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Synthesis of the complex: [Ni(ClO4)2]⋅6H2O (0.183 g, 0.5 mmol) was dissolved in methanol (10 mL), 

and a 20 mL methanol/water (10:1) solution of pyrazole (0.069 g, 1.0 mmol) and NaOH (0.027 g, 0.67 

mmol) was added dropwise with stirring. The solution turned green with slight slurry, and stirring was 

maintained over 2 h at r.t. After filtering, the filtrate was subjected to one week of slow evaporation 

giving 32 mg of blue block single crystals suitable for X-ray diffraction, which were isolated by 

filtration and washed with a small amount of methanol. Yield: 36%. Elemental analysis (%) calcd for 

C56H88.5Cl0.50N36Ni9O23: C 30.85, H 4.09, N 23.31, Ni 24.23; found: C 30.86, H 3.24, N 23.21, Ni 

24.55; IR (KBr pellet): ν = 3242 (-OH), 1452 (C=N), 1104 cm-1 (ClO4
-). 

Crystal data for [Ni9(μ3-OH)6(μ6-CO3)2(μ2-pz)6(Hpz)12](ClO4)0.5(OH)1.5(H2O)7.5 (1): Mr = 2180.24, 

T = 113(2) K, Trigonal, R-3 c:H, a = b =16.455(6), c = 58.56(2) Å, V = 13731(9) Å3, Z = 6, Dcalcd. = 

1.582 g cm-3, GOF = 1.235, R1 = 0.0574, wR2 = 0.1443 [I > 2σ(I)]. A total of 40952 reflections were 

measured in the range of 1.99° ≤ θ ≤ 27.88°, and 3648 [R(int) = 0.0585] unique reflections with I > 

2σ(I) were used in the succeeding refinements. Data collection, structure solution and refinement used 

programs Crystalclear, SHELXS-97 and SHELXL-97. Full details have been deposited and will be 

published later. CCDC 644657. 

Nitrate was not present in the reaction at any stage; therefore it appears that atmospheric CO2 has been 

incorporated into the crystal structure reasonably owing to the basic media afforded by the addition of 

NaOH. 

 

Table S1.  Selected bond lengths [Å] and angles [°] for complex 1.  

Ni(1)-N(5)#1               
Ni(1)-N(5)                 
Ni(1)-O(1)#1               
Ni(1)-O(1)                 
Ni(1)-O(2)#1               
Ni(1)-O(2)                 
Ni(2)-O(1)#2               
Ni(2)-N(6)#1               

2.050(2) 
2.050(2) 
2.0514(15) 
2.0514(15) 
2.1625(15) 
2.1627(15) 
2.0387(17) 
2.0675(18) 

Ni(2)-N(3)                  
Ni(2)-N(1)                  
Ni(2)-O(1)                  
Ni(2)-O(2)#1                
O(1)-Ni(2)#2                
O(2)-Ni(2)#1                
N(6)-Ni(2)#1                

2.0944(18) 
2.099(2) 
2.1090(17) 
2.1671(16) 
2.0387(17) 
2.1671(16) 
2.0674(18) 

N(5)#1-Ni(1)-N(5)           
N(5)#1-Ni(1)-O(1)#1         
N(5)-Ni(1)-O(1)#1           
N(5)#1-Ni(1)-O(1)           
N(5)-Ni(1)-O(1)             
O(1)#1-Ni(1)-O(1)           
N(5)#1-Ni(1)-O(2)#1         
N(5)-Ni(1)-O(2)#1           
O(1)#1-Ni(1)-O(2)#1         
O(1)-Ni(1)-O(2)#1           
N(5)#1-Ni(1)-O(2)           
N(5)-Ni(1)-O(2)             
O(1)#1-Ni(1)-O(2)           
O(1)-Ni(1)-O(2)             
O(2)#1-Ni(1)-O(2)           

101.69(11) 
97.81(6) 
86.72(6) 
86.72(6) 
97.81(7) 
172.85(9) 
86.29(7) 
171.88(7) 
93.74(5) 
80.99(6) 
171.89(7) 
86.29(7) 
80.99(6) 
93.74(5)  
85.78(8) 

O(1)#2-Ni(2)-N(6)#1  
O(1)#2-Ni(2)-N(3)            
N(6)#1-Ni(2)-N(3)            
O(1)#2-Ni(2)-N(1)            
N(6)#1-Ni(2)-N(1)            
N(3)-Ni(2)-N(1)              
O(1)#2-Ni(2)-O(1)            
N(6)#1-Ni(2)-O(1)            
N(3)-Ni(2)-O(1)              
N(1)-Ni(2)-O(1)             
O(1)#2-Ni(2)-O(2)#1          
N(6)#1-Ni(2)-O(2)#1          
N(3)-Ni(2)-O(2)#1           
N(1)-Ni(2)-O(2)#1            
O(1)-Ni(2)-O(2)#1   

167.60(7) 
92.42(7) 
91.78(8) 
95.95(8) 
95.66(9) 
90.63(7) 
81.07(7) 
86.72(7) 
99.88(7) 
169.16(6) 
91.80(5) 
83.85(6) 
175.62(7) 
90.11(6) 
79.61(5) 

Symmetry transformations used to generate equivalent atoms:  
           #1 x-y+1/3,-y+2/3,-z+1/6    #2 y+1/3,x-1/3,-z+1/6    #3 -x+y+1,-x+1,z     

#4 -y+1,x-y,z    #5 -y,x-y,z    #6 -x+y,-x,z     
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Figure S1. Packing plot of complex 1 viewed along c-axis, showing various π-π interactions between the pyrazolate 
groups from the neighboring clusters with interplanar distance (Å) in colorful dashed lines. H atoms, uncoordinated 
perchlorate and hydroxyl anions were omitted for clarity. 
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Computational Details 

 In our calculations, we employed the experimental structures that take into account small variations in the 

geometry induced by intermolecular interactions that may result in large changes in the calculated exchange 

coupling constants due to the strong dependence of the magnetic properties with structural parameters. 

Calculations with the B3LYP functional1 were performed with NWChem code2,3 using the quadratic convergence 

approach and a guess function generated with the Jaguar 6.5 code.4 The triple-  all electron Gaussian basis set 

proposed by Schaefer et al. was employed.5 

 
Discussion 
 
 Theoretical methods based on density functional theory have been extensively employed since some time ago to 

study the spin states from simple molecules6 to polynuclear metal clusters.7 Such methodology also allows to 

obtain all the exchange coupling constants that are present in polynuclear transition metal complexes.8,9 In order 

to calculate the n Ji exchange coupling constants of a polynuclear complex, we must at least perform n+1 energy 

calculations of different spin configurations that correspond to single-determinant Kohn-Sham solutions.8 Such 

spin configurations must be selected in such way that it is possible to solve a system of n equations with n 

unknowns, the J values. However, in order to minimize the effects of a low symmetry or, even, a dependence of 

the calculated J values on the selected set of spin configurations, we have chosen some extra confirmations. This 

procedure allow us to discern the presence of non-negligible interactions between the second neighbours or some 

dependence of the configurations on our results as well as to obtain a more accurate estimation for the mean value 

of the exchange coupling constants and to validate the approaches that have been considered in the topology of 

magnetic interactions. In this way, eleven calculations were performed on the Ni8 complex in order to obtain the 

two exchange coupling constants by least-squares fitting for the following spin configurations: a high spin (S = 9) 

that provide the reference in energy, one S = 5 ({Ni1, Ni3}), six S = 3 ({Ni1, Ni2, Ni7}, {Ni3, Ni6, Ni9}, {Ni1, 

Ni2, Ni3}, {Ni1, Ni3, Ni5}, {Ni1, Ni3, Ni9} and {Ni2, Ni5, Ni8}) and three S=1 ({Ni1, Ni2, Ni3, Ni9}and {Ni3, 

Ni4, Ni7, Ni8}) spin distributions, where only the spin-down centers are indicated in the notation used here, which 

is shown in Figure S2. These spin distributions and the relative energies as a function of the magnetic coupling 

constants (J) are given in Table S2. 

 

 

 

Figure S2. Scheme showing the topology of the spin-spin exchange interactions in complex 1 
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 According to the description of the structure in the manuscript and the different pathway involved in the 

magnetic couplings (see text in the manuscript), six different exchange interactions have been considered in Ni9 

complex. Actually, more exchange couplings can be considered due to the low symmetry of the complex; 

however, since small changes in the geometrical parameters we have preferred to use a simple topology of the 

magnetic interaction whit only one value for Jb and one for Jc (structural differences of 0.001 Å and 0.002 Å, 

respectively, in the metal-metal distances). That is why, an average values is found for these two magnetic 

coupling constants. An analysis of the validity of this approach has been done in our theoretical study. In this 

situation, the considered spin Hamiltonian can be expressed as follows: 

 

Ĥ = −Ja (Ŝ1Ŝ2 + Ŝ4Ŝ5 + Ŝ7Ŝ8 ) − Jb (Ŝ1Ŝ4 + Ŝ2Ŝ5 + Ŝ4Ŝ7 + Ŝ5Ŝ8 + Ŝ1Ŝ7 + Ŝ2Ŝ8 )

−Jc (Ŝ3Ŝ6 + Ŝ3Ŝ9 + Ŝ6Ŝ9 ) − Jd (Ŝ1Ŝ3 + Ŝ3Ŝ5 + Ŝ2Ŝ9 + Ŝ7Ŝ9 + Ŝ4Ŝ6 + Ŝ6Ŝ8 )

−Je(Ŝ2Ŝ3 + Ŝ3Ŝ4 + Ŝ5Ŝ6 + Ŝ6Ŝ7 + Ŝ1Ŝ9 + Ŝ8Ŝ9 ) − J f (Ŝ1Ŝ6 + Ŝ2Ŝ6 + Ŝ3Ŝ7 + Ŝ3Ŝ8 + Ŝ4Ŝ9 + Ŝ5Ŝ9 )
          (Eq. 1)

  
 

where Si are the local spin operators of each paramagnetic center. The results obtained for Ja-f using ten equations 

from eleven different spin distributions (Table S2) are displayed in Table S3. The found standard deviations are 

small and in agreement with the used approaches. Therefore, the addition of new exchange couplings between the 

closest second neighbours is absolutely unnecessary. Additional calculations have been done to calculate the 

different J constants in an invidual way. For it, nickel(II) ions have been replaced by non-magnetic zinc(II) ions 

and only those nickel centres that are involved in a certain magnetic coupling have been preserved. For all cases, 

the J values have been estimated from the calculated quintuplet and singulet spin states. The results are also 

displayed in Table S3. These results are in agreement with the previous ones obtained for the real Ni9 molecule 

and also a slight shift to the antiferromagnetic regions that is observed in all J constants and that, probably, is due 

to small changes in the elecctronic structure introduced by the zinc(II) ions. Moreover, from the previous study in 

dinuclear complexes where only one atom make up the exchange pathway, the small or moderate variations 

considered for the exchange coupling constants can be reproduced by small changes in some geometrical 

parameters such as the NiONi angle.8a,9a Thus, whereas large values of the NiONi angle induces strong 

antiferromagnetic coupling (Jd), small values leads to weak ferromagnetic coupling (Ja and Je). May be, the 

antiferromagnetic contribution in Jd is even reduced by an orbital counter-complementary effect roused by the 

combined presence of the carbonate and hydroxo bridging ligands, but whitout being counterbalanced by the 

ferromagnetic contribution. Moreover, such as it is expected, a stronger antiferromagnetic coupling is observed in 

the case where the carbonate is coordinated in an anti-anti conformation (Jf), leading to a weak antiferromagnetic 

or even ferromagnetic coupling when the syn-anti conformation (Jb and Jc) is presented. On the other hand, we can 

conclude that the moderate standard deviations are connected to the process of the modelization by increasing of 

the molecular symmetry. 
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Table S2. Calculated broken-symmetry configurations and relative energies as a function of exchange coupling 
constants. In the spin configuration, is noted only with spin-down centers. 
 

State Spin configuration Ja Jb Jc Jd Je Jf 

ST1 {Ni1, Ni4, Ni7} 9 0 0 9 9 9 

ST2 {Ni3, Ni6, Ni9} 0 0 0 18 18 18 

ST3 {Ni1, Ni2, Ni3} 0 12 6 6 6 12 

ST4 {Ni1, Ni2, Ni3, Ni9} 0 12 6 6 6 18 

ST5 {Ni6, Ni7, Ni8, Ni9} 0 12 6 6 6 18 

ST6 {Ni1, Ni3, Ni5} 6 12 6 0 12 12 

ST7 {Ni1, Ni3, Ni9} 3 6 6 9 9 15 

ST8 {Ni1, Ni3} 3 6 6 3 9 9 

ST9 {Ni3, Ni4, Ni7, Ni8} 3 12 6 15 9 3 

ST10 {Ni2, Ni5, Ni8} 9 0 0 9 9 9 
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Figure S3. Energy spectra of quantum spin S for 1 calculated from the J values found in the fit of the magnetic 
suscpetibility data. 
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Figure S4. Temperature and frequency dependence of (a) real (χ’) and (b) imaginary 
(χ’’) parts of the ac susceptibility (Hdc = 0 Oe, Hac = 1 Oe) for complex 1. 
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Figure S5. Relation between the frequency of the measurement (ν, in Hertz), and the blocking temperature (Tf) with 
a best-fit to Arrhenius expression ( left ) and the Vogel-Fulcher law (right). 
 

 
 
 

   

 

 

 

 

 

Figure S6. Field dependence of the magnetization at 1.8 K for 1. Insert: hysteresis loop (M/Nβ vs H) at 1.8 K. 
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