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Computational details

For complexes 1-3, there is only one type of Dy** fragment, and thus we extracted
one Dy3" fragment (see Fig. 5 for the model structure of the calculated Dy3" fragment)
from 1-3 on the basis of single-crystal X-ray determined geometry. Complete-active-
space self-consistent field (CASSCF) calculations on individual Dy3" fragment have
been carried out with MOLCAS 8.2 program package.5! The basis sets for all atoms are
atomic natural orbitals from the MOLCAS ANO-RCC library: ANO-RCC-VTZP for
Dy?** ion; VTZ for close O and N; VDZ for distant atoms. During the calculation, the
close Dy** ion was replaced by diamagnetic Lu?*. 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 couplings were handled
separately in the restricted active space state interaction (RASSI-SO) procedure. For
the fragment of individual Dy3" ion, active electrons in 7 active spaces include all f
electrons (CAS (9 in 7)) in the CASSCF calculation. To exclude all the doubts, we

calculated all the roots in the active space. We have mixed the maximum number of
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spin-free state which was possible with our hardware (all from 21 sextets, 128 from 224

quadruplets, 130 from 490 doublets).

Fitting the exchange interaction in two complexes using Lines model based on
CASSCEF results

To fit the exchange interactions in complex 1-3, we took two steps to obtain them.
Firstly, we calculated the mononuclear fragment using CASSCF to obtain the
corresponding magnetic properties (see the first part). And then, the exchange
interaction between the magnetic centers is considered within the Lines model,? while
the account of the dipole-dipole magnetic coupling is treated exactly. The Lines model
is effective and has been successfully used widely in the research field of binuclear
lanthanide single-molecule magnets.S3

For complex 1-3, we only consider one type of Dy*'- Dy*" interactions. The
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exchange Hamiltonian can be expressed as follow: Hexen

The Jioal is the parameter of the total magnetic interaction (Jigw=dipolart/exchange)
between Dy?* ions. The S0y = +1/2 is the ground pseudospin on the Dy3* site. The
dipolar magnetic coupling can be calculated exactly, while the exchange coupling
constant was fitted through comparison of the computed and measured magnetic

susceptibility using the POLY ANISO program.S*



Table S1. Selected Bond Distances (A) in complex 1-3.

1 2 3
Dy-N1 2.489 2.486 2.490
Dy-N2 2.568 2.610 2.561
Dy-O1 2.333 2.340 2.320
Dy-02 2.356 2.362 2.368
Dy-03 2.337 2.342 2.367
Dy-03#2 2.621 2.585 2.547
Dy-04 2.433 2.475 2.452
Dy-O5 2.564 2.498 2.388
Dy-06 2.388 2.398 2.423
Table S2. Hydrogen Bonds in 1.

D-H d(D-H) (A) <DHA (°) | d(D...A) (A) A

C10-H10 1.065 159.92 2.601 O5[-1-x, -1-y, -z ]
C7-H7 0.930 154.29 2.403 06 [ -3-x, -1-y, -z ]
Table S3. Hydrogen Bonds in 2.

D-H d(D-H) (A) <DHA (°) | d(D...A) (A) A
02-H2A 0.850 163.58 2.601 O5[2-x, 1-y, 1-z ]
02-H2B 0.850 167.74 2.681 Ol [1+x,y,-z]

C4-H4 0.930 125.58 3.133 04[2-x, 0.5+y,1.5-7]
C7-H7 0.930 151.12 3314 06[2-x, 0.5+y,1.5-7]
Table S4. Hydrogen Bonds in 3.

D-H d(D-H) (A) <DHA (°) d(D...A) (A) A

02-H2a 0.875 144 .35 2.699 O5[-1tx,y, 7]
C8-H8 0.930 155.23 3.396 04 4-x, 1-y, 1-z]




Table S5. Relaxation fitting parameters from Least-Squares Fitting of y(f) data under
zero dc field and 3 kOe dc field of 1.

1 under zero dc field
T (X) Xt X5 o T (s)
2 5.000 0.855 0.312 0.0358
2.5 4.321 0.694 0.321 0.0355
3 3.718 0.633 0.297 0.0353
3.5 3.269 0.557 0.295 0.0347
4 2.925 0.502 0.293 0.0342
4.5 2.640 0.454 0.291 0.0339
5 2.417 0.414 0.292 0.0329
5.5 2.211 0.389 0.279 0.0319
6 2.004 0.393 0.236 0.0299
6.5 1.850 0.372 0.212 0.0266
7 1.714 0.352 0.185 0.0182
7.5 1.585 0.344 0.142 0.0139
8 1.473 0.350 0.090 0.0103
8.5 1.389 0.333 0.073 0.0072
9 1.311 0.325 0.046 0.0049
9.5 1.242 0.328 0.018 0.0033
10 1.188 0.276 0.039 0.0020
10.5 1.136 0.258 0.044 0.0012
11 1.085 0.258 0.023 7.25E-4
11.5 1.002 0.077 0.148 3.63E-4
12 1.042 0.070 0.172 2.24E-4
12.5 0.987 0.070 0.149 1.27E-4
13 0.855 0.089 0.067 7.55E-5
13.5 0.819 0.096 0.047 4.76E-5
14 0.793 0.087 0.058 3.00E-5
14.5 0.768 0.072 0.070 1.88E-5
15 0.741 0.091 0.059 1.30E-5
15.5 0.718 0.112 0.058 9.11E-6
16 0.696 0.142 0.057 6.65E-6
1 under 3 kOe dc field
T (K) xT xs o T (s)
6 2.183 0.325 0.280 0.1930
6.5 1.867 0.322 0.200 0.1019
7 1.696 0.268 0.236 0.0667
7.5 1.586 0.266 0.166 0.0358
8 1.471 0.250 0.143 0.0214
8.5 1.362 0.255 0.088 0.0130
9 1.290 0.237 0.083 0.0079




9.5 1.220 0.246 0.040 0.0048
10 2.091 0.050 0.307 0.0097
10.5 1.336 0.056 0.236 0.0024
11 1.091 0.061 0.178 9.81E-4
11.5 0.974 0.066 0.134 4.91E-4
12 0.916 0.069 0.109 2.70E-4
12.5 0.868 0.073 0.086 1.55E-4
13 0.836 0.073 0.081 9.13E-5
13.5 0.808 0.070 0.084 5.47E-5
14 0.785 0.051 0.106 3.26E-5
14.5 0.759 0.036 0.113 1.96E-5
15 0.759 0.028 0.113 1.23E-5
15.5 0.713 0.007 0.123 7.59E-6
16 0.691 0.021 0.123 5.16E-6




Table S6. Relaxation fitting parameters from Least-Squares Fitting of y(f) data under
zero dc field and 3 kOe dc field of 2.

2 under zero dc field
T (XK) Xt X5 o T(s)
2 4.571 0.500 0.398 0.0071
2.5 3.906 0.418 0.395 0.0076
3 3.407 0.360 0.397 0.0079
3.5 3.015 0.320 0.398 0.0079
4 2.696 0.294 0.398 0.0078
4.5 2.435 0.276 0.396 0.0075
5 2.218 0.262 0.392 0.0070
5.5 2.029 0.255 0.382 0.0064
6 1.865 0.251 0.368 0.0057
6.5 1.726 0.252 0.345 0.0050
7 1.598 0.254 0.314 0.0042
7.5 1.484 0.260 0.272 0.0034
8 1.391 0.262 0.234 0.0027
8.5 1.305 0.267 0.186 0.0020
9 1.234 0.269 0.145 0.0015
9.5 1.169 0.275 0.099 0.0010
10 1.115 0.271 0.077 6.67E-4
10.5 1.062 0.282 0.042 4.39E-4
11 1.048 0.127 0.206 2.07E-4
11.5 0.987 0.125 0.171 1.21E-4
12 0.926 0.145 0.098 7.65E-5
12.5 0.877 0.154 0.060 4.98E-5
13 0.844 0.154 0.051 3.25E-5
13.5 0.811 0.180 0.018 2.30E-5
14 0.788 0.137 0.053 1.41E-5
2 under 3 kOe dc field
T (X) xT xS a T (s)
6 1.920 0.142 0.262 0.1374
6.5 1.798 0.134 0.245 0.0849
7 1.605 0.131 0.199 0.0490
7.5 1.439 0.144 0.127 0.0273
8 1.352 0.132 0.124 0.0162
8.5 1.269 0.139 0.098 0.0095
9 1.199 0.141 0.083 0.0055
9.5 1.149 0.110 0.121 0.0030
10 1.090 0.118 0.102 0.0016
10.5 1.042 0.126 0.095 9.12E-4
11 1.037 0.095 0.196 4.48E-4




11.5 0.964 0.094 0.178 2.32E-4
12 0.891 0.104 0.130 1.22E-4
12.5 0.874 0.093 0.151 7.04E-5
13 0.839 0.105 0.124 4.21E-5
13.5 0.789 0.148 0.053 2.88E-5
14 0.775 0.117 0.095 1.70E-5
14.5 0.757 0.017 0.146 8.60E-6




Table S7. Relaxation fitting parameters from Least-Squares Fitting of y(f) data under
zero dc field and 3 kOe dc field of 3.

3 under zero dc field
T (XK) Xt X5 o T(s)
2 5.935 0.945 0.209 0.0050
2.5 4.922 0.788 0.196 0.0049
3 4.215 0.677 0.195 0.0049
3.5 3.675 0.600 0.192 0.0047
4 3.251 0.544 0.186 0.0045
4.5 2.906 0.531 0.164 0.0042
5 2.644 0.487 0.164 0.0040
5.5 2.418 0.415 0.170 0.0028
6 2.193 0.540 0.079 0.0025
6.5 2.027 0.546 0.052 0.0019
7 1.90 0.388 0.117 0.0012
7.5 1.771 0.409 0.082 9.00E-4
8 1.669 0.411 0.078 6.47E-4
8.5 1.573 0.426 0.062 4.58E-4
9 1.483 0.460 0.037 3.22E-4
9.5 1.409 0.483 0.034 2.14E-4
10 1.381 0.196 0.188 9.92E-5
10.5 1.291 0.212 0.148 5.58E-5
11 1.234 0.216 0.134 3.69E-5
11.5 1.169 0.245 0.103 2.28E-5
12 1.122 0.294 0.074 1.65E-5
12.5 1.075 0.290 0.081 9.91E-6
13 1.038 0.327 0.067 7.39E-6
3 under 3 kOe dc field
4 3.441 0.117 0.400 0.1070
4.5 2915 0.118 0.347 0.0509
5 2.546 0.124 0.291 0.0259
5.5 2.285 0.130 0.247 0.0144
6 2.088 0.142 0.204 0.0086
6.5 1.933 0.158 0.168 0.0054
7 1.804 0.172 0.141 0.0035
7.5 1.700 0.183 0.127 0.0023
8 1.6 0.199 0.109 0.0015
8.5 1.516 0.213 0.106 9.45E-4
9 1.446 0.230 0.117 5.95E-4
9.5 1.377 0.264 0.126 3.67E-4
10 1.354 0.104 0.251 1.94E-4
10.5 1.271 0.097 0.252 9.54E-5




11 1.205 0.096 0.247 5.40E-5
11.5 1.150 0.087 0.247 2.70E-5
12 1.103 0.101 0.238 1.65E-5
12.5 1.057 0.140 0.221 9.72E-6
13 1.025 0.098 0.245 5.50E-6




Table S8. Calculated energy levels (cm™) and g (g, gy, g,) tensors of the lowest
Kramers doublets (KDs) of individual Dy fragment of complexes 1-3.

1 2
KDs E/cm! g E/cm! g E/cm™! g
0.01 0.04 0.07
1 0.0 0.04 0.0 0.09 0.0 0.16
19.41 19.58 19.59
0.51 0.25 0.09
2 88.8 0.76 85.2 0.38 53.2 0.30
17.30 18.68 19.37
2.06 2.17 3.12
3 142.8 3.43 152.0 3.68 162.5 5.54
12.50 13.58 12.43
8.83 10.19 0.15
4 200.0 6.76 197.1 6.16 190.6 4.99
3.27 1.66 10.92
0.23 1.20 2.51
5 242.9 2.11 243.8 3.73 225.7 3.72
13.91 12.79 12.81
8.24 0.60 0.64
6 278.6 6.95 284.7 1.25 312.7 1.12
1.93 15.04 14.33
10.45 0.17 0.20
7 293.8 6.98 317.7 0.56 374.2 0.29
2.19 16.47 18.45
0.14 0.01 0.06
8 371.3 0.27 397.2 0.07 426.6 0.20
18.94 19.15 18.80

Table S9. Wave functions with definite projection of the total moment | m; > for the
lowest three Kramers doublets (KDs) of individual Dy** fragments for complexes 1-3.
The principal axes frame is aligned with that of the ground state g tensor.

Elc wave functions
m!
0.0 94%|+15/2>

1 88.8 +19%|£5/2>+21%|+£3/2>+20%]|+1/2>
14;2' 50%]|+13/2>++11%|+£9/2>+12%|£7/2>+
0.0 96%|+15/2>

2 85.2 21%|x7/2>4+22%|£5/2>+19%|+3/2>
152. 57%|+13/2>+14%|+11/2>+12%]|+7/2>




0

0.0 97%£15/2>

53.2 23%|9/2>+22%|+7/2>+18%|+5/2>
1652 ‘ 54%|413/25>+11%|£9/2>+14%|£7/2>

Table S10. Fitted exchange coupling constant J.,, the calculated dipole-dipole
interaction Jgipolar and the total Jy,,,; between two Dy** ions with the shorter distance in
complexes 1-3 (cm™"). The intermolecular interaction zJ of 1-3 was fit to 0.00 cm™!.

1 2 3
Jdipolar —-0.80 -0.91 -1.17
Jexch -2.25 -0.75 -0.50
Jiotal -3.05 -1.66 -1.67

Table S11. The included angles 0 between the magnetic axes of Dy** ion and the
vector connecting two Dy?* ions within the dimer of complexes 1-3.

Complex

1

2

117.8

116.8

114.4

0/°

Table S12. Reported nine-coordinated carboxylate Dy** molecule nanomagnets.

Complexes Structure U/ K Dc field / Oe Ref.
[Dy(2-py-4-pme)(L)(H;0)] 1D 180
[Dy(2-py-4-pmc)(L,)(H,0)] 1D 145 0 this work
[Dy(2-py-4-pme)(Ls)(H;0)] ID 137
[Dy,(INO)4(NOs),]-2CH3;CN 3D 110 0 8a
[Dy,(NO3)4(sacbH),(H,0),(MeCN);] binuclear 109 0 8b
[Dy,(n2-anthce)y(anthe),(L),] binuclear 52
[Dy,(u2-anthce),(anthe),(L,),] binuclear 32 0 8c
[Dy,(n2-anthce),(anthe),(Ls),] binuclear 49
[Dy,(H;L),(PhCOO)4]-4H,0 binuclear 43 0 8d
[Dy,(L,),(0X),(H,0)]-2H,0 3D 38 2000 8e
[Dy(L,);(DMSO)], 1D 14 900 8f
[Dy,(1-tza)4(NO3),(2,2"-bipy),] binuclear 42 2000 8g
[Dy(C,04)1.5(Hy0)3],-20nH,0 2D 11 700 8h
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Fig. S1 The hydrogen-bonded 2D layer (a) and the connection of the hydrogen bonds

between the layers (b) in 1.



(b)

Fig. S2 The local structure (a), coordination polyhedron around Dy3" ion (b) and
double-chain structure (c) of complex 2. Hydrogen atoms and solvent molecules are
omitted for clarity.



(b)

Fig. S3 The local structure (a), coordination polyhedron around Dy3* ion (b) and
double-chain structure (¢) of complex 3. Hydrogen atoms and solvent molecules are
omitted for clarity.



(b)

Fig. S4 The hydrogen-bonded 2D layer (a) and the connection of the hydrogen bonds

between the layers (b) in 2.
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Fig. S5 The hydrogen-bonded 2D layer (a) and the connection of the hydrogen bonds

between the layers (b) in 3.
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Fig. S6 Powder X-ray diffraction profiles of 1-3 together with a simulation from the
single crystal data.
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Fig. S7 Plots of M-H/T at 2, 5, 8, 10, 12 and 15 K for 1-3.
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Fig. S8 Temperature dependence of the in-phase y\' (top) and out-of-phase yv"”
(bottom) ac signals under zero dc field for complex 2 (a) and 3 (b).
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Fig. S9 Frequency dependence of the in-phase (top) and out-of-phase (bottom) ac
susceptibility signal measured under zero dc field for 1-3. Solid lines were fitted using
a generalized Debye relaxation model, simultaneously to y,' (f) and " (f) curves.
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Fig. S10 Plot of In(z) vs. T"'of complex 2 (a) and 3 (b). The red lines represent the fitting
results. The dashed line represents the Orbach-type process
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Fig. S11 The temperature dependence of ac susceptibility under 3 kOe for 2 and 3.
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Fig. S12 Frequency dependence of the in-phase (top) and out-of-phase (bottom) ac
susceptibility signal under 3 kOe dc field for 1-3. Solid lines were fitted using a
generalized Debye relaxation model, simultaneously to y' (f) and yu” (f) curves.
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Fig. S13 The magnetization blocking barriers in complexes 1-3. The thick black lines
represent the Kramers doublets 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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