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Fig. S1 Electronic spectra of (a) 1 and (b) 2 in CHCI; 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* were assigned to the Pc*".!
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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.
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Fig. S4 (a) Molecular structure of TbPc,. (b) Schematic illustration of the square-antiprismatic
(SAP) coordination environment of LnPc,. (c) Twist angle ¢ in SAPs in multiple-decker Ln"'-Pc
complexes. (d) The square-prismatic (SP) coordination environment have D4, point symmetry. (e)
The square-antiprismatic (SAP) coordination environment have D4g Symmetry.

Table S1. Selected crystallographic data for 1-3

1 (CCDC 989974)

2 (CCDC 1041202)

3 (CCDC 753306)

Chemical formula  C,yy Hy Nyg Cly5Th,
Formula weight 2529.22

TK 93
Crystal system tetragonal
Space group 14/m

a/ nm 1.4314(6)
b/ nm 1.4314(6)
¢/ nm 2.5736(12)
af deg. 90.00

Pl deg. 90.00

¥ deg. 90.00

¥/ nm? 5.273(4)
z 2
R(I>2s(1)) 0.0296
wR,(all) 0.0888
GOF 1.219

Ci1o Hea Ny ClgTh,
2194.34
93
monoclinic
P2,/c
1.3800(3)
2.7638(6)
2.3522(5)
90.00
98.391(3)
90.00
8.876(3)

4

0.0761
0.1859
1.109

Cig6 Haso NpyOs6 Thy
3678.06

93

triclinic

P-1
1.31648(11)
1.78266(17)
2.06226(19)
107.2150(10)
90.5010(10)
100.8480(10)
4.5296(7)

1

0.0470
0.1357

1.088
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Fig. S5 Packing diagram of 1. C, symmetrical disorder of the chloride atoms on chloroform is
observed. The chloroform has Cz, symmetry. The unusual C, 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 Dy (it has one C4 axis) symmetric TTP ligand in 1.

Intermolecular distances

@ Tb+++Tb:1.242 nm
@ Tb+*+**Tb:1.162 nm

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

@ Tb*++Tb:1.352 nm
@ Tb*++Tb:1.380 nm

Fig. S6-2 Packing diagram for 2.
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Fig. S7 1/yw 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) ymT 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.
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Fig. S9-2 (a) ymT 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 (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym™) ac magnetic susceptibilities of 1 in a zero dc field. The solid lines are guides only.
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Fig. S11 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym") ac magnetic susceptibilities of 2 at zero dc field. The solid lines are guides only.
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The Kramers-Kronig equation®>

!

X—.. = wT (eq. S1)
X
x A
4 _ i eq. S2
e wTy + exp (kBT) (eq.S2)
x' A

| = N eq.S3

In (X) In(wty) + kT (eq.S3)

x - real part of ac magnetic susceptibility

" - imaginary part of ac magnetic susceptibility
o : the experimental ac field exciting frequency
A : the effective energy barrier

7. the magnetic relaxation time

kg: Boltzmann constant

Table S2. Selected values of 4 and 7, for 1

v/Hz 198 398 598 797 996
Alem™! 18.7 17.8 209 21.1 234
/s 1.35%10% 1.26%10% 81x107 7.5x107 57x107

Table S3. Selected values of 4 and 7, for 2

v/ Hz 198 398 598 797 996
Alem™ 37.8 38.0 37.8 36.4 36.0
/8 452x10% 348x106 292x106 2.82%x10° 2.61%x10°
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Fig. S12 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym™) ac magnetic susceptibilities of 1 at 996 Hz in several dc magnetic fields. The solid
lines are guides only.
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Fig. S13-1 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym") ac magnetic susceptibilities of 1 at 1500 Oe. The solid lines are guides only.
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Fig. S13-2 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym™) ac magnetic susceptibilities of 1 at 3000 Oe. The solid lines are guides only.
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Fig. S14 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym") 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 (v) and temperature (T) dependences of the (a) in-phase (ym') and (b)
out-of-phase (ym™) ac magnetic susceptibilities of 2 at 1000 Oe. The solid lines are guides only.
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Fig. S16 Frequency (v) and temperature (T) dependences of the ac magnetic susceptibilities of 2 at
1000 Oe: (a) ym'T and (b) ym"T. The solid lines are guides only.
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Fig. S17 Frequency (v) and temperature (T) dependences of the (a) in-phase (ym") and (b)
out-of-phase (ym™) ac magnetic susceptibilities of 2 at 3000 Oe. The solid lines are guides only.
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Fig. S18 Frequency (v) and temperature (T) dependences of yu" of 2 (SAP = Site A, SAP* = Site
B). (a) Hyqc =0, (b) 1000, and (c) 3000 Oe. The solid lines are guides only.
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Fig. S21 Arrhenius plots for 1 in a zero Hg.. Estimates of 7 from Fig. S20b (see main text). The
solid line is guide only.

Table S4. rvalues at 5 K for 1-3 in several Hgc

Complexes sat5 K Hy/ Oe

[(TTP)Tb(Pc)Tb(TTP)] (1) 4.1X1073 0
2.0x1073 1500

[(Pc)Tb(Pc)Tb(TTP)] (2) 5.6X10* 0

52X 10 (7) 1000

12X 1072 (7,) 1000
40X 107 (1) 3000
2.4%107 (1) 3000

[(obPc)Tb(obPc)Tb(obPc)] (3) 1.8X 1072 0

4.8% 107 (1) 3000

45%1072 (1) 3000

The experimental data of 3 from ref. 7e (see main text).
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The generalized Debye model (eq. S4)°
The real (ym') and imaginary parts (ym") are given by egs. S5 and S6, respectively.

_ Xr — Xs
Xtotal (w) = Xst 1+ (iwn)l-@ (eq. S4)

1+ (w7)'*sin("%/,)
14 2(w1) ™ sin(T/,) + (01)*

x (@) = xg+ Oy — X5) (eq. S5)

(wr)l_“cos(”“/z)

14 2(wn)' " *sin(T%/,) + (wr)* >

x (@)= (tp—x5) (eq. S6)

The Arrhenius equation

From the v dependence of Tg at each T, it is possible to estimate A and 7, which is the average zin
response to thermal fluctuation, from the generalized Debye model by using the Arrhenius equation
(eq. S7). This linear relation between In(z) and T indicates that the Orbach process (spin-phonon
interactions), which approximately correspond to the A for thermal relaxation of the reversal of the

magnetic moment, is dominant in high-T ranges (see main text).

T = 1pexp(AE/kgT) (eq.S57-1)

In(7) = In(zy) + AE/kgT (eq.S7-2)
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Fig. S27 Frequency (v) dependence of (a) the real (ym") and (b) imaginary (yw™) parts of the ac
susceptibilities of 2 measured between 1.8 and 20 K in a Hg, of 3000 Oe. (c) Argand plot for 2. The
solid lines are guides only.
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Fig. S29 Schematic representation of electronic structure of Th"' ion (4f%) and TbPc, complexes.
Magnetic dipole-dipole interactions are important for Th"' dinuclear complexes.
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The extended Debye model (eq. S8)’

B P
1+ (iwt)1=% 1+ (iwty)1-% (eq. 58)

Xiorar(@) = x5+ (7 — X5) [

B[1+ (wr)™%sin 1/2 a7
1+ 2(wty) " %sin 1/2 a1+ (wty)20-a)

X = Xst (XT_XS){

1-— 1+ (wto) " %2sinl/, a,m
(1= B)[1 + (wr2) /2 @2m] (eq. 59)
1+ 2(wty) " ®2sin 1/2 a1 + (wty)2(-a2)
¥ = Go—1x0) B(wt) ™% cos 1/2 aym
T 251 + 2(wr) 1 -usin 1/2 a1+ (wry)20-a)
(eq.S10)

(1 - B)(wrx) " 2cos 1/, aym
1+ 2(wty)1~25in 1/2 a1 + (wty)20-a2)

where ys is the adiabatic susceptibility, yr is the isothermal susceptibility,***® @ (= 27nv) is the
angular frequency, nn and 7 are the magnetization relaxation times, ©n and 7, describe the
distributions of the relaxation processes, g is the weight of the first relaxation process, and (1-5)
corresponds to the second one. The real part and the imaginary part are given by equations (eq.
S9) and (eq. S10), respectively.

S31



Table S5. Selected geometry and SMM parameters for 1-3 and a related SMM

Complexes Ba/° dp/° Site geometry A Jem™! 7, /s Hy/ Qe
[(TTP)Tb(Pc)TH(TTP)] (1) 4 4 SP-SP 18-24 105107 0
— - — 32 3.97X10°° 1500
[(Pc)Tb(Pc)Th(TTP)] (2) 14 38 SAP-SAP* 15 477%10° 0
SAP (site A) 14 - - 60 3.48 X 10° 1000
SAP* (site B) - 38 - 162 3.16 X108 1000
14 38 — 43 5.02X 107 3000
[(obPc)Tb(obPc)Tb(obPe)] (3) 32 32 SAP-SAP 206 3.8x 1010 0
{[Tb(TTP),](H-DBU)}* 45 - SAP 269 1.6 101! 0
— - — 283 6.8 X 1012 2000
[(Pc)Tb(Pc)Th(T(pOMe)PP)|° 1 45 SP-SAP* None None

The experimental data of 3 from ref. 7e (see main text).
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Fig. S30'° (a) Crystal structure of Th,(obPc)s. The n-butoxy chains have been omitted for clarity.
(b) Hysteresis loops for a single crystal of Thy(obPc)s. (c) Relaxation time (z) versus magnetic field
plot for Th,(obPc); made by using parameters obtained from Argand plots. (d) Zeeman diagram of
the doublet ground state for Th,(obPc); which was obtained from magnetic heat capacity (Cn) in an
HdC-
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