: 

[Er(COT)]+.

Table S6 Comparison of dEr‒COT and energy barrier for Er-COT series.
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Table S7 Comparison of crystal field parameters of (Dsp)Er(COT), (Cp*)Er(COT) and [Er(COT)2]–.
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5. Copies of 1H NMR and 31P NMR Spectrum of YICOT(THF)2 and DspYCOT

Figure S26. 1H NMR spectrum of YICOT(THF)2.
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Figure S27. 1H NMR spectrum of DspYCOT.
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Figure S28. 31P NMR spectrum of DspYCOT.
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