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1. Experimental Details

Materials and measurements. All experiments and manipulations were carried out under a dry
nitrogen atmosphere using the standard Schlenk techniques or in a glovebox. Toluene was dried
with over sodium under nitrogen atmosphere and distilled twice before use. Hexane was purchased
from Adamas, distilled over sodium hydride and subsequently stored over 3 A activated molecular
sieves. Anhydrous LnBr; and Tricyclohexylphosphine oxide (Cy3;PO) were purchased from Alfa
Aesar. Elemental analysis (C, H, N) was measured with 0.05 mL tin-capsules on a Perkin-Elmer
2400 CHN elemental analyzer. The samples of magnetic measurements were prepared in the
glovebox by loading the samples with multiple recrystallization in an NMR tube and were restrained
in eicosane. The samples were then placed under vacuum and flame-sealed. Magnetic susceptibility
measurements were recorded using a Quantum Design MPMS-XL7 SQUID magnetometer with
1000 Oe applied field in the temperature range of 2-300 K. Alternating-current (ac) measurements
were performed on the same magnetometer at ac frequencies ranging from 1 to 1500 Hz using a 2.0
Oe oscillating ac field. The measured susceptibilities were corrected for the diamagnetism of the
constituent atoms and gelatin capsule by using tabulated Pascal constants and the blank sample
holders.

Synthesis of [Dy(Cy;PO),(u-Br)(Br),],:2C;Hg (Dy,). A mixture of Cy;PO (0.296 g, 1 mmol)
and anhydrous DyBr; (0.201 g, 0.5 mmol) was dissolved in toluene (20 mL). The reaction mixture
was stirred at 60°C for 12 h. All the volatiles were removed under reduced pressure and the residue
was extracted with hexane (ca. 20 mL). Subsequently, the insoluble residue was extracted with
toluene (30 mL) and the extract filtered, concentrated and stored at -20 °C freezer overnight afforded
colorless crystals of Dy, (0.374 g, 72%). Anal. calcd: C, 47.51; H, 6.86. Found: C, 47.86; H, 6.98.

Synthesis of [Gd(Cy;PO),(u-Br)(Br),],'2C;Hg (Gd,). Complex Gd, was prepared by
analogous method from Dy,, replacing DyBr; with GdBr; as starting metal bromide (0.429 g, 81%).
Anal. caled: C, 47.74; H, 6.89. Found: C, 47.97; H, 7.06.

2. Crystal Data and Structures

X-ray Single-Crystal Diffraction Analysis. Single-crystal X-ray data for Dy, and Gd, were
collected at 170 K using an Oxford Cryosystems Cobra low-temperature device on a Bruker Smart
Apex CCD diffractometer with a graphite-monochromatized Mo Ka radiation (A =0.71073 A). Cell

determination and data reduction were processed with the SAINT processing program.['! The
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absorption correction based on multiscan was applied in SADABS.[?! By using Olex2,3! the
structures were solved by direct methods with SHELXT and refined by full-matrix least-squares
techniques against 2 using SHELXL-2014 programs.[*l The SQUEEZE subroutine of the PLATON
software was used to remove the scattering from the highly disordered solvent molecules.[) The
resulting new HKL files were used to further refine the structures. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were placed in calculated positions and refined
isotropically. The crystal data and structural refinement parameters are summarized in Table S1,
while selected bond lengths and angles for Dy, and Gd, are listed in Tables S2. All details for Dy,
and Gd; can be found in CCDC 1852215 and 1949391 that contains the supplementary

crystallographic data for this paper.

Table S1. Crystal data and structure refinement summary for Dy;.

Dy, Gd,
Empirical formula CseH148BrgDy,04P4 CgeH 48BrsGd>O4P4
Formula weight 2174.38 2163.88
Crystal system Triclinic Triclinic
Temperature (K) 170 170
Space group Pl Pi
a(A) 13.4056(6) 13.453(5)
b(A) 15.3549(6) 15.414(6)
c(A) 24.7629(12) 24.917(10)
a (°) 91.038(2) 90.982(12)
Q) 94.840(2) 94.971(12)
7(°) 113.840(2) 113.756(11)
Vv (A3) 4638.1(4) 4704(3)
VA 2 2
D, (g m?) 1.557 1.528
# (mm') 4.297 4.059
F (000) 2196 2188
Reflns collected/unique 123871/21374 66353/19017
Rint 0.0475 0.0499
GOF on F? 1.013 1.143
R [I>20(D)] 0.0331 0.0456
WR,P (all data) 0.0768 0.1176
CCDC 1852215 1949391

AR, = E(H F, | " F. ”)/E‘ Fy | bWRZ = [EW(FOZ - FCZ)Z/ZW(F02)2]1/2~

Table S2. Shape analysis for the metal centers of Dy, and Gd,.

Dy, HP-6 PPY-6 0C-6 TPR-6 JPPY-6




Dyl 32.951 24.863 1.921 14.706 26.891
Dy2 33.149 26.734 1.342 14.260 30.189
Gd, HP-6 PPY-6 0C-6 TPR-6 JPPY-6
Gd1 32.801 24.289 1.866 14.083 26.408
Gd2 33.069 26.819 1.365 14.249 30.138
HP-6 (Dgy,): Hexagon
PPY-6 (Csy): Pentagonal pyramid
OC-6 (Oy): Octahedron
TPR-6 (Dsy,): Trigonal prism
JPPY-6 (Csy): Johnson pentagonal pyramid J2
Table S3. Selected bond lengths (A) and bond angles (°) for Dy, and Gd,.
Dy,
Dyl-Br3 2.9404(4) Br2-Dy1-Br4 165.001(13)
Dyl-Br4 2.9505(4) 01-Dy1-Br3 93.45(8)
Dyl-02 2.195(2) 01-Dy1-Br4 84.19(7)
Dyl-Br2 2.7374(4) 01-Dy1-02 170.84(10)
Dyl-01 2.188(3) 01-Dy1-Br2 94.55(7)
Dyl-Brl 2.7347(4) 01-Dyl1-Brl 88.26(8)
03-Dy2 2.199(3) Brl-Dyl-Br3 174.020(15)
Br3-Dy2 2.8733(4) Brl-Dyl-Br4 95.584(15)
Br4-Dy2 2.8822(4) Brl-Dyl-Br2 99.320(16)
Dy2-04 2.194(2) 03-Dy2-Br3 173.49(7)
Dy2-Br6 2.8142(4) 03-Dy2-Br4 94.86(7)
Dy2-Br5 2.7719(5) 03-Dy2-Br6 83.09(7)
Br3-Dyl-Br4 78.907(10) 03-Dy2-Br5 91.42(7)
02-Dy1-Br3 90.01(6) Br3-Dy2-Br4 81.143(11)
02-Dyl1-Br4 88.16(7) 04-Dy2-Br3 97.30(10)
02-Dy1-Br2 94.14(7) 04-Dy2-Br3 86.63(7)
02-Dyl1-Brl 87.47(6) 04-Dy2-Br4 167.77(7)
Br2-Dyl-Br3 86.266(12) 04-Dy2-Br6 88.91(7)
Br5-Dy2-Br3 93.738(15) 04-Dy2-Br5 90.39(7)
Br5-Dy2-Bré4 90.607(13) Br6-Dy2-Br3 91.835(12)
Br5-Dy2-Br6 174.333(15) Br6-Dy2-Br4 91.265(12)
Dy2-Br3-Dyl 100.128(12) Dy2-Br4-Dyl 99.684(11)




Gd,

Gdl-Br3 2.9805(13) 02-Gd1-Br3 87.68(9)
Gd1-Br4 2.9678(11) 02-Gd1-Br4 90.03(9)
Gd1-Brl 2.7663(12) 02-Gd1-Brl 94.88(9)
Gd1-Br2 2.7604(11) 02-Gd1-Br2 87.06(9)
Gd1-02 2.251(3) 01-Gd1-Br3 83.63(10)
Gd1-01 2.241(4) 01-Gd1-Br4 94.32(10)
Gd2-Br3 2.9144(11) 01-Gd1-Brl 95.12(10)
Gd2-Bré 2.8581(11) 01-Gd1-Br2 87.80(10)
Gd2-Br4 2.9161(13) 01-Gd1-02 169.35(13)
Gd2-Brs 2.8192(11) Br5-Gd2-Br3 90.78(3)
Gd2-04 2.225(3) Br5-Gd2-Br6 174.44(2)
Gd2-03 2.226(4) Br5-Gd2-Br4 93.66(2)
Br4-Gd1-Br3 78.931(19) 04-Gd2-Br3 167.60(9)
Brl-Gd1-Br3 164.671(19) 04-Gd2-Br6 88.55(9)
Brl-Gd1-Br4 85.95(2) 04-Gd2-Br4 86.76(9)
Br2-Gd1-Br3 96.37(2) 04-Gd2-Br5 90.47(9)
Br2-Gd1-Br4 174.57(2) 04-Gd2-03 97.25(13)
Br2-Gd1-Brl 98.86(3) 03-Gd2-Br3 95.04(9)
Br3-Gd2-Br4 80.852(19) 03-Gd2-Br6 82.87(9)
Br6-Gd2-Br3 91.35(3) 03-Gd2-Br4 173.18(9)
Br6-Gd2-Br4 91.75(2) 03-Gd2-Br5 91.83(9)
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Fig. S1 The supramolecular network for Dy,. Color codes: Dy, turquois; Br, dark yellow; P, pink;
0, red; C, light grey.



3. Magnetic measurements
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Fig. S2 Thermal evolution of the magnetic susceptibility and evolution of the magnetization with
applied magnetic field at 2 K (inset) for Gd,. The experimental values are represented as black dots

while fitted data using J = -0.029 cm™! are represented as red lines.
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Fig. S3 Field dependent magnetizations from 0 to 50 kOe at 2, 3 and 5 K for Dy,.
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Fig. S4 Temperature-dependent in-phase ' (a) and out-of-phase y” (b) ac susceptibility signals at
the indicated frequencies under 0 Oe dc field for Dy,.
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Fig. S6 Cole-Cole plots using the frequency-dependence ac susceptibility data under a 0 Oe dc field

for Dy,. The solid lines correspond to the best fits obtained with a generalized Debye model using
CCFIT program.

Table S4. Best fitted parameters with a generalized Debye model under zero dc field for Dys,.

T(K) xs(cm?mol ) xr(cm3mol!) a 7(s)

6
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

1.55118
0.79188
0.5452
0.44067
0.37425
0.35153
0.32644
0.30983
0.28667
0.26924
0.2592
0.24081
0.23106
0.22521
0.21205
0.20564
0.19785
0.19399
0.18385
0.17349
0.17463
0.17303
0.16524
0.16864
0.16065
0.16743
0.16094
0.15917
0.15099
0.15483
0.15008
0.12544
0.14523
0.13408
0.17633

11.7402
5.98628
4.041
3.05144
2.44843
2.22906
2.04531
1.88892
1.75418
1.63877
1.54006
1.45193
1.37415
1.30458
1.23908
1.18124
1.12893
1.08305
1.03575
0.99658
0.96218
0.92669
0.8948
0.8666
0.83888
0.81286
0.79142
0.76911
0.74608
0.72435
0.70376
0.68491
0.66628
0.65008
0.63338

0.20322
0.21745
0.2184
0.19594
0.16284
0.14369
0.12843
0.1088
0.10336
0.09142
0.07981
0.07403
0.06841
0.05876
0.05497
0.04951
0.04562
0.04239
0.03936
0.03746
0.03659
0.03454
0.03295
0.03038
0.02897
0.02191
0.03216
0.02534
0.02459
0.02332
0.01855
0.03163
0.02094
0.02918
0.01747

0.00167
0.00154
0.00146
0.00135
0.00116
0.00106
9.52214E-4
8.55417E-4
7.67041E-4
7.12323E-4
6.19392E-4
5.55653E-4
5.02265E-4
4.56575E-4
4.13549E-4
3.9317E-4
3.45147E-4
3.15613E-4
2.89777E-4
2.77158E-4
2.46164E-4
2.28063E-4
2.08799E-4
1.95739E-4
1.80689E-4
1.69992E-4
1.53389E-4
1.41617E-4
1.26094E-4
1.13698E-4
1.05243E-4
8.51158E-5
7.31992E-5
5.8011E-5
4.99785E-5
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Fig. S7 Field dependence of out-of-phase y” ac susceptibility signals at 8 K for Dy,.
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Fig. S8 Frequency dependence of the in-phase y' ac susceptibility signals for Dy, under 1000 Oe dc
applied field.
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Fig. S9 Temperature-dependent in-phase y' (a) and out-of-phase y” (b) ac susceptibility signals at
the indicated frequencies under 1000 Oe dc field for Dys,.
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Fig. S10 Cole-Cole plots using the frequency-dependence ac susceptibility data under 10000e dc

field for Dy,. The solid lines correspond to the best fits obtained with a generalized Debye model

using CCFIT program.

Table S5. Best fitted parameters with a generalized Debye model under 1000 Oe dc field for Dy,.

T(K) xs(cm?mol 1) xr(cmPmol!) a 7(s)
8 0.35423 2.99599 0.05308 0.03507
10 0.22527 2.40486 0.0428 0.01229
12 0.20095 2.00616 0.03476 0.00586
14 0.17905 1.7317 0.03241 0.00336
16 0.16717 1.52616 0.03142 0.00216
18 0.15445 1.36157 0.02937 0.00148
20 0.14655 1.23033 0.02709 0.00108
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22 0.13895 1.12357 0.02978 8.20E-04

24 0.13149 1.03348 0.02827 6.35E-04
26 0.12794 0.95569 0.02604 5.06E-04
28 0.12792 0.89258 0.02375 4.12E-04
30 0.12384 0.83388 0.03286 3.38E-04
32 0.12108 0.78312 0.02395 2.74E-04
34 0.12433 0.73942 0.02788 2.17E-04
36 0.1284 0.70796 0.03701 1.60E-04
38 0.15133 0.6679 0.02105 1.10E-04
40 0.18651 0.6337 0.02002 6.95E-05
42 0.28238 0.60586 0.01914 5.09E-05

4. Theoretical calculations

Computational details

The atomic positions were extracted from the X-ray diffraction crystal structures. A calculation is
performed on each Dy ion of Dy, while the second Dy™ is replaced by a diamagnetic Y™ ion. All
ab-initio calculations were performed using the State-Averaged Complete Active Space Self-
Consistent Field approach with Restricted-Active-Space-State-Interaction method (SA-
CASSCF/RASSI-SO), as implemented in the MOLCAS quantum-chemistry package (version
8.0).1%1 In this approach, the relativistic effects are treated in two steps on the basis of the Douglas—
Kroll Hamiltonian. The scalar terms are included in the basis-set generation and are used to
determine the CASSCF wavefunctions and energies.[”] Spin-orbit coupling is then added within the
RASSI-SO method, which mixes the calculated CASSCF wavefunctions.® °1 The resulting spin-
orbit wavefunctions and energies are used to compute the magnetic properties and g-tensors of the
ground state multiplet following the pseudospin S=1/2 formalism, as implemented in the
SINGLE ANISO routine.['% The resulting mononuclear fragments are then used to compute the
anisotropic exchange interactions between the magnetic centers within the Lines modell!!] with the
software POLY ANISO.['%13] Cholesky decomposition of the bielectronic integrals was employed
to save disk space and to speed up the calculations.[!4]

The active space considered in the calculations consisted of the nine 4f electrons of the Dy ion,
spanning the seven 4f orbitals; that is, CAS(9,7)SCF. State-averaged CASSCF calculations were

performed for all of the sextets (21 roots), all of the quadruplets (224 roots) and 300 out of the 490
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doublets of the Dy ion. Twenty-one sextets, 128 quadruplets and 107 doublets were mixed through
spin—orbit coupling in RASSI-SO. All atoms were described with ANO-RCC basis sets with the
following contractions [8s7p4d3f2glh] for Dy; [7s6p4d2flg] for Y; [6s5p3d2f] for the Br atoms;
[4s3p2d] for the O atoms; [Ss4p2d] for the P atoms; [2s1p] for the C atoms and [2s] for the H
atoms.[13.16]

To give more insights on the orientation of the magnetic axis, the molecular electrostatic potential
is calculated from the ab-initio LOPROP charge analysis!!”) (eq. 1).

_—

N
q; p;- Ty r (@ X 1)
V(r) = Zlﬁ +| + - (eq. 1)
L i

-7 r.—r|3 |r; = 7]

where i, p, Qi are respectively the charge, dipole and quadrupole moments of the i-th atom. The
resulting molecular electrostatic potential is mapped and represented using the home-made
CAMMEL code (Calculated Molecular Multipolar Electrostatics). The potential is drawn on a
sphere defined by the user around the central lanthanide ion, for a given state (ground state in this
case). For a clearer representation of the potential, the intensity can be directly related to both the
color (red = high potential and blue = low potential) and the height of the irregularities. This program
has already been used in previous works to give some hints on the orientation of magnetization

axes.[18:19]

Table S6. Computed energy levels (the ground state is set at zero), composition of the g-tensor and

decomposition of the wavefunction for each M, state of the ground-state multiplet for Dyl of Dy,.

KD Energy (cm™) ox 8y gz Wavefunction composition*

1 0.0 0.00 0.00 19.87 100 % |[£15/2>
2 312.1 0.02 0.02 17.02 100 % [£13/2>
3 5589 0.80 0.98 13.47 91 % |x11/2>
4 647.4 2.12 6.07 13.31 71 % |£1/2> + 15 % |£9/2>

51 % [£3/2>+ 19 % [£5/2> + 11
5 702.3 0.73 2.56 14.05

% [£9/2>+ 10 % |£7/2>

53 % [£9/2> + 21 % |£3/2> + 15

6 736.6 9.20 6.30 0.24

% [+5/2>
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44 % |£7/2> + 40 % [+5/2> + 13
7 780.5 0.16 5.19 12.09
% |£9/2>

41 % [£7/2> + 22 % [+5/2> + 15
8 819.3 0.99 2.07 17.67
% [£3/2> + 13 % [£1/2>

*Contributions < 10% are omitted.

Table S7. Computed energy levels (the ground state is set at zero) and compositon of g-tensor and

decomposition of the wavefunction for each M, state of the ground-state multiplet for Dy2 of Dy,.

KD Energy (cm™) 8x 8y gz Wavefunction composition*
1 0.0 0.06 0.75 18.70 90 % [£15/2>
31 % [£1/2>+ 27 % |£3/2> + 18
2 38.1 0.23 0.69 17.73
% |[£5/2>
36 % [£1/2>+ 18 % [£3/2> + 17
3 99.0 1.95 2.89 16.12
% [£13/2> + 15 % |+5/2>
47 % [£13/2> + 22 % [£3/2> + 16
4 142.4 8.85 6.68 3.81
% |[£1/2>
21 % |£13/2> + 19 % [£5/2> + 19
5 232.0 1.91 4.00 11.94 | % |[£11/2>+19 % |[+7/2>+ 11 %
|£9/2>
27 % |£9/2> + 26 % |£11/2> + 17
6 264.7 0.74 3.85 11.85
% [£7/2>+ 11 % [£5/2>
33 % |£11/2>+ 24 % [£5/2> + 14
7 291.7 2.04 5.37 12.46
% [£9/2> + 13% |+3/2>
38 % |[£9/2> + 34 % [£7/2>+ 10
8 352.8 0.24 0.78 18.22
% |[£5/2>

*Contributions < 10% are omitted.

Table S8. Exchange spectrum (the first doublet is set at 0) and g-tensor main component (gz)

resulting from the dipolar interaction for Dy;.

KD Relative E (cm™) gz
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1 0.0 26.79

2 1.64 27.55
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