
 S1 

 

A Family of Lanthanide Hydroxo Carboxylates 
with 1D Polymeric Topology and Ln4 Butterfly 

Core Exhibits Switchable Supramolecular 
Arrangement 

Dimitry Grebenyuka, Mirijam Zobelb, Maurizio Polentaruttic, Liviu Ungurd, Mikhail Kendina, 

Konstantin Zakharova, Pavel Degtyarenkoe,f, Alexander Vasilieva, g, Dmitry Tsymbarenkoa* 

a Lomonosov Moscow State University, Moscow 119991, Russia 

b Chemistry Department, University Bayreuth, Bayreuth 95447, Germany 

c Elettra-Sincrotrone Trieste S.C.p.A, Basovizza, Trieste 34149, Italy 

d Department of Chemistry, National University of Singapore, Singapore 117543, Singapore 

e SuperOx, LLC, Moscow 117246, Russia 

f Joint institute for High temperature of the Russian Academy of Science, Moscow 125412, Russia 

g National University of Science and Technology “MISiS”, Moscow 119049, Russia 

 
 
 
* Corresponding author. E-mail: tsymbarenko@inorg.chem.msu.ru 
  



 S2 

 

Table of contents 

Experimental section          S3 

X-ray crystallography          S11 

Quantum chemical calculations        S24 

PDF study of local structure evolution       S27 

Magnetic study          S29 

References           S43 

  



 S3 

 

 Experimental section 

Materials and methods 

Rare earth nitrates Ln(NO3)3∙xH2O and NaOH, all of analytical grade, were purchased from a 

local supplier (Reakhim, Russia) and were used without further purification. Pivalic acid (Hpiv; 

98%, Merck) was fractionally crystallized from its melt for purification. Water content in 

Ln(NO3)3∙xH2O was measured by complexometric titration (acetate buffer, Xylenol orange). 

Composition of the compounds was determined by CHN and thermogravimetric (TG) analyses. 

TG data were collected in air atmosphere using Derivatograph Q-1500 D (heating rate 10°С/min, 

mass of sample ca. 50 mg). 

CHN analysis was carried out on Elementar Vario Micro Cube. FT-IR spectra were recorded on 

a Perkin-Elmer Spectrum One FTIR spectrometer in attenuated total reflectance (ATR) geometry 

in the range of wave numbers 650-4000 cm-1. MALDI-TOF mass spectrometry was performed 

using Bruker MALDI TOF microflex spectrometer with anthracene as a matrix.  

Total X-ray scattering data for pair distribution function (PDF) analysis were collected in the 

moving mode on the STOE STADI P diffractometer in Debye-Scherrer geometry with a curved 

Ge(111) monochromator yielding Ag-Kα1 radiation (λ=0.5594 Å) from a standard sealed tube 

(Malvern Panalytical C-Tech, Ag, 2.2 kW) in the 2θ range of 0.6−132° (Q range 0.1−20.5 Å-1). 

Dectris MYTHEN2 4K detector was employed to collect the scattering data1. The samples were 

measured in 0.5 mm borosilicate glass capillaries. PDF calculations were done with PDFgetX32 

using the Q-range of 0.73 to 13.8 Å-1 and refinements were carried out with DiffPy-CMI3. Atomic 

coordinates were taken from the DFT models and were fixed during the fit. Fixed isotropic atomic 

displacement parameters were assigned as follows: Uiso(Sm) = 0.02, Uiso(O) = 0.03, Uiso(C) = 0.03. 

The instrumental resolution parameters, peak broadening and damping, were kept constant based 
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on a calibration with a standard1. The scale factor and quadratic peak broadening parameter have 

been refined during the fit. 

Magnetization and direct current (dc) magnetic susceptibility measurements were performed 

using various options of Magnetic Properties Measurements System MPMS-7T (Quantum Design, 

USA) in the temperature range of T = 2−300 K under magnetic field up to B = 7 T. Alternating 

current (ac) magnetic susceptibility measurements were carried out using PPMS-9 (Quantum 

Design, USA) in the temperature range T = 2−10 K with an oscillating field of 5 Oe and ac 

frequencies ranging from 11 to 9989 Hz without applying external dc field, or under external dc 

field of 1000 Oe and 3000 Oe. The samples in polycrystalline form were loaded into an insulating 

capsule. The experimental data were corrected for the sample holder.  

Ab initio calculations of magnetic properties were performed using CASSCF/RASSI-SO 

formalism as implemented in MOLCAS 8.3 package4. An isolated tetranuclear molecular fragment 

[Ln4(OH)2(piv)8(Hpiv)4]2+ (Ln = Dy, Ho, Er) was extracted for the calculation from X-ray crystal 

structure of Ln4 coordination polymer. Within the cluster each Ln of interest was kept intact, while 

the other sites were substituted by diamagnetic Lu ions. The ANO-RCC VDZP basis set was 

applied for all calculations. The resulted SO states have been incorporated into the 

SINGLE_ANISO program5 to compute the g-tensors, crystal-field parameters, on-site magnetic 

susceptibility and magnetization. The exchange and dipolar interactions between neighboring Ln3+ 

ions have been computed by fitting with the experimental magnetic data using the Lines model6 

within the POLY_ANISO routine7. 
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Preparation of [Ln4(OH)2(piv)10(H2O)2]∞ coordination polymers (Ln4, Ln = La–Er) 

Two general preparation methods (in aqueous and non-aqueous solution) were developed for the 

synthesis of Ln4. Employed synthetic procedures are discussed in detail in Results and Discussion 

section. 

Method 1. The equimolar mixture of pivalic acid and sodium pivalate was prepared by dissolving 

3.33 mmol of NaOH and 6.66 mmol of Hpiv in 30 mL of distilled water. Solution of 

Ln(NO3)3∙xH2O (1.11 mmol) in 30 mL of distilled water was added to the prepared equimolar 

mixture of Hpiv/Na(piv) in 30 mL of distilled water. The clear reaction solution was then heated 

up to 70°C and evaporated until reduced to 20 mL. During the evaporation, the microcrystalline 

product precipitated from the reaction mixture. The product was filtered out, washed with distilled 

water, and stored in desiccator. Yield ca. 60%. All characterization data on Ln4 are listed in Table 

S1. 

Method 2a. This recently reported method8–10 is based on the slow evaporation of acetonitrile 

solution containing Ln(NO3)3 and monoethanolammonium pivalate ([meaH]piv) as a buffer 

medium under ambient conditions. This procedure resulted in isolation of pure Ln4 products for 

Ln = Pr−Gd.  

Method 2b. In the same manner as method 2a, this method employed slow crystallization from 

dimethylformamide solution Ln(NO3)3 and monoethanolammonium pivalate ([meaH]piv) as a 

buffer medium under ambient conditions. This procedure resulted in isolation of pure Ln4 products 

for Ln = Tb−Ho.  
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Figure S0.  SEM microphotograph of Ln4 crystals registered in low-vacuum mode with VPSE 
detector of LEO Supra VP50 scanning electron microscope.  

Reversible dehydration−rehydration of [Ln4(OH)2(piv)10(H2O)2]∞ (Ln = Pr–Er) 

Ln4 was treated under vacuum at 130°C for 90 minutes to dehydrate the compounds. The 

completeness of dehydration was monitored by sample weighing. After cooling, the intermediate 

anhydrous compound Ln4(OH)2(piv)10 (Ln4´) was suspended in distilled water, and the suspension 

was left in closed vial under ambient conditions. After 24 hours, the precipitate was filtered off 

and kept in desiccator under reduced pressure.  
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Table S1. Characterization data on the Ln4(OH)2(piv)10(H2O)2 (Ln = La−Er) 

[La4(OH)2(piv)10(H2O)4]∞ 

(La4) 
Anal. calc. for La4O26C50H100 (%) 33.21 La. Found (%) 35.89 La. FT-IR 
(ATR, ν, cm-1): 3741w, 3670w, 3598w, 2960m, 2912m, 2870m, 1582m, 
1519s, 1420s, 1361s, 1223s, 1031w, 938w, 896s, 851w, 806m, 738w, 602s. 

[Ce4(OH)2(piv)10(H2O)2]∞ 

(Ce4) 
Anal. calc. for Ce4O24C50H96 (%) 34.14 Ce. Found (%) 36.46 Ce. FT-IR 
(ATR, ν, cm-1): 3543w, 3346w, 2962m, 2908w, 2869w, 1583m, 1528s, 
1483s, 1423s, 1363s, 1226s, 1033w, 940w, 897s, 792m, 604s. 

[Pr4(OH)2(piv)10(H2O)2]∞ 

(Pr4) 
Anal. calc. for Pr4O24C50H96 (%) 36.51 C, 5.88 H, 34.26 Pr. Found (%) 35.12 
C, 5.69 H, 36.84 Pr. FT-IR (ATR, ν, cm-1): 3748w, 3655w, 2964m, 2927m, 
2873m, 1583m, 1519s, 1483s, 1412s, 1361s, 1223s, 1057w, 1030w, 937w, 
897s, 806m, 791m, 676w. 

[Nd4(OH)2(piv)10(H2O)2]∞ 

(Nd4) 
Anal. calc. for Nd4O24C50H96 (%) 34.79 Nd. Found (%) 36.59 Nd.  FT-IR 
(ATR, ν, cm-1): 3548w, 3551w, 2962m, 2912w, 2867w, 1587m, 1529s, 
1483s, 1424s, 1378s, 1363s, 1227s, 1032w, 939w, 898s, 809m, 791m, 
723w, 643s, 603s. 

[Sm4(OH)2(piv)10(H2O)2]∞ 

(Sm4) 
Anal. calc. for Sm4O24C50H96  (%) 35.74 Sm. Found (%) 38.31 Sm. FT-IR 
(ATR, ν, cm-1): 3555w, 3335w, 2962m, 2912w, 2867w, 1590m, 1551s, 
1531s, 1516s, 1482s, 1421s, 1379s, 1363s, 1314w, 1227s, 1032w, 939w, 
898s, 809m, 791m, 724w, 648m, 603s. 

[Eu4(OH)2(piv)10(H2O)2]∞ 

(Eu4) 
Anal. calc. for Eu4O24C50H96 (%) 35.55 C, 5.73 H, 35.98 Eu. Found (%) 
35.92 C, 5.90 H, 37.50 Eu. FT-IR (ATR, ν, cm-1): 3559w, 3349w, 2962m, 
2925m, 2869w, 1593m, 1532s, 1483vs, 1425vs, 1361s, 1228s, 1068w, 
1033w, 901s, 790s, 722m, 653s, 601s. 

[Gd4(OH)2(piv)10(H2O)2]∞ 

(Gd4) 
Anal. calc. for Gd4O12C50H96 (%) 35.11 C, 5.66 H, 36.78. Found (%) 33.56 
C, 6.03 H, 37.44 Gd. FT-IR (ATR, ν, cm-1): 3748w, 3672w, 2961m, 2928m, 
2875m, 1581m, 1519s, 1482s, 1412s, 1363s, 1223s, 1066w, 1031w, 941w, 
897s, 791m, 674w. 

[Tb4(OH)2(piv)10(H2O)2]∞ 

(Tb4) 
Anal. calc. for Tb4O24C50H96 (%) 34.98 C, 5.64 H, 37.02 Tb. Found (%) 
33.43 C, 5.96 H, 39.60 Tb. FT-IR (ATR, ν, cm-1): 3565w, 3338w, 2962m, 
2929m, 2869w, 1540s, 1483vs, 1426vs, 1362s, 1230s, 1033w, 986w, 938w, 
901s, 790s, 665s, 601s. 

[Dy4(OH)2(piv)10(H2O)2]∞ 

(Dy4) 
Anal. calc. for Dy4O24C50H96 (%) 34.69 C, 5.59 H, 37.54 Dy. Found (%) 
34.71 C, 5.89 H, 38.17 Dy. FT-IR (ATR, ν, cm-1): 3566w, 3335w, 2962m, 
2905w, 2867w, 1607w, 1544s, 1515s, 1483s, 1461m, 1380s, 1362s, 1314w, 
1229s, 1032w, 939w, 902s, 812m, 791s, 663m, 599s. 

[Ho4(OH)2(piv)10(H2O)2]∞ 

(Ho4) 
Anal. calc. for Ho4O24C50H96 (%) 37.89 Ho. Found (%) 39.78 Ho. FT-IR 
(ATR, ν, cm-1): 3508w, 3359w, 2962m, 2910w, 2868w, 1608m, 1548s, 
1517s, 1484s, 1461m, 1421s, 1379s, 1362s, 1314w, 1230s, 1032w, 938w, 
902s, 811m, 791s, 675m, 610s, 599s. 

[Er4(OH)2(piv)10(H2O)2]∞ 

(Er4) 
Anal. calc. for Er4O24C50H96 (%) 38.22 Er. Found (%) 38.36 Er. FT-IR (ATR, 
ν, cm-1): 3497w, 3349w, 2962m, 2917w, 2865w, 1612m, 1549s, 1518s, 
1484s, 1421s, 1379s, 1362s, 1314w, 1230s, 1033w, 938w, 902s, 811m, 
791s, 695m, 610s, 599s. 
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Figure S1. Molecule of [La3(piv)8(NO3)(H2O)6]. Symmetry code: (i) 1-x, y, 0.5-z (upper figure). 
Intermolecular H-bond system in the crystal structure of [La3(piv)8(NO3)(H2O)6](H2O)2. Dashed 
lines represent the H-bonds. Most of the carboxylate groups are omitted for clarity (lower figure). 
  

The trinuclear molecule of [La3(piv)8(NO3)(H2O)6] contains two crystallographically 

independent La atoms (La1 and La2) with different coordination environments and coordination 

numbers. La1 is coordinated by O1 and O2 atoms of κ2-carboxylate group, O3 and O4 atoms of 
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μ2-κ1:κ2-carboxylate group, O5 atom of μ2-κ1:κ1-carboxylate group, O7 atom of another μ2-κ1:κ2-

carboxylate group, and also by O9, O10, O11 atoms of three water molecules. According to CShM 

approach11, the LnO9 coordination environment is best described as a muffin (CShM value 2.480). 

Ln2 is coordinated by O4 atom of μ2-κ1:κ2-carboxylate group, O6 atom of μ2-κ1:κ1-carboxylate 

group, O7 and O8 atoms of another μ2-κ1:κ2-carboxylate group, O12 atom of a nitrate ion, and by 

their symmetric equivalents generated by C2 axis containing the La2 atom. Therefore, the 

coordination number of La2 is 10, and its LaO10 coordination environment is best described as a 

staggered dodecahedron, according to CShM approach (CShM value 5.878). Full list of Ln···O 

interatomic distances can be found in Table S2. Two additional water molecules per each complex 

molecule are not coordinated by the metal ion, taking part in a developed intermolecular H-bond 

system. See the details in X-ray crystallography section (Table S3, Figure S5).  

 

Figure S2. MALDI TOF mass spectra for as-obtained Pr4, Eu4, Tb4. 
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Figure S3. TG curves for as-obtained Sm4(OH)2(piv)10(H2O)2 (upper curve) and for the product of 

dehydration−rehydration (lower curve). The water content remains the same after 

dehydration−rehydration. 
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Figure S4. PXRD patterns of as-obtained Ln4 (lower group) and dehydrated−rehydrated Ln4 (two 
upper groups) for different Ln. Vertical bars show calculated Bragg peak positions for α-Nd4 
(lower bars) and β-Nd4 (upper bars); λ = 1.5406Å. 

 

X-ray crystallography  

Various attempts to grow crystals suitable for Ln4 structural analysis, including layering, solvent 

combinations and slow evaporation, were tested. Slow evaporation of aqueous and non-aqueous 

solutions prepared by methods 1 and 2 were performed with several initial concentrations. All 

methods produced thin fragile blade-like crystals of hydroxo pivalates with aspect ratio ca. 

1:10:300 which looked as aggregates of several needle-like single crystals. In most cases, the 

crystals formed dense clusters (Figure S0) and were not suitable for SC XRD experiments. Single 

crystals of Ln4 of sufficient quality were obtained only for the lighter lanthanides from the reaction 
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mixture prepared using method 1. The solution was let to evaporate in air for two weeks. Single 

crystals of hydroxo pivalates were harvested from the solution under the optical microscope, 

immersed in a 50:50 mixture of paraffin oil and Parabar 10312 oil, and stored at -18°С until the 

diffraction experiment.  

Single crystal X-ray diffraction data on Ln4 and La3, were collected at the XRD1 beamline of 

Elettra Synchrotron Facility (Trieste, Italy) using Pilatus 2M detector from Dectris and a radiation 

of λ=0.7000 Å. Diffraction measures revealed the samples to be prone to radiation damage, 

resulting in the complete loss of diffraction power after 10-90 seconds of exposure. In order to 

overcome the problem, a “serial crystallography” approach was implemented for the data 

reduction. Several single crystals of each compound were exposed to X-rays with exposure time 

of 0.5 second per frame (1°). The obtained datasets (30-60 initial frames of each crystal) were 

scaled based on intensities of overlapped reflections and merged into one final dataset. The data 

were integrated and corrected for absorption by XDS12 and CrysAlis PRO13 software. Crystal 

structures were solved by direct methods and refined anisotropically for all non-H atoms via full-

matrix F2 least-squares as implemented in SHELXTL PLUS14. H atoms of μ3-OH and -CH3 groups 

were placed in geometrically calculated positions and refined in riding mode. H atoms of H2O 

molecules were places supposing the formation of H-bonds between H2O molecules and 

carboxylate ions and refined in riding mode. All O-H distances were refined with soft restraints. 

Details on data collection and refinement parameters are summarized in Table S9. 

Powder XRD data for Ln4 were collected on Rigaku SmartLab diffractometer (9 kW rotating 

anode, CuKα radiation, secondary graphite monochromator) at room temperature in reflection θ-

θ geometry, as well as in Debye-Scherrer geometry using 0.5 mm borosilicate and Kapton  

capillaries at the XRD1 (λ=0.7000 Å, Pilatus 2M detector from Dectris) and MCX (λ=0.8266 Å, 
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scintillator counter detector) beamlines of Elettra Synchrotron Facility at 100K. Full-profile 

refinement and intensity extraction by Le Bail method were performed with JANA2006 software15. 

Refined unit cell parameters for 100K and room temperature are listed in Table S4. 

 

Table S2. Interatomic distances in [La3(piv)8(NO3)(H2O)6](H2O)2.  
Symmetry code: (i) 1-x, y, 0.5-z.  

La−L d(Ln−L), Å  
La1−O1 2.580(3) 
La1−O2 2.558(3) 
La1−O3 2.566(3) 
La1−O4 2.775(3) 
La1−O5 2.465(3) 
La1−O7 2.444(3) 
La1−O9 2.525(3) 
La1−O10 2.649(3) 
La1−O11 2.590(3) 
La2−O4 2.516(3) 
La2−O6 2.449(3) 
La2−O7 2.952(3) 
La2−O8 2.554(3) 
La2−O12 2.728(4) 
La2−O4i 2.516(3) 
La2−O6i 2.449(3) 
La2−O7i 2.952(3) 
La2−O8i 2.554(3) 
La2−O12i 2.728(4) 

 
Table S3. Experimental parameters of O−H∙∙∙O hydrogen bonds in [La3(piv)8(NO3)(H2O)6](H2O)2 
(Å, °). Symmetry codes: (i) 1.5-x, -0.5+y, z; (ii) 0.5+x, -0.5+y, 0.5-z; (iii) 1.5-x, 0.5+y, z;  
(iv) 1-x, y, 0.5-z; (v) x, 1+y, z. 

D−H A d(D−H) d(H∙∙∙A) d(D_A) ∠DHA	
O9−H1 O1i 0.850 1.854 2.672(4) 160.9 
O9−H2 O14ii 0.847 2.078 2.910(5) 167.0 
O10−H4 O3iii 0.900 2.109 3.000(5) 169.8 
O11−H5 O14iv 0.845 1.971 2.808(5) 170.4 
O11−H6 O8iv 0.852 1.955 2.789(5) 165.5 
O14−H7 O13v 0.856 2.124 2.971(4) 170.0 
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Table S4. Unit cell parameters of Ln4 at 100K and 300K. 

Compound T, K a, Å b, Å c, Å α, ° β, ° γ, ° u, Å* v, Å* φ, °* 

α-La4 
300 12.720(2) 12.6955(11) 14.209(2) 115.735(14) 105.559(15) 91.954(16) 12.688 13.688 117.0 
100 11.3396(10) 12.2795(7) 13.9642(10) 115.417(6) 105.316(7) 92.919(7) 12.263 13.468 116.3 

α-Ce4 
300 12.5936(13) 12.7597(5) 14.1577(10) 115.653(6) 104.474(7) 94.063(9) 12.727 13.708 117.3 
100 11.4889(10) 12.3634(7) 13.9578(12) 115.012(7) 105.140(7) 94.268(8) 12.329 13.473 115.4 

α-Pr4§ 100 11.4634(17) 12.430(2) 13.945(2) 115.051(17) 105.336(14) 94.674(13) 12.388 13.448 115.0 
α-Nd4§ 100 11.4251(7) 12.4866(9) 13.9799(9) 115.100(7) 105.524(5) 94.469(5) 12.448 13.469 114.9 
α-Sm4

§ 100 11.411(4) 12.510(4) 13.931(5) 115.17(3) 106.11(3) 94.31(3) 12.474 13.383 114.3 
α-Dy4§ 100 11.225(2) 12.628(3) 13.951(3) 115.68(3) 105.27(2) 95.60(2) 12.567 13.458 115.9 
α-Ho4§ 100 11.047(3) 12.665(5) 13.859(4) 115.60(3) 105.70(2) 94.36(2) 12.628 13.341 115.6 

α-Er4 
300 11.173(3) 12.769(4) 14.006(4) 114.77(2) 105.71(2) 94.94(2) 12.721 13.482 113.9 
100 11.22997(7) 12.72647(8) 14.01829(10) 115.4773(5) 105.9902(5) 94.7128(5) 12.683 13.475 114.8 

β-Nd4 100 11.391(2) 22.139(3) 14.027(2) 90 105.96(2) 90 13.486 12.961 121.3 
β-Sm4 300 11.36(3) 22.63(3) 14.30(3) 90 106.1(2) 90 13.739 13.237 121.2 
β-Eu4 100 11.238(5) 22.184(3) 14.084(3) 90 106.31(3) 90 13.517 12.988 121.3 
β-Gd4 100 11.235(4) 22.108(3) 14.059(3) 90 106.12(3) 90 13.506 12.953 121.4 
β-Dy4 100 11.151(7) 22.319(4) 14.012(4) 90 106.54(5) 90 13.432 13.024 121.0 
β-Ho4 100 11.134(7) 22.375(8) 14.088(2) 90 107.29(3) 90 13.451 13.053 121.0 

β-Er4 
300 11.032(4) 22.649(3) 14.227(2) 90 106.86(3) 90 13.615 13.213 121.0 
100 11.100(7) 22.431(4) 14.074(4) 90 106.46(5) 90 13.497 13.089 121.0 

 
* 2D lattice parameters u and v were calculated as follows: 

u=b×sin(180−γ), v=c×sin(180−β), φ=180-arcsin(d010/u), d010=b×(1-cos2α-cos2β-cos2γ+2cosα×cosβ×cosγ)/sinβ) for triclinic α-Ln4;  and 
u=c×sin(180 – β), v=½√[c2 sin2(180 – β) + b2], φ=180–arcctg(c×sin (180 – β)/b)] for monoclinic β-Ln4. 

§ Unit cell parameters were determined from single crystal XRD data by indexing and refinement of the initial 15-20 data frames.  
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Table S5. Summary of the crystal structure and refinement for α-La4, α-Ce4, α-Pr4, α-Nd4, β-Nd4, La3. 

 α-La4 α-Ce4 α-Pr4 α-Nd4 β-Nd4 La3 
Formula La2O13C25H50 Ce2O12C25H48 Pr2O12C25H48 Nd2O12C25H48 Nd2O12C25H48 La3O27NC40H88 
Formula weight 836.47 820.87 822.45 829.11  829.11 1431.84 
Diffractometer XRD1 BL, Elettra XRD1 BL, Elettra XRD1 BL, Elettra XRD1 BL, Elettra XRD1 BL, Elettra XRD1 BL, Elettra 
Data collection method φ-scan φ-scan φ-scan φ-scan φ-scan φ-scan 
Temperature (K) 100 100 100 100 100 100 
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Orthorombic 
Space group P1̅ P1̅ P1̅ P1̅ P21/n Pbcn 
a (Å) 11.6470(9) 11.4960(16) 11.4377(12) 11.4251(7) 11.4180(14) 20.6835(10) 
b (Å) 12.2717(14) 12.3186(18) 12.4158(13) 12.4866(9) 22.0805(18) 10.9344(6) 
c (Å) 13.9407(13) 13.9342(14) 13.9735(12) 13.9799(9) 14.0180(19) 25.8914(10) 
α (°) 115.034(10) 114.902(12) 114.958(10) 115.100(7) 90 90 
β (°) 105.726(8) 105.330(11) 105.276(9) 105.524(5) 106.014(14) 90 
γ (°) 91.447(8) 93.888(12) 94.718(9) 94.469(5) 90 90 
V (Å3) 1715.2(3) 1689.6(4) 1692.5(3) 1697.75(19) 3397.9(7) 5855.7(5) 
Z 2 2 2 2 4 4 
Color, habit Colorless, needle Colorless, needle Pale green, needle Pale purple, needle Pale purple, needle Colorless, plate 
Crystal dimensions (mm) 0.13×0.001×0.001 0.17×0.02×0.01 0.13×0.005×0.001 0.120×0.001×0.001 0.130×0.002×0.001 0.16×0.09×0.02 
Density Dcalc (g∙cm-3) 1.620 1.614 1.614 1.622 1.621 1.624 
μ (mm-1) 2.383 2.585 2.757 2.931 3.074 2.113 
Unique reflections (Rint) 7528 (0.1286) 16313 (0.0287) 7269 (0.1460) 7604 (0.2188) 7338 (0.1489) 7228 (0.0567) 
Observed reflections [I > 2σ(I)] 4644 12390 4823 4716 4610 6319 
Parameters 418 439 409 407 434 369 
R1[I > 2σ(I)], ωR2 0.0702, 0.1987 0.0934, 0.2891 0.0868, 0.2303 0.0862, 0.2026 0.1297, 0.2975 0.0473, 0.1321 
Goodness of fit on F2 1.016 1.177 0.996 0.976 1.138 1.047 
Absorption correction Numerical, XDS ABSPACK Numerical, XDS Numerical, XDS Numerical, XDS Numerical, XDS 
Tmin, Tmax 0.6680, 1.000 0.67751, 0.68547 0.681, 1.000 0.6544, 1.0000 0.7720, 1.000 0.6096, 0.9610 
ρmin, ρmax (eÅ-3) -3.315, 2.513 -2.778, 3.491 -2.279, 3.333 -1.594, 4.248 -1.850, 7.461 -1.686, 3.009 
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Table S6. Continuous Shape Measures (CShM) analysis11 for Ln4. 
 OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8 JGBF-8 JETBPY-8 JBTPR-8 BTPR-8 JSD-8 TT-8 ETBPY-8 

α-[Ce4(OH)2(piv)10(H2O)2]∞ 
Ce1 28.938 21.533 14.849 14.456 4.762 3.587 12.585 24.231 5.120 4.711 5.298 14.981 20.049 
Ce2 30.510 24.074 8.263 5.055 4.520 3.857 9.065 25.636 5.287 4.826 7.549 5.725 20.305 

α-[Pr4(OH)2(piv)10(H2O)2]∞ 
Pr1 29.936 20.927 14.792 13.957 5.025 3.381 12.518 24.724 5.074 4.775 5.138 14.45 20.593 
Pr2 30.86 24.297 8.386 4.687 4.584 3.743 9.43 25.447 5.294 4.909 7.405 5.308 20.482 

α-[Nd4(OH)2(piv)10(H2O)2]∞ 
Nd1 30.231 21.102 14.727 13.953 4.945 3.286 12.331 24.759 5.016 4.716 5.031 14.474 20.603 
Nd2 30.620 24.002 8.277 4.888 4.542 3.775 9.106 25.351 5.267 4.874 7.471 5.547 20.439 

β-[Nd4(OH)2(piv)10(H2O)2]∞ 
Nd1 30.965 20.227 14.040 12.700 5.909 3.459 12.091 25.263 4.908 4.448 5.031 13.230 21.324 
Nd2 31.502 24.425 8.406 4.636 4.554 3.615 9.378 25.293 5.146 4.728 7.398 5.358 20.758 

α-[Sm4(OH)2(piv)10(H2O)2]∞ 
Sm1 30.287 21.934 15.304 13.883 5.367 3.371 13.073 25.19 5.294 4.46 5.079 14.539 21.447 
Sm2 32.286 23.89 9.533 4.167 4.073 3.353 11.356 24.673 5.021 4.568 7.142 4.778 21.233 

β-[Eu4(OH)2(piv)10(H2O)2]∞ 
Eu1 33.563 21.305 12.342 11.329 5.042 3.391 11.01 26.817 4.244 3.89 4.999 11.907 21.718 
Eu2 31.923 24.455 8.657 4.308 4.523 3.959 9.451 24.819 5.483 5.289 7.485 5.146 21.059 

α-[Tb4(OH)2(piv)10(H2O)2]∞ 
Tb1 30.478 22.051 12.485 11.857 6.051 3.704 11.611 25.494 5.169 5.033 4.875 12.388 22.06 
Tb2 30.397 21.332 9.396 5.402 4.364 3.963 10.446 23.725 5.141 5.091 7.534 6.188 21.393 

α-[Dy4(OH)2(piv)10(H2O)2]∞ 
Dy1 31.723 20.483 12.229 11.871 5.758 3.686 10.669 25.469 5.286 4.618 5.181 12.691 21.202 
Dy2 31.834 23.49 8.311 4.363 3.93 3.7 9.964 24.743 5.041 4.96 7.239 4.954 21.917 

 

Table S7. Continuous Shape Measures (CShM) analysis for [Tb4(OH)2(mdeaH)2(piv)8]16 
 OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8 JGBF-8 JETBPY-8 JBTPR-8 BTPR-8 JSD-8 TT-8 ETBPY-8 

[Tb4(OH)2(mdeaH)2(piv)8] 
Tb1 29.227 23.349 13.003 11.123 3.763 1.868 10.051 27.423 3.025 2.448 2.845 11.948 24.710 
Tb2 33.129 24.144 16.515 13.812 4.409 1.965 11.729 27.888 3.589 3.014 2.983 14.039 24.367 
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Table S8. Continuous Shape Measures (CShM) analysis for α-[La4(OH)2(piv)10(H2O)4]∞. 

α-[La4(OH)2(piv)10(H2O)4]∞ 
 EP-9 OPY-9 HBPY-9 JTC-9 JCCU-9 CCU-9 JCSAPR-

9 
CSAPR-9 JTCTPR-

9 
TCTPR-9 JTDIC-9 HH-9 MFF-9 

La1 34.561 19.516 19.015 15.699 8.970 6.947 4.455 3.124 5.229 2.196 7.699 11.278 3.362 
 OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8 JGBF-8 JETBPY-8 JBTPR-8 BTPR-8 JSD-8 TT-8 ETBPY-8 
La2 30.221 23.562 9.245 5.732 3.658 3.886 9.342 24.880 4.885 4.472 6.542 6.567 19.094 

 

Table S9. Continuous Shape Measures (CShM) analysis for α-[Ho4(OH)2(piv)10(H2O)2]∞ and α-[Er4(OH)2(piv)10(H2O)2]∞. 

α-[Ho4(OH)2(piv)10(H2O)2]∞ 
 HP-7 HPY-7 PBPY-7 COC-7 CTPR-7 JPBPY-7 JETPY-7 
Ho1 30.197 20.720 1.541 7.179 5.541 4.468 20.102 
 OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8 JGBF-8 JETBPY-8 JBTPR-8 BTPR-8 JSD-8 TT-8 ETBPY-8 
Ho2 32.083 21.891 10.512 7.360 5.235 5.129 12.111 25.606 5.788 5.076 7.054 7.382 19.173 

α-[Er4(OH)2(piv)10(H2O)2]∞ 
 HP-7 HPY-7 PBPY-7 COC-7 CTPR-7 JPBPY-7 JETPY-7 
Er1 30.677 23.044 1.337 8.415 6.665 3.936 22.243 
 OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8 JGBF-8 JETBPY-8 JBTPR-8 BTPR-8 JSD-8 TT-8 ETBPY-8 
Er2 30.720 22.716 12.435 8.191 3.144 3.760 10.456 27.873 4.118 3.544 5.542 8.534 21.914 

 

Reference shapes: HP-7 — heptagon; HPY-7 — hexagonal pyramid; PBPY-7 — pentagonal bipyramid; COC-7 — capped octahedron 
(C3v); CTPR-7 — capped trigonal prism (C2v); JPBPY-7 — Johnson pentagonal bipyramid J13 (D5h); JETPY-7 — Johnson elongated 
triangular pyramid J7 (C3v). OP-8 — оctagon; HPY-8 — heptagonal pyramid; HBPY-8 — hexagonal bipyraid; CU-8 — cube; SAPR-
8 — square antiprism; TDD-8 — triangular dodecahedron (D2d); JGBF-8 — Johnson gyrobifastigium J26 (D2d); JETBPY-8 — Johnson 
elongated triangular bipyramid J14 (D3h); JBTPR-8 — biaugmented trigonal prism J50 (C2v); BTPR-8 — biaugmented trigonal prism 
(C2v); JSD-8 — Snub disphenoid J84 (D2d); TT-8 — triakis tetrahedron; ETBPY-8 — elongated trigonal bipyramid (D3h). EP-9 — 
enneagon (D9h); OPY-9 — octagonal pyramid; HBPY-9 — heptagonal bipyramid; JTC-9 — Johnson triangular cupola J3 (C3v); JCCU-
9 — capped cube J8 (C4v); JCSAPR-9 — capped square antiprism J10 (C4v); CSAPR-9 — spherical capped square antiprism (C4v); 
JTCTPR-9 — tricapped trigonal prism J51 (D3h); TCTPR-9 — spherical tricapped trigonal prism (D3h); JTDIC-9 — Tridiminished 
icosahedron J63 (C3v); HH-9 — hula-hoop (C2v); MFF-9 — muffin (Cs). 
 



 S19 

 

Figure S5. Tetranuclear fragment [La4(OH)2(piv)10(H2O)4] in α-La4 structure. Symmetry codes: 
(i)1-x, 1-y, 2-z; (ii) 2-x, 1-y, 2-z; (iii) 1-x, y, z. Dashed lines connecting La atoms highlight the 
planar tetranuclear {Ln4(μ3-OH)2} core. 
 

Figure S6. Tetranuclear fragment [Er4(OH)2(piv)10(H2O)2] in α-Er4 structure. Symmetry codes: 
(i)1-x, 1-y, 2-z; (ii) 2-x, 1-y, 2-z; (iii) 1-x, y, z. Dashed lines connecting Er atoms highlight the 
planar tetranuclear {Ln4(μ3-OH)2} core. 
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Figure S7. NdO8 polyhedra for Nd1 and Nd2 atoms in α-[Nd4(OH)2(piv)10(H2O)2] crystal 
structure. 
 
Table S10. Interatomic distances in La4(OH)2(piv)10(H2O)4 and Ln4(OH)2(piv)10(H2O)2 (Ln = Ce, 
Pr, Nd). Symmetry codes: (i) 1-x, 1-y, 2-z; (ii) 2-x, 1-y, 2-z.  

Ln−O α-La4, Å  α-Ce4, Å  α-Pr4, Å α-Nd4, Å β-Nd4, Å 

Ln1−O1 2.518(8) 2.476(8) 2.465(11) 2.454(8) 2.486(15) 

Ln1−O2 2.614(7) 2.539(6) 2.529(9) 2.511(7) 2.519(11) 

Ln1−O3 2.535(9) 2.452(7) 2.457(12) 2.427(10) 2.455(17) 

Ln1−O4 2.637(9) 2.639(8) 2.621(11) 2.605(9) 2.617(15) 

Ln1−O5 2.489(9) 2.388(8) 2.379(11) 2.361(9) 2.346(16) 

Ln1−O7 2.508(8) 2.447(7) 2.449(10) 2.447(7) 2.447(14) 

Ln1−O11 2.456(7) 2.412(6) 2.408(8) 2.395(6) 2.368(12) 

Ln1−O11i 2.534(6) 2.468(6) 2.463(8) 2.453(6) 2.456(9) 

Ln1−O13 2.684(11) - - - - 

Ln2−O4i 2.568(7) 2.504(6) 2.485(9) 2.489(8) 2.475(15) 

Ln2−O6 2.470(11) 2.451(9) 2.449(14) 2.438(11) 2.412(16) 

Ln2−O7 2.642(6) 2.646(5) 2.620(7) 2.606(5) 2.624(13) 

Ln2−O8 2.606(7) 2.578(6) 2.579(9) 2.565(7) 2.563(15) 

Ln2−O9 2.425(8) 2.347(7) 2.330(10) 2.313(9) 2.367(14) 

Ln2−O10ii 2.593(10) 2.441(9) 2.415(13) 2.410(10) 2.436(17) 

Ln2−O11i 2.502(8) 2.543(7) 2.527(10) 2.496(8) 2.493(12) 

Ln2−O12 2.519(7) 2.505(7) 2.514(9) 2.482(7) 2.468(13) 
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Table S11. Experimental parameters of O−H∙∙∙O hydrogen bonds in La4(OH)2(piv)10(H2O)4 and 
Ln4(OH)2(piv)10(H2O)2 (Ln = Ce, Pr, Nd) (Å, °). Symmetry codes: (i) 1-x, 1-y, 2-z; (ii) 2-x, 1-y, 2-
z.  

D−H A d(D−H) d(H∙∙∙A) d(D_A) ∠DHA	
α-[La4(OH)2(piv)10(H2O)4]∞ 

O12−H1 O2i 0.872 1.876 2.702(12) 157.2 
O12−H2 O8ii 0.872 1.955 2.776(10) 156.2 
O13−H4 O10ii 0.897 2.020 2.823(10) 148.3 

α-[Ce4(OH)2(piv)10(H2O)2]∞ 
O12−H1 O2i 0.870 1.896 2.725(12) 159.0 
O12−H2 O8ii 0.870 1.961 2.790(9) 158.8 

α-[Pr4(OH)2(piv)10(H2O)2]∞ 
O12−H1 O2i 0.871 1.907 2.721(16) 154.7 
O12−H2 O8ii 0.870 1.913 2.760(12) 164.1 

α-[Nd4(OH)2(piv)10(H2O)2]∞ 
O12−H1 O2i 0.865 1.894 2.721(13) 159.7 
O12−H2 O8ii 0.870 1.949 2.793(11) 162.9 

β-[Nd4(OH)2(piv)10(H2O)2]∞ 
O12−H1 O2i 0.870 1.898 2.689(2) 150.3 
O12−H2 O8ii 0.868 1.963 2.813(19) 166.2  

 
 
 
 
Table S12. Ln∙∙∙Ln distances in {Ln4(μ3-OH)2} core. Symmetry code: (i) 1-x, 1-y, 2-z. 
Ln in {Ln4(μ3-OH)2} Ln1-Ln2 Ln1-Ln1i Ln1i-Ln2 

La 3.9848(9) 4.0478(10) 4.2147(8) 

Ce 3.8852(10) 3.9626(12) 4.1677(9) 

Pr 3.8486(11) 3.9336(14) 4.1319(11) 

Nd 3.8274(8) 3.9030(10) 4.1110(8) 

Sm 3.822(5) 3.839(6) 4.088(3) 

Eu 3.770(15) 3.809(7) 4.027(13) 

Tb 3.692(8) 3.746(9) 4.037(9) 

Dy 3.738(2) 3.777(3) 4.064(3) 

Ho 3.667(3) 3.728(4) 4.085(4) 

Er 3.698(10) 3.74(2) 4.221(15) 
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Figure S8. PDF fits (red solid line) of measured data (circles) with the α-La4 hydroxo pivalate 
model from the single-crystal X-ray analysis for the distance range 1−12 Å. Note the poorer fitting 
of the Ce4 and Er4 experimental data with the α-La4 model compared to Figure 3 (main text). 
Difference curves are offset for clarity. 
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Figure S9. Arrangement of {Ln4(μ3-OH)2} cores into 1D [Ln4(OH)2(piv)10(H2O)2]∞  polymeric 
ribbon in structure of α-Ce4. The dashed lines represent O−H∙∙∙O bonds between water molecules 
and pivalate anions. Ln1 and Ln2 planes are highlighted. Within the 1D ribbon, the Ln1 and Ln2 
ions with their symmetry-related equivalents from other tetranuclear clusters define two distinct 
planes (green and purple, respectively) with 78º of mutual inclination. Ln1 ions are significantly 
more separated from Ln2 mean plane then Ln2 ones are from Ln1 plane (1.940 Å and 0.867 Å for 
α-Ce4, 1.908 Å and 0.855 Å for α-Nd4 respectively) which causes flattened shape of 1D ribbon. 

 

Figure S10. Triclinic α (a) and monoclinic β (b) packing polymorphs of [Ln4(OH)2(piv)10(H2O)2]∞. 
H-atoms are omitted for clarity. Black lines show unit cell edges. Pairs of semi-transparent bold 
lines show d-spacing of lattice planes with the Miller triplets corresponding to the most intense 
peaks on XRD patterns. Dashed lines show pseudo-hexagonal 2D lattice based on u and v basis 
vectors.  
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Figure S11. (a) Normalized total scattering curve of Sm4 (as obtained); (b) fit of measured data 
with the Sm4 ribbon model with Q range 0.2-13.8 Å-1; (c) fit of measured data with the Sm4 ribbon 
model with Q range 0.73-13.8 Å-1; (d) normalized total scattering curve of Sm4´ (dehydrated); (e) 
fit of the measured data with {Sm4(OH)2(piv)10} isolated cluster model with Q range 0.2-13.8 Å-1; 
(f) fit of the measured data with {Sm4(OH)2(piv)10} isolated cluster model with Q range 0.73-13.8 
Å-1.  
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Quantum chemical calculations 

Quantum chemistry calculations (geometry optimization) for the isolated molecule of 

Sm4(OH)2(piv)10 in vacuum were performed using FireFly 8 package17 based on density functional 

theory (DFT) at the hyper-GGA level (PBE0 functional). For the light atoms (C, O, H), 6-31G* 

basis set was used. For the Sm atoms, the energy-consistent Stuttgart/Cologne quasi-relativistic 

pseudopotential (large core including f-electrons) and corresponding optimized valence basis set 

was applied18. A building unit of α-Nd4 crystal structure was used as a starting model for the 

optimization. Solid-state DFT calculations of Ln4 crystals with periodic boundary conditions were 

performed within the framework of PAW method as implemented in VASP package19–21 using 

PBE functional. The plane-wave energy cut-off was set to 400 eV throughout all calculations. 

Gamma centered 3 × 3 × 3 and 1 × 1 × 1 meshes of Brillouin zone were enough to give a converged 

total energy for triclinic and monoclinic polymorphs, respectively. Grimme D3 dispersion 

correction was applied22. The relaxation of Ln4 were carried out using crystal structure data from 

SC XRD experiments as starting models. 

We performed periodic DFT calculations to compare the energies of two packing polymorphs 

of Ln4. Crystal structures of α-Nd4 and β-Nd4 were taken as starting geometries, and the models 

were allowed to relax with fixed experimental unit cell parameters (Figure S7). To compare the 

energy difference of the two structures belonging to different crystal systems correctly, it is 

necessary to transform the unit cells to equal volumes. This was done by the applying the transition 

matrix (1 0 0 0 1 1 0 -1 1) to the triclinic unit cell which resulted in the doubling of its volume and 

the following unit cell parameters: a = 11.4251 Å, b = 22.3483 Å, c = 14.2568 Å, α = 97.126°, β 

= 109.311°, γ = 82.884°. The total energies including van der Waals interactions were found to be 

virtually equal for α-Nd4 and β-Nd4: -2068.25770000 and -2068.25770937 eV, respectively.  
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Periodic DFT calculation of β-Sm4 was performed to build the structural model for further fit of 

the PDF data collected at room temperature. Therefore, the β-Nd4 structure with Nd manually 

substituted with Sm was taken as a starting model after scaling to room temperature unit cell 

parameters elucidated form PXRD data. Interatomic distances of the relaxed β-Sm4 are close to 

the corresponding distances of β-Nd4 (Table S5). 

For the PDF refinements of both crystalline Sm4 samples, α-Sm4 and β-Sm4, the single isolated 

1D ribbon-like supramolecule of ca. 80 Å length, constructed from the room temperature DFT 

relaxed crystal structure of β-Sm4, was applied as a structural model (Figure S5a). 

Additionally, the DFT calculation of isolated Sm4(OH)2(piv)10 molecule (Figure S5c) was 

performed to simulate a monomeric unit of the dehydrated Sm4 ribbon for further PDF fits. 

Notably, the geometry of the Sm4 core remained intact with only two carboxylate ligands changing 

its coordination mode to compensate for the absence of a water ligand (Table S5). 

 

Figure S12. Isolated ribbon [Sm4(OH)2(piv)10(H2O)2]10 employed as a structural model for PDF 
fits of crystalline and rehydrated Sm4 (a); {Sm4(OH)2(piv)10(H2O)2} fragment of a ribbon (b); 
isolated tetranuclear cluster employed as a structural model for PDF fit of 2D-mesostructured Sm4´ 
(c). 
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Table S13. Experimental interatomic distances in β-Nd4 and calculated interatomic distances in  
β-Sm4 crystal and isolated Sm4(OH)2(piv)10 molecule. Symmetry codes: (i) 1-x, 1-y, 2-z; (ii) 2-x, 
1-y, 2-z.  

Ln−O β-Nd4, Å β-Sm4, Å  Sm4(OH)2(piv)10, Å  
Ln1−O1 2.486(15) 2.476 2.423 
Ln1−O2 2.519(11) 2.497 2.466 
Ln1−O3 2.455(17) 2.421 2.464 
Ln1−O4 2.617(15) 2.637 2.540 
Ln1−O5 2.346(16) 2.325 2.400 
Ln1−O7 2.447(14) 2.435 2.424 
Ln1−O11 2.368(12) 2.356 2.409 
Ln1−O11i 2.456(9) 2.429 2.481 
Ln2−O4i 2.475(15) 2.453 2.405 
Ln2−O5 — — 2.562 
Ln2−O6 2.412(16) 2.403 2.488 
Ln2−O7 2.624(13) 2.608 2.538 
Ln2−O8 2.563(15) 2.541 2.441 
Ln2−O9 2.367(14) 2.307 — 
Ln2−O9i — — 2.398 
Ln2−O10ii 2.436(17) 2.414 2.438 
Ln2−O11i 2.493(12) 2.517 2.406 
Ln2−O12 2.468(13) 2.437 — 
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PDF study of local structure evolution 

Figure S13. PDF fits (red solid line) of measured data (circles) with the Sm hydroxo pivalate 
models for the distance range 1−40 Å: (a) triclinic α-Sm4 phase (as obtained) fitted with 1D ribbon 
model (Figure S5); (b) 2D-mesostrucured Sm4´ phase (dehydrated) fitted with 0D cluster; (c) 
monoclinic β-Sm4 phase (rehydrated) fitted with 1D ribbon model. Difference curves are offset for 
reference. 

 

Two different Q-ranges were considered for the PDF calculation and subsequent refinements. Q 

= 0.20-13.8 Å-1 includes the first intense peak on the total scattering curve into the calculation 

(Figure S6b, e), and Q = 0.73-13.8 Å-1 excludes that peak (Figure S6c, f). For both crystalline and 

2D mesostructured compounds, the exclusion of the peak results in disappearance of a long-range 

oscillation, which stems from the mesostructure, and does not alter any interatomic distances both 
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on short and long ranges. Therefore, it is reasonable to use the Q range of 0.73-13.8 Å-1, which was 

done for all of the calculations described in the main text.  

According to the SC XRD results for Ce and Nd hydroxo pivalates, the largest dimension of the 

individual tetranuclear cluster is ca. 12 Å. Figure S7b confirms the absence of a long-range order 

in Sm4´ as no structural peaks can be observed beyond 10 Å (merely ripples due to noise). 

Therefore, for the dehydrated 2D-mesostructured Sm4´, the model of DFT-optimized single 

molecular cluster {Sm4(OH)2(piv)10(H2O)2} was employed, as the local structure of the Sm4´ has 

not changed after dehydration.  
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Magnetic study 

Figure S14. Temperature dependence of the χm and 1/χm (blank symbols for ZFC, solid symbols 
for FC) for compound Dy4´ and its Curie-Weiss fit (solid red line) in the temperature range of 30–
300 K. 

 

Figure S15. Temperature dependence of the χm and 1/χm (blank symbols for ZFC, solid symbols 
for FC) for compound Dy4 and its Curie-Weiss fit (solid red line, fit parameters are listed on the 
figure) in the temperature range of 30–300 K. Solid blue lines show theoretical dependencies of 
χm and 1/χm calculated by POLY_ANISO routine. 
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Figure S16. Temperature dependence of the χm and 1/χm (blank symbols for ZFC, solid symbols 
for FC) for compound Ho4 and its Curie-Weiss fit (solid red line, fit parameters are listed on the 
figure) in the temperature range of 30–300 K. Solid blue lines show theoretical dependencies of 
χm and 1/χm calculated by POLY_ANISO routine. 

 

Figure S17. Temperature dependence of the χm and 1/χm (blank symbols for ZFC, solid symbols 
for FC) for compound Er4 and its Curie-Weiss fit (solid red line, fit parameters are listed on the 
figure) in the temperature range of 30–300 K. Solid blue lines show theoretical dependencies of 
χm and 1/χm calculated by POLY_ANISO routine. 
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Table S14. Summary of the dc magnetic data for powders of as-obtained Dy4, Ho4, Er4 and 

dehydrated Dy4´. 

 Dy4 Dy4´ Ho4 Er4 

Ground state term of Ln3+ ion 6H15/2 6H15/2 5I8 4I15/2 

S 5/2 5/2 2 3/2 

L 5 5 6 6 

g 4/3 4/3 5/4 6/5 

C (cm3 K mol-1) for each Ln3+ ion 14.17 14.17 14.07 11.5 

χmT (cm3 K mol-1) expected value 

for 4 non-interacting Ln3+ at RT 

56.68 56.68 56.28 46.0 

χmT (cm3 K mol-1) experimental 

value for Ln4 at RT 

53.56 55.06 52.0 44.3 

χmT (cm3 K mol-1) experimental 

value for Ln4 at 2.0 K 

47.12 42.31 35.71 19.55 

Magnetization (μB) observed at 

7 T and 2.0 K 

23.6 23.2 20.1 19.1 

Expected magnetization (μB) for four 
isolated Ln3+ ions. 

42.52 42.52 42.4 38.36 
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Table S15. Angles made by the main magnetic axes on Ln1 and Ln2 sites within Ln4 cluster.  

Parameter Ln1 Ln2 

 Dy4 

Angle with the mean plane of Ln4 core, ° 3.98 0.53 

Angle with the shortest Ln-O bond, ° 86.58 78.38 

Angle between the main anisotropy axes, ° -31.81 

 Ho4 

Angle with the mean plane of Ln4 core, ° 56.34 21.01 

Angle with the shortest Ln-O bond, ° 73.56 5.44 

Angle between the main anisotropy axes, ° -35.33 

 Er4 

Angle with the mean plane of Ln4 core, ° 14.53 11.20 

Angle with the shortest Ln-O bond, ° 42.43 36.64 

Angle between the main anisotropy axes, ° +40.43 
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Table S16. Summary of the on-site low-lying energy states and magnetic anisotropies of the 

ground states as obtained from ab initio calculations (Notation of atoms as in Figure 8). 

 Dy4  Dy4 
(DFT) 

 Ho4  Er4  

 Dy1 Dy2 Dy1 Dy2 Ho1 Ho2 Er1 Er2 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

0.0 

0.0 

100.8 

100.8 

138.7 

138.7 

169.4 

169.4 

228.4 

228.4 

310.5 

310.5 

345.7 

345.7 

433.2 

433.2 

0.0 

0.0 

24.3 

24.3 

76.1 

76.1 

121.8 

121.8 

178.8 

178.8 

237.5 

237.5 

371.7 

371.7 

456.9 

456.9 

0.0 

0.0 

66.2 

66.2 

91.2 

91.2 

138.8 

138.8 

170.9 

170.9 

245.9 

245.9 

300.7 

300.7 

471.3 

471.3 

0.0 

0.0 

45.4 

45.4 

77.1 

77.1 

95.2 

95.2 

130.3 

130.3 

184.2 

184.2 

226.4 

226.4 

355.3 

355.3 

0.0 

0.2 

111.9 

116.9 

127.5 

135.4 

215.3 

238.4 

249.7 

271.0 

281.6 

303.0 

307.3 

321.0 

333.3 

353.2 

357.2 

0.0 

5.7 

15.2 

20.7 

64.4 

65.1 

133.8 

143.0 

227.0 

245.3 

266.1 

289.5 

296.7 

298.7 

305.4 

337.9 

339.5 

0.0 

0.0 

26.2 

26.2 

64.8 

64.8 

94.3 

94.3 

136.1 

136.1 

210.8 

210.8 

409.4 

409.4 

435.0 

435.0 

0.0 

0.0 

18.3 

18.3 

44.5 

44.5 

83.5 

83.5 

168.8 

168.8 

268.4 

268.4 

332.5 

332.5 

383.8 

383.8 

 Main values of the g-tensor in the ground states 

gX 

gY 

gZ 

0.162 

 0.423 

19.049 

0.428 

1.406 

18.386 

0.164 

 0.366 

19.245 

0.123 

 0.289 

18.909 

0.000 

 0.000 

19.469 

0.000 

 0.000 

16.311 

10.496 

 5.878 

 0.484 

1.627 

 2.633 

13.284 

 



 S35 

 

Table S17. Low-lying part of the exchange energy spectra as obtained using the (Eq. 1) and 

parameters from Table 1. The dipole-dipole interaction was considered according to (Eq. 2) and 

added to the exchange part of the Hamiltonian. Separate energy splitting induced by the exchange 

and dipolar interactions are given for comparison. Note the non-additivity of the energy splitting. 

 Dy4 Ho4 Er4 

 Exch + 
Dip 

Dip. Exch. Exch + 
Dip 

Dip. Exch. Exch + 
Dip 

Dip. Exch. 

 0.000 

0.000 

0.510 

0.510 

0.719 

0.720 

0.746 

0.747 

0.823 

0.824 

3.254 

3.255 

3.255 

3.256 

6.689 

6.689 

… 

0.000 

0.000 

0.147 

0.147 

1.339 

1.339 

1.340 

1.341 

1.982 

1.982 

2.855 

2.856 

2.860 

2.862 

6.256 

6.256 

… 

0.000 

0.000 

1.389 

1.389 

1.389 

1.389 

2.351 

2.351 

2.385 

2.385 

2.385 

2.385 

2.420 

2.420 

2.778 

2.778 

… 

0.000 

0.025 

1.797 

1.822 

5.705 

5.732 

5.995 

6.022 

7.401 

7.427 

7.695 

7.722 

11.695 

11.724 

13.298 

13.327 

… 

0.000 

0.031 

1.479 

1.510 

5.608 

5.636 

5.901 

5.930 

7.185 

7.213 

7.470 

7.499 

11.508 

11.535 

13.161 

13.188 

… 

0.000 

0.013 

3.419 

3.432 

5.957 

5.958 

5.971 

5.971 

9.169 

9.169 

9.182 

9.184 

11.914 

11.929 

14.919 

14.934 

… 

0.000 

0.075 

0.170 

0.245 

0.434 

0.596 

0.675 

0.784 

0.893 

1.008 

1.786 

1.808 

2.224 

2.260 

2.923 

2.945 

… 

0.000 

0.014 

0.083 

0.096 

0.818 

0.825 

0.910 

0.929 

1.372 

1.375 

1.469 

1.475 

1.907 

1.910 

2.536 

2.541 

… 

0.000 

0.060 

0.392 

0.450 

1.128 

1.133 

1.419 

1.459 

2.128 

2.136 

2.331 

2.339 

2.549 

2.584 

4.575 

4.584 

… 

 Main value of the g tensor for the ground exchange doublet state.  
gX=gY=0 by rule for an Ising doublet. 

gZ 20.48   33.96   0.00   
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Figure S18. Magnetization versus applied field of compounds Dy4, Dy4´, Ho4, Er4 at 2.0K. 

 

Figure S19. Magnetization versus applied field of compounds Dy4, Dy4´, Ho4, Er4 at 2.0K. 
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Figure S20. Temperature-dependent in-phase χ´ ac susceptibility at different frequencies for Ho4 

under zero dc field. 

 

 

Figure S21. Temperature-dependent out-of-phase χ´´ ac susceptibility at different frequencies for 
Ho4 under zero dc field. 
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Figure S22. Temperature-dependent in-phase χ´ ac susceptibility at different frequencies for Er4 

under zero dc field. 

 

 

Figure S23. Temperature-dependent out-of-phase χ´´ ac susceptibility at different frequencies for 
Er4 under zero dc field. 
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Figure S24. Temperature-dependent in-phase χ´ ac susceptibility at different frequencies for Dy4 

under external dc field of 1000 Oe. 

 

Figure S25. Temperature-dependent out-of-phase χ´´ ac susceptibility at different frequencies for 
Dy4 under external dc field of 1000 Oe. 

 



 S40 

 

 

Figure S26. The plot of ratio ln(χ′′/χ′) vs. T-1 at different frequencies for Dy4. The experimental 
data show remarkable non-linearity with two quasi-linear regions (10-4K and 4-2K) which most 
probably originates from interplay of two relaxation processes with different barrier values. 
However, the absence of maxima on χ′′ vs χ′ dependence does not allow to extract the relaxation 
times (τ) for different temperatures. Therefore, the ln(χ′′/χ′) vs. T-1 for each frequency were fitted 
by Eq. 1 (dash lines) for two temperature regions with different sets of fitting parameters. For 10-
4K region:  τ0 = 2×10-7 s, 2×10-7 s, 3×10-7 s, 3×10-7 s, 3×10-7 s, and Ueff = 8.1(3) K, 7.8(3) K, 7.4(3) 
K, 6.9(3) K, 6.7(4) at ν = 1011 Hz, 811 Hz, 611 Hz, 411 Hz, 211 Hz correspondingly. For 4-2K 
region: τ0 = 1×10-6 s, 1×10-6 s, 1×10-6 s, 1×10-6 s, 1×10-6 s, and Ueff = 1.9(5) K, 1.9(5) K, 1.9(4) K, 
1.9(4) K, 2.0(4) K at ν = 1011 Hz, 811 Hz, 611 Hz, 411 Hz, 211 Hz correspondingly. 
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Figure S27. The plot of ratio ln(χ′′/χ′) vs. T-1 at different frequencies for Dy4′. The experimental 
data show remarkable non-linearity with two quasi-linear regions (10-4K and 4-2K) which most 
probably originates from interplay of two relaxation processes with different barrier values. 
However, the absence of maxima on χ′′ vs χ′ dependence does not allow to extract the relaxation 
times (τ) for different temperatures. Therefore, the ln(χ′′/χ′) vs. T-1 for each frequency were fitted 
by Eq. 1 (dash lines) for two temperature regions with different sets of fitting parameters. For 10-
4K region:  τ0 = 3×10-7 s , 3×10-7 s, 3×10-7 s, 4×10-7 s, and Ueff = 8.3(3) K,  8.0(4) K, 7.9(3) K, 
7.0(6) K, at ν = 1011 Hz, 811 Hz, 611 Hz, 411 Hz correspondingly. For 4-2K region: τ0 = 1×10-6 
s, 1×10-6 s, 1×10-6 s, 2×10-6 s, and Ueff = 2.0(4) K, 2.0(4) K, 1.9(4) K, 2.0(4) K at ν = 1011 Hz, 811 
Hz, 611 Hz, 411 Hz correspondingly. 
 
The ac magnetic susceptibility data were analyzed under assumption that the relaxation of 
magnetization is Debye process driven by the thermal activation over the energy barrier Ueff which 
values were estimated using the Equation 1: 23 
 

$%('!! '!⁄ ) = $%(+,") +
.#$$
/0  

 
where ω – is angular frequency, T - absolute temperature, Ueff – the effective energy barrier for the 
reversal of magnetization, k – Boltzmann constant. 
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Figure S28. The plot of ratio ln(χ′′/χ′) vs. T-1 at different frequencies for Ho4. The experimental 
data show linear dependence for the whole region 10-2K and were fitted by Eq. 1 (dash lines) with 
one set of fitting parameters: τ0 = 3×10-7 s, 4×10-7 s, 4×10-7 s, 4×10-7 s, 5×10-7 s, and Ueff = 2.8(1) 
K, 2.8(1) K, 2.7(1) K, 2.7(1) K, 2.7(1) K at ν = 1011 Hz, 811 Hz, 611 Hz, 411 Hz, 211 Hz 
correspondingly. 
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Figure S29. The plot of ratio ln(χ′′/χ′) vs. T-1 at different frequencies for Er4. The experimental 
data show linear dependence for the whole region 10-2K and were fitted by Eq. 1 (dash lines) with 
one set of fitting parameters: τ0 = 4×10-7 s, 5×10-7 s, 5×10-7 s, 6×10-7 s, and Ueff = 0.18(3) K, 0.19(3) 
K, 0.20(4) K, 0.14(6) K at ν = 1011 Hz, 811 Hz, 611 Hz, 411 Hz correspondingly. 
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