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Fig. S1  Electronic spectra of (a) 1 and (b) 2 in CHCl3 at 289 K.  
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Fig. S2  FT-IR spectra of (a) 1 and (b) 2 as KBr pellets at 289 K. Three main strong peaks (*) at 

1330, 1062, 728 cm
–1

 were assigned to the Pc
2–

.
1
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Fig. S3-1  PXRD patterns of 1 at 293 K. 
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Fig. S3-2  PXRD patterns of 2 at 293 K. 

 

 

 

 

 

 

 

 

 

 

8 16 24 32 40 48 56

counts

sim.

c
o
u

n
ts

/ 
a

rb
.u

n
it
s

2/ deg.



S7 

 

 

Fig. S4  (a) Molecular structure of TbPc2. (b) Schematic illustration of the square-antiprismatic 

(SAP) coordination environment of LnPc2. (c) Twist angle φ in SAPs in multiple-decker Ln
III

-Pc 

complexes. (d) The square-prismatic (SP) coordination environment have D4h point symmetry. (e) 

The square-antiprismatic (SAP) coordination environment have D4d symmetry. 

 

 
Table S1. Selected crystallographic data for 1−3 
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Fig. S5  Packing diagram of 1. C4 symmetrical disorder of the chloride atoms on chloroform is 

observed. The chloroform has C3v symmetry. The unusual C4 symmetry of chloroform observed in 

the single crystal of 1 is related to the strong intermolecular CH/n interactions between the 

chloroform and the point group D4 (it has one C4 axis) symmetric TTP ligand in 1. 

 

 

Fig. S6-1  Packing diagram for 2. 
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Fig. S6-2  Packing diagram for 2. 

 

 

 

Fig. S7 1/M versus T plots for (a) 1 and (b) 2. Black solid lines are linear fits of the data. The 

fitting parameters are listed in the main text. 
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Fig. S8-1  Field dependence of the magnetization measured on powder samples of (a) 1, (b) 2 and 

(c) 3, corrected from 1.8 to 30 K. The solid lines are guides only. 
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Fig. S8-2  Field dependence of the magnetization measured on powder samples of 1−3, in which 

slight hystereses were observed at 1.8 K. The solid lines are guides only. 
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Fig. S9-1  (a) MT versus T plots for 1. The solution sample was prepare by mass ratio of 1 (5 mg) 

and toluene (1.8 mL). Open black circles are powder sample of 1, and open red circles are solution 

sample of 1 (diluted sample). (b) The field dependence of the magnetization measured on powder 

(open black circles) and solution samples of 1 (open red circles). The solid lines are guides only. 

 

 

 

Fig. S9-2  (a) MT versus T plots for 2. Solution samples were prepared by using mass ratio of 2 (5 

mg) and toluene (1.8 mL). Open black circles are powder sample of 2, and open red circles are 

solution sample of 2 (diluted sample). (b) The field dependence of the magnetization was measured 

on powder (open black circles) and solution sample of 2 (open red circles). The solid lines are guides 

only. 
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Fig. S10  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 1 in a zero dc field. The solid lines are guides only. 

 

 

 

Fig. S11  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 2 at zero dc field. The solid lines are guides only. 
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The Kramers-Kronig equation
2–5

 

 

 

 

' : real part of ac magnetic susceptibility 

" : imaginary part of ac magnetic susceptibility 

: the experimental ac field exciting frequency 

: the effective energy barrier 

: the magnetic relaxation time 

kB: Boltzmann constant 

 

 

 

 

Table S2.  Selected values of  and 0 for 1 

 

 

 

Table S3.  Selected values of  and 0 for 2 
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Fig. S12  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 1 at 996 Hz in several dc magnetic fields. The solid 

lines are guides only. 

 

 

Fig. S13-1  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 1 at 1500 Oe. The solid lines are guides only. 
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Fig. S13-2  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 1 at 3000 Oe. The solid lines are guides only. 

 

 

Fig. S14  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 2 at 996 Hz in several dc magnetic fields. The solid 

lines are guides only. 
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Fig. S15  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 2 at 1000 Oe. The solid lines are guides only. 

 

 

Fig. S16  Frequency () and temperature (T) dependences of the ac magnetic susceptibilities of 2 at 

1000 Oe: (a) χM'T and (b) χM"T. The solid lines are guides only. 
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Fig. S17  Frequency () and temperature (T) dependences of the (a) in-phase (χM') and (b) 

out-of-phase (χM") ac magnetic susceptibilities of 2 at 3000 Oe. The solid lines are guides only. 

 

 

 

Fig. S18  Frequency () and temperature (T) dependences of χM" of 2 (SAP = Site A, SAP* = Site 

B). (a) Hdc = 0, (b) 1000, and (c) 3000 Oe. The solid lines are guides only. 
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Fig. S19  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 1 measured between 4 and 16 K in an Hdc of zero. (c) Argand plot of 1. The solid 

lines are guides only.  
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Fig. S20  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 1 measured between 0 and 6000 Oe at 5 K. (c) Argand plot of 1 measured between 

0 and 6000 Oe at 5 K. The solid lines are guides only. 
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Fig. S21  Arrhenius plots for 1 in a zero Hdc. Estimates of  from Fig. S20b (see main text). The 

solid line is guide only. 

 

 

 

Table S4.  values at 5 K for 1–3 in several Hdc 

 

The experimental data of 3 from ref. 7e (see main text). 
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Fig. S22  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 1 measured between 4 and 16 K in an Hdc of 1500 Oe. (c) Argand plot for 1. The 

solid lines are guides only.  
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Fig. S23  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 1 measured between 4 and 16 K in a Hdc of 3000 Oe. (c) Argand plot for 1. The 

solid lines are guides only.  

 

 

 



S24 

 

The generalized Debye model (eq. S4)
6 

 

The real (χM') and imaginary parts (χM") are given by eqs. S5 and S6, respectively. 

 

 

 

 

The Arrhenius equation 

 

From the  dependence of TB at each T, it is possible to estimate  and 0, which is the average  in 

response to thermal fluctuation, from the generalized Debye model by using the Arrhenius equation 

(eq. S7). This linear relation between ln() and T
–1

 indicates that the Orbach process (spin-phonon 

interactions), which approximately correspond to the  for thermal relaxation of the reversal of the 

magnetic moment, is dominant in high-T ranges (see main text). 
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Fig. S24  An Arrhenius plot of 1, where the τ were obtained from χM" versus  plots at T 

between 4 and 16 K in an Hdc of 1500 (Fig. S22b) and 3000 Oe (Fig. S23b). The solid lines were 

fitted using an Arrhenius law. The fitting parameters are listed in the main text. 
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Fig. S25  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 2 measured between 1.8 and 20 K in an Hdc of zero. (c) Argand plot for 2. The 

solid lines are guides only.  
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Fig. S26  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 2 measured between 1.8 and 20 K in an Hdc of 1000 Oe. (c) Argand plot for 2. The 

solid lines are guides only.  
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Fig. S27  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 2 measured between 1.8 and 20 K in a Hdc of 3000 Oe. (c) Argand plot for 2. The 

solid lines are guides only.  

 



S29 

 

 

Fig. S28  Frequency () dependence of (a) the real (M') and (b) imaginary (M") parts of the ac 

susceptibilities of 2 measured between 0 and 6000 Oe at 5 K. Argand plot for 2 measured between 0 

and 6000 Oe at 5 K. The solid lines are guides only. 
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Fig. S29  Schematic representation of electronic structure of Tb
III

 ion (4f
8
) and TbPc2 complexes. 

Magnetic dipole-dipole interactions are important for Tb
III

 dinuclear complexes. 
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The extended Debye model (eq. S8)
7
 

 

 

where S is the adiabatic susceptibility, T is the isothermal susceptibility,
40,50

  (= 2) is the 

angular frequency, 1 and 2 are the magnetization relaxation times, 1 and 2 describe the 

distributions of the relaxation processes,  is the weight of the first relaxation process, and (1–) 

corresponds to the second one. The real part and the imaginary part are given by equations (eq. 

S9) and (eq. S10), respectively. 
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Table S5. Selected geometry and SMM parameters for 1–3 and a related SMM 

 

The experimental data of 3 from ref. 7e (see main text). 
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Fig. S30
10

  (a) Crystal structure of Tb2(obPc)3. The n-butoxy chains have been omitted for clarity. 

(b) Hysteresis loops for a single crystal of Tb2(obPc)3. (c) Relaxation time () versus magnetic field 

plot for Tb2(obPc)3 made by using parameters obtained from Argand plots. (d) Zeeman diagram of 

the doublet ground state for Tb2(obPc)3 which was obtained from magnetic heat capacity (Cm) in an 

Hdc. 
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