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Four tetrameric nickel(II) pseudohalide complexes have been synthesized and structurally, spectroscopically, and
magnetically characterized. Compounds 1-3 are isostructural and exhibit the general formula [Ni2(dpk 3OH)(dpk 3
CH3O)(L)(H2O)]2A2 3 2H2O, where dpk = di-2-pyridylketone; L = N3

-, and A = ClO4
- for 1, L = NCO- and A = ClO4

-

for 2, and L = NCO- and A = NO3
- for 3. The formula for 4 is [Ni4(dpk 3OH)3 (dpk 3CH3O)2(NCO)](BF4)2 3 3H2O. The

ligands dpk 3OH
- and dpk 3CH3O

- result from solvolysis and ulterior deprotonation of dpk in water and methanol,
respectively. The four tetramers exhibit a dicubane-like core with two missing vertexes where the NiII ions are con-
nected through end-on pseudohalide and oxo bridges. Magnetic measurements showed that compounds 1-4 are
ferromagnetic. The values of the exchange constants were determined bymeans of a theoretical model based on three
different types of coupling. Thus, the calculated J values (J1 = J2, J3, and D) were 5.6, 11.8, and 5.6 cm

-1 for 1, 5.5,
12.0, and 5.6 cm-1 for 2, 6.3, 4.9, and 6.2 cm-1 for 3, and (J1, J2, J3, and D) 6.9, 7.0, 15.2, and 4.8 cm

-1 for 4.

Introduction

The preparation of molecule-based magnets has been the
subject of many works in coordination chemistry.1 From this
research field, the way to deal with this challenge consists of
the synthesis of single molecules exhibiting electronic ground

states with a large number of unpaired electrons because it
has been discovered that a fairly large ground state S value is
one of the necessary requirements for molecules to be able to
exhibit the behavior of a single-molecule magnet.2 In this
context, enhancing both the nuclearity and the anisotropy of
the clusters has been one of the main objectives because they
are directly related to the nature and extension of themagnetic
coupling. Besides, ferro- or ferrimagnetic interactions in the
molecules are required to obtain the high-spin ground state.
Many of the clusters for nanomagnets characterized to date
exhibiting high nuclearity involve intermetallic bridges through
O atoms. However, inmost of the cases, thesemagnetic path-
ways providemodest values of the exchange coupling or even
antiferromagnetism. In this case, the selection of a metallic
cation enhancing the cluster anisotropy would be very con-
venient, andNiII represents a good choice because thismetallic
cation shows an important zero-field splitting.3

An efficient way for the generation of ferromagnetic inter-
vactions between metallic centers concerns the use of pseu-
dohalide ligands. Among these, it is well-known that the
azide one in its 1,1-fashion propagates ferromagetism.4a-s In
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the sameway, an1,1-N-cyanate ligand,which ismoreunusual,
is also able to give this kind of interaction.4t-zWith the aimof
facilitating the formation of nickel(II) pseudohalide clusters,
a versatile organic ligand should also be used. To this respect,
di-2-pyridylketone (dpk) seems to be an excellent candidate
because it exhibits three potential donors, being able to chelate
inbidentate (N,NorN,O) or tridentate (N,O,N)modes.More-
over, dpk has been observed occasionally to undergo solvol-
ysis, resulting in a derivative product that can coordinate
either as a neutral ligand (dpk 3ROH) or as an anionic ligand
(dpk 3RO-) (Scheme 1).5

Taking intoaccount these considerations,wehavebeenwork-
ing on the MIIdpk (M = Mn, Co, Ni, and Cu) system using
azide, cyanate, and thiocyanate as pseudohalides.6Our results in
this work concern the magnetostructural characterization of

four dicubane-like tetrameric clusters. Three of them are iso-
structural and exhibit the general formula [Ni2(dpk 3OH)-
(dpk 3CH3O)(L)(H2O)]2A2 3 2H2O, where L=N3

- andA=
ClO4

- for1, L=NCO- andA=ClO4
- for2, andL=NCO-

andA=NO3
- for 3. Compound 4 exhibits the formula [Ni4-

(dpk 3OH)3(dpk 3CH3O)2(NCO)](BF4)2 3 3H2O. The groups
dpk 3OH- and dpk 3CH3O

- result from solvolysis and ulter-
ior deprotonation of dpk inwater andmethanol, respectively.
This paper alsodealswith the theoretical treatment of themag-
netic data for 1-4, which have been observed to be ferro-
magnetic. Some of the results herein reported concerning
compound 1 have been previously published in a preliminary
communication.6b

Scheme 1. Different Modes of the dpk Ligand
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Experimental Section

Materials. All solvents and starting materials for synthesis
were purchased commercially andwere used as received.Metal(II)
nitrate hydrates (Aldrich), the dpk ligand (Lancaster), potas-
sium cyanate, and sodium azidure (Aldrich) were used without
further purification.

Synthesis.Warning!Azido and perchlorate complexes of metal
ions are potentially explosive. Only a small amount of material
should be prepared, and it should be handled with caution.

Synthesis of [Ni2(dpk 3OH)(dpk 3CH3O)(N3)(H2O)]2(ClO4)2 3
2H2O (1). This compound was synthesized by the slow addi-
tion of a methanolic solution (25 cm3) containing the dpk
ligand (1 mmol) to an aqueous/methanolic solution (25 cm3)
prepared by mixing Ni(ClO4)2 3 6H2O (1 mmol) and NaN3

(1 mmol). The reaction was carried out under continuous
stirring at 45 �C. After several days, green prismatic crystals
appeared from the resulting solution, which was left standing at
room temperature. Yield: 62% (based on nickel). Anal. Calcd
for C23H24N7O10ClNi2: C, 38.8; H, 3.4; N, 13.8. Found: C, 38.2;
H, 3.3; N, 14.1. IR (cm-1): 2200 [νas(N3)], 1328 [νs(N3)], 1610
[ν(CO)], 1540 (pyridyl stretching), 1020 (pyridyl breathing), 757
(pyridyl C-H), 3450 (H2Ocryst), 1100 [ν3(ClO4)], 630 [ν4(ClO4)].
UV-vis (cm-1): 9520 (ν1), 15380 (ν2), 25000 (ν3) from 3A2g

to 3T2g,
3T1g(F), and

3T1g(P), respectively. Dq = 952 cm-1, B =
788 cm-1, and C = 2729 cm-1.

Synthesis of [Ni2(dpk 3OH)(dpk 3CH3O)(NCO)(H2O)]2(ClO4)2 3
2H2O (2). This compound was synthesized by the same method
as that for 1, with the difference of the addition of KNCO
(1 mmol) in place of NaN3. As for 1, green prismatic crystals were
also obtained for 2. Yield: 55% (based on nickel). Anal. Calcd
for C24H24N5O11ClNi2: C, 40.5; H, 3.4; N, 9.8. Found: C, 39.9;
H, 3.5; N, 9.7. IR (cm-1): 2179 [cyanate, ν(C-N)], 1604 [ν(CO)],
1444 (pyridyl stretching), 1066 (pyridyl breathing), 763 (pyridyl
C-H), 3500 (H2Ocryst), 1092 [ν3(ClO4)], 684 [ν4(ClO4)]. UV-
vis (cm-1): 9400 (ν1), 15000 (ν2), 25000 (ν3) from

3A2g to
3T2g,

3T1g(F), and
3T1g(P), respectively. Dq = 940 cm-1, B = 787

cm-1, and C = 3197 cm-1.

Synthesis of [Ni2(dpk 3OH)(dpk 3CH3O)(NCO)(H2O)]2(NO3)2 3
2H2O (3). This compound was synthesized according to the
same procedure as that of 1 but usingNi(NO3)2 3 6H2O (1mmol)
instead of Ni(ClO4)2 3 6H2O. Green prismatic crystals were also
obtained in this case. Yield: 59% (based on nickel); Anal. Calcd
forC24H24N6O10Ni2: C, 42.8;H, 3.6;N, 12.5. Found:C, 41.9;H,
3.6; N, 12.4. IR (cm-1): 2179 [cyanate, ν(C-N)], 1605 [ν(CO)],
1421 (pyridyl stretching), 1068 (pyridyl breathing), 760 (pyridyl
C-H), 3470 (H2Ocryst), 1384 [ν3(NO3)], 684 [ν4(NO3)]. UV-
vis (cm-1): 9351 (ν1), 15780 (ν2), 25640 (ν3) from

3A2g to
3T2g,

3T1g(F),
and 3T1g(P), respectively. Dq = 935 cm-1, B = 889 cm-1, and
C = 3192 cm-1.

Synthesis of [Ni4(dpk 3OH)3(dpk 3CH3O)2(NCO)](BF4)2 3 3H2O

(4). The synthesis of compound 4 was carried out in a diffusive
cell with three compartments. The wing compartments contained
(right) an aqueous solution ofNiCl2 3 6H2O (0.5mmol) andNaBF4

(0.5 mmol) and (left) a methanolic solution of dpk (0.25 mmol)
and KNCO (0.5 mmol), while the central one contained a
mixture of methanol and water (1:1). After several days, pris-
matic, green, X-ray-quality single crystals were obtained in the
central compartment (<12% yield based on Ni). Anal. Calcd
for C58H55N11O14B2F8Ni4: C, 45.3; H, 3.6; N, 10.0. Found: C,
45.0; H, 3.6; N, 10.1. IR (cm-1): 2179 [cyanate, ν(C-N)], 1604
[ν(CO)], 1442 (pyridyl stretching), 1035 (pyridyl breathing), 767
(pyridyl C-H), 3500 (H2Ocryst), 1045 [ν3(BF4)], 684 [ν4(BF4)].

Physical Techniques. Microanalyses were performed with a
LECO CHNS-932 analyzer. Analytical measurements were car-
ried out in an ARL 3410 þ ICP with Minitorch equipment. IR
spectroscopy was performed on a Nicolet 520 FTIR spectro-
photometer in the 400-4000 cm-1 region. Diffuse-reflectance
spectra were registered at room temperature on a Cary 2415

spectrometer in the 5000-45000 cm-1 region. Magnetic sus-
ceptibilities of powdered samples were carried out in the tem-
perature range 1.8-300 K at values of the magnetic field of 0.1,
1.0, 2.0, and 4.0 T, using a Quantum Design Squid magne-
tometer, equipped with a helium continuous-flow cryostat. The
experimental susceptibilities were corrected for diamagnetismof
the constituent atoms (Pascal tables). Magnetization of pow-
dered samples was measured at the temperatures of 2 and 5 K.

Crystal Structure Determination. Single-crystal X-ray mea-
surements for compound 1 were taken at room temperature on
an Enraf-Nonius CAD-4 diffractometer; full data can be con-
sulted in ref 6b. Single-crystal X-ray measurements for com-
pound 4 were taken at room temperature on a STOE IPDS I
(Imaging Plate Diffraction System) diffractometer with graphite-
monochromated Mo KR radiation (λ = 0.710 73 Å). Correc-
tions for Lorentz and polarization factors were applied to the
intensity values. The structures were solved by heavy-atom
Patterson methods using the program SHELXS977 and refined
by a full-matrix least-squares procedure on F2 using SHELXL97.8

Non-H atomic scattering factors were taken from International
Tables of X-ray Crystallography.9a The displacement param-
eters for the atoms B1 and B2 could not be refined anisotro-
pically. H atoms bonded to C atoms were refined using a riding
model with C-H= 0.93 Å and Uiso(H) = 1.5Ueq(C). H atoms
bonded to O1w were located in a difference Fourier map, whereas
H atoms bonded to O2w were calculated with the program
HYDROGEN.9b Water molecules were tightly restrained to the
geometry used in HYDROGEN [O-H = 0.85(1) Å and
H-O-H= 107(3)�]. H atoms bonded to the highly disordered
O3w atom could not be assigned. Interatomic distances involv-
ing B and F atoms were restrained to be 1.295(5) Å. Also, the
distances O3w 3 3 3F6 and O3w 3 3 3F3 were forced to be equal
(within 0.02). Antibumping restraints were applied to the closest
distancesH60-(H11w,H21w). In Table 1, crystallographic data
and processing parameters for compound 4 are shown. Those
corresponding to compound 1 were included in ref 6b.

Powder X-ray Diffraction Data. In the case of compounds 2
and 3, these data were collected on a Philips X0PERT powder
diffractometer with Cu KR radiation in steps of 0.02� (2θ) over

Table 1. Crystal Data and Structure Refinement for 4

formula Ni4C58H53N11O14B2F8

Mr 1536.50
cryst syst monoclinic
space group P21/c
a [Å] 14.108(3)
b [Å] 18.190(4)
c [Å] 25.924(7)
β [deg] 105.26(3)
V [Å3] 6418(3)
Z 4
Fcald [g cm-3] 1.590
μ(Μο KR) [mm-1] 1.251
F(000) 3136
T [K] 293(2)
λ(Mo KR) [Å] 0.710 69
reflns collected 22 579
unique data measd 11 823
obsd data with Ι g 2.5σ(I) 11 823
no. of param refined 880
R1a 0.0507
wR2b 0.1186

aR(Fo) = (
P

||Fo| - |Fc|(
P

|Fo|.
bwR2(Fo

2) = [
P

[w(Fo
2 - Fc

2)2]/P
[w(Fo

2)2]]1/2.

(7) Sheldrick, G. M. SHELXS97. Program for the Solution of Crystal
Structures; University of G€ottingen: G€ottingen, Germany, 1997.

(8) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112.
(9) (a) International Tables for X-ray Crystallography; Kynoch Press:

Birmingham, U.K., 1974; Vol. IV. (b) Nardelli, M. J. Appl. Crystallogr. 1999,
32, 563–571.
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the 5-60� (2θ) angular range and a fixed-time counting of 4 s at
25 �C. The powder diffraction patterns were indexed with the
program FULLPROF10 based on the Rietveld method11,12 using
theProfileMatchingoption (the lattice parameters of compound
1were used). Crystallographic data and processing parameters for
compounds 2 and 3 are given in Table 2.

Results and Discussion

Structural Analysis for 1-3.Figure 1 displays theX-ray
diffraction pattern analyses carried out on the powdered
samples for 2 and 3. They have been fit using the lattice
parameters of 1 (see ref 6b).
The results clearly show that compounds 1-3 are iso-

structural. Thus, the difference between 1 and 2 is the pres-
ence of cyanate groups for 2 instead of the azide ligands
present for 1. For 3, nitrate counteranions should be sited
in place of the perchlorate groups present for 1 and 2.
Compounds 1-3 consist of centrosymmetric tetra-

meric cations (Figure 2) in which the NiII ions are con-
nected through μ-1,1-N3 (1) or μ-1,1-NCO (2 and 3) and
μ-O bridges. Additionally, two ClO4

- (1 and 2) or
NO3

- (3) counteranions and two crystallization molecules
ofwater are present per tetrameric unit. A complete descrip-
tion for 1 is detailed in ref 6b. Each cluster exhibits two end-
on pseudohalides (coordinated by N5 and N5i atoms,

respectively), two molecules of water (linked through
OW1 and OW1i, respectively), two dpk 3OCH3 ligands
(chelated by N1, O1, N2 and N1i, O1i, N2i, respectively),
and two dpk 3OH ligands (chelated by N3, O3, N4 and
N3i, O3i, N4i, respectively). Obviously, dpk 3OCH3 and
dpk 3OH anionic ligands are the result of solvolysis with
water and methanol, respectively, followed by an ulterior
deprotonation of the original dpk ligands (Scheme 1).
The tetrameric unit in the compounds exhibits a dicubane-

like core with two missing vertexes (Figure 3) in which
two types of octahedrally coordinated Ni atoms, Ni1
and Ni2, can be distinguished. Thus, the crystal-
lographically related Ni2 and Ni2i occupy two vertexes of
the common face of the dicubane unit, with both metallic
atoms being doubly O-bridged through O3 and O3i
atoms (sited on the other two vertexes and belonging to
dpk 3OH). These O atoms act as triple bridges because
they are also bonded to N1 and N1i atoms, respectively,
along the edges of both cubic subunits. Atom Ni1 is also
doubly bridged to Ni2, through O1 (dpk 3OCH3), and to
Ni2i, throughN5 (end-on pseudohalide). Obviously, Ni1i
is symmetricallybonded toNi2andNi2i.Table 3 summarizes
some selected structural parameters for 1.

Table 2. Crystallographic Data for 2 and 3

2 3

formula Ni2C24H24N5ClO11 Ni2C24H24N6O10

Mw 1422.68 1347.78
space group P21/c P21/c
a [Å] 13.443(2) 13.289(2)
b [Å] 11.008(1) 10.972(2)
c [Å] 19.910(2) 20.007(3)
β [deg] 91.553(9) 91.07(2)
V [Å3] 2945(3) 2916(6)
Z 2 2
T [K] 293 293
λ(Mo KR) [Å] 1.54 1.54
Rb

a 3.77 3.74
Rp

b 6.17 9.79
Rwp

c 8.26 12.4
GOFd 7.44 4.13

a Rb= 100[
P

|Io- Ic|]/
P

|Io|.
b Rp= 100[

P
|yo- yc|]/

P
|yo|.

c Rwp=
[
P

[w|yo - yc|
2]/
P

[w|yo|
2]]1/2. dGOF = [Rwp/Rexpected]

2.

Figure 1. X-ray diffraction pattern analysis for (a) 2 and (b) 3.

Figure 2. Crystal structure, of the corresponding cationic sections, for
compounds 1-3.
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Description of the Structure for 4. Compound 4 also
exhibits a tetrameric defective dicubane unit as the central
core (Figure 4). However, in this case, the tetramer is not
centrosymmetric. Thus, one cyanate ligand, three dpk 3
OH, and two dpk 3OCH3 groups act as bridges providing
μ-1,1-NCO and μ-O links. As observed in Figure 5, the
five dpk 3OR ligands perform as N,O,N0-tridentated:
N1-O1-N2,N3-O3-N4, andN5-O5-N6 are the link-
ing atoms for the three dpk 3OH groups, while the sets
N7-O7-N8 and N9-O9-N10 correspond to the two
dpk 3OCH3 groups. The cyanate group is bonded by the
N11 atom.
The four Ni atoms in the tetramer are octahedrally co-

ordinated. The Ni2 and Ni4 atoms, located on the com-
mon face of the dicubane unit, are linked through the O3
and O5 atoms. These atoms perform as μ3-O links, being
also bonded to Ni1 and Ni3, respectively. The latter Ni
atoms are doubly connected to the common face. Thus,
Ni1 is also linked to Ni2 and Ni4 through O1 and N11,
respectively, whileNi3 connects withNi4 throughO9 and
with Ni2 through O7. Therefore, O1, O7, O9, and N11
perform as μ2-links.
Table 4 displays some selected bond distances (Å) and

angles (deg) for 4. The Ni-Ncyanate average distance is

2.084(4) Å, while the Ni-Ncyanate-Ni angle is 97.5(2)�.
On the other hand, the average distances between Ni and
μ2-O and μ3-O atoms are very similar: 2.060(3) and
2.077(3) Å, respectively. The Ni-O-Ni angles range
from 93.2(2) to 104.4 (2)�, while the Ni 3 3 3Ni distances
range from 3.030 to 3.228 Å. Finally, on average, the B-F
distance and F-B-F angle are 1.31(3) Å and 110(5)�,
respectively.

DicubaneUnit.Coordination tetramershavebeenobserved
to adopt several structures like cubanes,3g,13 square3h,14

and lineal15 entities, butterfly cores,16 and dicubanes with
themissing vertexes17 (Scheme2). Thedicubanes found in the
literature are centrosymmetric, exhibiting very similar values
of the bond distances and angles (Table 5). Among the
dicubanes, the singularity of compounds 1-4 lies in the
presenceofpseudohalidesperformingas intermetallicbridges.

Figure 3. Dicubane unit scheme for compounds 1-3 (X=NorC;Y=
N or O).

Table 3. Selected Bond Lengths [Å] and Angles [deg] for 1a

Ni1-O1 2.032(5) Ni2-N5-Ni1i 101.8(3)
Ni1-OW1 2.095(6) O3-Ni2-O3i 80.8(2)
Ni1-N3 2.085(6) N2-Ni2-O3i 107.0(2)
Ni1-N1 2.086(7) N5-Ni2-O3i 78.9(2)
Ni1-N5i 2.110(7) N4-Ni2-O3i 154.3(2)
Ni1-O3 2.124(5) N2-Ni2-O1 77.6(2)
Ni2-O3 2.014(5) N5-Ni2-O1 163.1(2)
Ni2-N2 2.024(6) O3i-Ni2-O1 87.0(2)
Ni2-N5 2.076(6) O1-Ni1-N3 156.9(2)
Ni2-N4 2.083(7) O1-Ni1-OW1 101.4(2)
Ni2-O3i 2.098(5) N3-Ni1-OW1 100.4(3)
Ni2-O1 2.120(5) N3-Ni1-N1 95.2(3)
N5-N6 1.186(9) OW1-Ni1-N1 88.6(3)
N6-N7 1.137(11) O1-Ni1-N5i 92.6(2)
Cl-O8 1.33(3) N3-Ni1-N5i 95.2(3)
Cl-O5 1.37(2) OW1-Ni1-N5i 89.5(3)
Cl-O6 1.55(2) N1-Ni1-N5i 169.6(3)

O1-Ni1-O3 83.1(2)
N7-N6-N5 176.7(10)

a Symmetry code: i, -x, -y, -z.

Figure 4. ORTEP view (50% probability level) of the dicubane unit
for 4.

Figure 5. Complete structure of the complex cation for 4.

(10) Rodriguez-Carvajal, J. FULLPROF: A Program for Rietveld Refine-
ment and Pattern Matching Analysis; Abstracts of the Satellite Meeting on
Powder Diffraction of the XV Congress of the IUCr; IUCr: Toulouse, France,
1990; p 127.

(11) Rietveld, H. M. Acta Crystallogr. 1967, 12, 151–152.
(12) Rietveld, H. M. J. Appl. Crystallogr. 1969, 6, 65–67.

(13) (a) Ballester, L.; Coronado, E.; Guti�errez, A.; Monge, A.; Perpi~nan,
M. F.; Pinilla, E.; Rico, T. Inorg. Chem. 1992, 31, 2053. (b) Kortz, U.; Terz�e,
A.; Herv�e, G. Inorg. Chem. 1999, 38, 2038.

(14) (a) Wang, S.; Trepanier, S. J.; Zheng, J.-C.; Peng, Z.; Wagner, M. J.
Inorg. Chem. 1992, 31, 2118. (b) Teipel, S.; Griesar, K.; Haase, W.; Krebs, B.
Inorg. Chem. 1994, 33, 456.

(15) (a) Blondin, G.; Davydov, R.; Philouze, C.; Charlot, M.-F.; Styring,
S.; Åkemark, B.; Girerd, J.-J.; Boussac, A. J. Chem. Soc., Dalton Trans. 1997,
4069. (b) Papadopoulos, A. N.; Tangoulis, V.; Raptopoulou, C. P.; Terzis, A.;
Kessissoglou, D. P. Inorg. Chem. 1996, 35, 559.

(16) (a) Castro, S. L.; Sun, Z.; Grant, C. M.; Bollinger, J. C.; Hendrickson,
D. N.; Christou, G. J. Am. Chem. Soc. 1998, 120, 2365. (b) Wemple, M. W.;
Coggin, D. K.; Vincent, J. B.; McCuster, J. K.; Streib, W. E.; Huffman, J. C.;
Hendrickson, D. N.; Christou, G. J. Chem. Soc., Dalton Trans. 1998, 719.
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This kind of structural disposition for a tetramer is not
very common, as illustrated by the fact that a scarce
number of nickel tetramers of this type have been
reported so far.3b,j,5m,5o,6c,17d

The trend of the dpk derivatives to chelate as N,O,
N0-terdentate could be interpreted in terms of enhancing
of the generation of intermetallic links. On the other hand,
among the different possibilities for tetrameric topologies,
the dicubane and cubane types exhibit remarkably high
connectivity between metallic centers. Thus, for octahe-
dral cations, both the dicubane and cubane just exhibit 16
coordination positions. However, the dicubane seems to
be more appropriate for the voluminous organic ligands.
In fact, as illustrated by 4, up to five dpk derivatives can
be accommodated in this way.
The idea that the adoption of the dicubane-like struc-

ture for 1-4 is related to the coordination performance of
dpk is reinforced by the fact that variations of neither the
pseudohalidenor the counteranion imply significant changes
on the general structural disposition.Moreover, compounds
1-3 are isomorphous. As mentioned above, compound 4
does not follow the same pattern of structural disposition

even if, with the exception of the counteranion, com-
pounds 2 and 4 exhibit the same components. Thus, a
comparison between counteranions BF4

- (present in 4)
and ClO4

- (present in 2) does not suggest any significant
differences in the size and morphology as to justify the
adoption of a different structure. At this point, it must be
pointed out that the attempts made to obtain a Ni-dpk-
NCO-BF4 pure product according to the procedure for
1-3 were completely unfruitful (compounds 1-3 were
obtained from a one-pot reaction). Therefore, a diffusive-
cell synthesis procedure was followed to obtain com-
pound 4.

Table 4. Selected Bond Lengths [Å] and Angles [deg] for 4

Ni1-N4 2.049(4) Ni1-O1 2.064(3)
Ni1-O3 2.064(3) Ni1-N2 2.074(4)
Ni1-N11 2.101(4) Ni1-N1 2.164(4)
Ni2-O7 2.005(3) Ni2-O3 2.059(3)
Ni2-N3 2.090(4) Ni2-N7 2.095(4)
Ni2-O1 2.129(4) Ni2-O5 2.152(3)
Ni3-O7 2.028(3) Ni3-O9 2.032(3)
Ni3-N8 2.076(4) Ni3-N9 2.109(4)
Ni3-N5 2.113(4) Ni3-O5 2.136(3)
Ni4-O5 2.031(3) Ni4-N10 2.045(4)
Ni4-N11 2.087(4) Ni4-N6 2.088(4)
Ni4-O3 2.097(3) Ni4-O9 2.116(4)
N11-C58 1.177(7) C58-O11 1.177(7)
B1-F2 1.297(5) B1-F3 1.297(5)
B1-F1 1.297(5) B1-F4 1.309(5)
B2-F5 1.311(5) B2-F8 1.312(5)
B2-F6 1.309(5) B2-F7 1.310(5)

N4-Ni1-O1 156.49(15) N4-Ni1-O3 79.18(16)
O1-Ni1-O3 84.63(13) N4-Ni1-N2 117.27(18)
O1-Ni1-N2 80.45(16) O3-Ni1-N2 163.29(15)
N4-Ni1-N11 94.68(17) O1-Ni1-N11 99.95(15)
O3-Ni1-N11 82.28(15) N2-Ni1-N11 92.89(17)
N4-Ni1-N1 87.47(16) O1-Ni1-N1 79.09(14)
O3-Ni1-N1 101.39(14) N2-Ni1-N1 83.18(17)
N11-Ni1-N1 176.06(17) O7-Ni2-O3 94.23(13)
O7-Ni2-N3 91.28(15) O3-Ni2-N3 77.69(14)
O7-Ni2-N7 78.70(16) O3-Ni2-N7 172.47(16)

Scheme 2. Known Structures for Coordination Tetramers

Table 5. Connectivity Parameters (Distances in Å and Angles in deg) for
Dicubane-Like Tetramers, According to Scheme 3

cation d(1-2) d(1-2i) d(2-2i) d(1-1i) ref

CuII a 3.121 2.954 3.230 5.458 17a

MnII,III b 3.211 3.112 2.744 5.846 17b

FeIII c 3.212 3.230 3.214 5.772 17c

MnII d 3.370 3.394 3.323 5.893 6e

CoII e 3.144 3.283 3.291 5.712 6f

NiII f 3.063 3.238 3.145 5.463 6c

NiII g 3.124 3.109 3.196 5.352 3b

NiII h 3.096 3.210 3.152 5.444 17d

NiII I 3.075 3.279 3.152 5.520 5m

NiII j 3.107 3.131 3.163 5.385 5m

NiII k 3.089 3.273 3.178 5.515 5o

NiII l 3.079 3.135 3.135 5.504 3j

NiIIm 3.054 3.248 3.133 5.472 this work
NiII n 3.030 3.140 3.228 5.309 this work

3.075 3.185

a [Cu4(tde)2(hfacac)4] (H2tde = 2,20-thiodiethanol; Hhfacac= 1,1,1,
5,5,5-hexafluoroacetylacetonate). b [Mn2(MeOH)L(OH)(bpy)]2.

c [Fe4-
(MeO)2(acac)4(N3)2].

d [Mn2(dpk 3OH)(dpk 3OCH3)(N3)2]2.
e [Co2(dpk 3

OH)(dpk 3OCH3)(NCO)2]2.
f [Ni4(dpk 3OH)4(N3)4].

g [Ni4(H2O)2(PW9-
O34)2]

10-. h [Ni4(H2L)2(OCH3)2(CH3CO2)2(N3)2].
I [Ni4(dpk 3OH)4(CH3-

COO)4] 3 4CH3CH2OH. j [Ni4(dpk 3OH)2(dpk 3OCH2CH3)2(CH3CONHO)2]-
Cl2.

k [Ni4(O2CMe)4[(2-py)2C(OH)O]4] 3 2MeCN. l [Ni2(dpk 3 (O)(OH)(dpk 3
(O)(OCH3)(N3)2]2.

mCompound 1. nCompound 4 (noncentrosymmetric).

Scheme 3. Structural Parameters for This Type ofDefectiveDicubane
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Taking into account that dicubane-like cores have also
been reported for CuII,17a MnII,III,17b and FeIII 17c systems,
the convenience of studying other dpk-metallic systems
with pseudohalides seems to be clear. Particularly, the
relationship between the dicubanes and the use of the dpk
organic ligand should be clarified in order to rationalize
the adoption of a determined structure. In this sense, it
could be mentioned that our results confirm that CoII 6f

and MnII 6e,5l tetrameric systems also exhibit the defec-
tive dicubane structure.

Magnetic Measurements and Coupling Constants Cal-
culation. Susceptibility measurements were performed be-
tween 2 and 300K for compounds 1-4. Figure 6 shows the
thermal variation of χmT at a 1000 G magnetic field for
1-4. The curve for 2 is nearly identical with the one for 3.
As observed in Figure 6, the χmT product continuously
increases upon cooling, reaching amaximum, afterwhich it
tends to 0. The χmT curve goes up from 1.17 (1), 1.17 (2),
1.18 (3), and 1.16 (4) cm3 mol-1 K (per Ni atom) at room
temperature, reachingmaximumvaluesof 2.61 (1), 2.57 (2),

2.63 (3), and 2.60 (4) cm3mol-1 K (perNi atom) between 6
and 10 K, respectively, after which it tends to zero. The
Curie-Weiss law is obeyed down to 60 (1), 50 (2), 40 (3),
and 50 (4) Kwith values ofCm,θ, andgof 1.15 cm

3mol-1K,
þ31.1 K, and 2.1, respectively, for 1; 1.21 cm3 mol-1 K,
þ25.6 K, and 2.1, respectively, for 2; 1.25 cm3 mol-1 K,
þ20.7K, and 2.2, respectively, for 3; and 1.15 cm3mol-1K,
þ31.1 K, and 2.1, respectively, for 4.
Susceptibility measurements at different fields (0.1, 1,

2, and 4 T), on polycrystalline samples ground and com-
pacted,havebeenmade for compounds1and4 (seeFigure7).
Thermal variationshavebeenmade from2 to50K, except for
the 1000 G field, where room temperature has been reached.
At all of the fields measured, it can be observed as the χmT
product increases with decreasing temperature and reaches a
maximum between 7 and 20 K as a function of the applied
magnetic field, being indicative of the existence of ferromag-
netic interactions between theNiII ions. Below themaximum,
χmTdecreases rapidly, tending to zero. This fall is a conse-
quenceof thesplittingof the ferromagneticgroundstate (S=4)
due to the anisotropy of the isolated ions and to the Zeeman
coupling between the spins and the applied external magnetic
field. In order to separate these two contributions, suscep-
tibility measurements at different fields have been done.
Considering the structure of the studied systems and

the nature of the metal ions, the following Hamiltonian
has been chosen to reproduce the experimental magnetic
behavior:

Ĥ ¼ - 2J 1ðŜ1Ŝ3 þ Ŝ2Ŝ4Þ- 2J 2ðŜ1Ŝ4 þ Ŝ2Ŝ4Þ- 2J 3Ŝ1Ŝ2

þDðŜ2Z1 þ Ŝ
2

Z2 þ Ŝ
2

Z3 þ Ŝ
2

Z4Þ

The interaction in the larger diagonal has been considered
to be negligible, andD is the anisotropy parameter of the
isolated ions for each Ni ion. Intermolecular interactions
have also been neglected because the tetramers are iso-
lated and separated by the different counterions.
In order to evaluate the magnetic properties, the

MAGPACK18 package of programs has been used. This
packageallowedus tocalculate theenergy levels anddifferent

Figure 6. Thermal variation of χmT, per four Ni atoms at 1000 G
for 1-4.

Figure 7. Susceptibility measurements at different magnetic fields for (a) compound 1 and (b) compound 4.
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properties considering isotropic and anisotropic exchange
interactions between the different magnetic centers. The
method used to calculate the energymatrix is based on the
irreducible tensor operators (ITO).19 It uses the spin sym-
metry of the systemand reduces the dimension and the time
for the energy matrix diagonalization.
In order to evaluate the susceptibility curves, the Zee-

man term has been added to the Hamiltonian

ĤZEE ¼
X

j¼x, y, z

X

i¼ 1, 2, 3, 4
βg j

iŜ
j
iH

j

Considering that themeasurements have been done on poly-
crystalline samples and that the system shows an impor-
tant magnetic anisotropy, we must take into account the
magnetic field orientation on themagnetic anisotropy axe
of this system. In order to do this, we have evaluated the
energy levels and their variation with the applied field for
different relative orientations of the magnetic field and the
molecular anisotropy axe. Evaluated susceptibility will be
an average of these different contributions. In this case,
the susceptibility for the angles between the anisotropy
axe and the external field ranges from 0 to 90� every 10�.
The procedure to fit the susceptibility curve is a simul-

taneous minimization of the different χmT curves corre-
sponding to different magnetic fields. The best fit is the
one that minimizes the function

R ¼
X

H

X

i

ðχT exp - χT calcÞ2
χT exp

2

whereH corresponds to the differentmagnetic fields and i
the points measured for each field.
Scheme 4 shows the different J values considered. The

best setofparameters isJ1=J2=5.6 cm-1,J3=11.8 cm-1,
D=5.6 cm-1, and g=2.03 (R=1.63� 10-5) for 1; J1=
J2=5.5 cm-1, J3=12.0 cm-1,D=5.6 cm-1, and g=2.03
(R=5.2� 10-5) for 2; J1= J2=6.3 cm-1, J3=4.9 cm-1,
D=6.2 cm-1, and g=2.21 (R=1.9� 10-5) for 3; J1=
J2 = 7.0 cm-1, J3 = 15.0 cm-1, D = 4.8 cm-1, and g =
2.06 (R = 1.75 � 10-4) for 4. The calculated curves are
shown in Figure 7 as continuous lines. Because of the large
number of parameters, we have assumed an isotropic g
and equal for the four Ni atoms inside every tetramer.
Differentiation of J1 and J2 for 1-3 does not improve the
fit. On the contrary, the solution found, if the three param-
eters were set equal, clearly has a lower quality. In the

case of compound 4, considering that it is noncentrosym-
meric, a fit with different J1 and J2 gave the following
results: J1 = 6.9 cm-1, J2 = 7.0 cm-1, J3 = 15.2 cm-1,
D=4.8 cm-1, and g=2.06 (R=1.62� 10-5). This fitwas
the one finally used.
The field dependence of magnetization, M, was also

recorded at 2 and 5 K [0 e H(T) e 5] for 1-4. Figure 8,
which shows the results for 4, is illustrative of the four com-
pounds. As observed, M reaches the saturation value ex-
pected for a tetranuclear ferromagnetic nickel(II) compound,
i.e.,Nβg/2 (≈8). Starting from the best set of parameters, the
experimental magnetization curves can perfectly be fitted, as
can be observed in Figure 8. For this simulation, the same
type of integration of the magnetic field orientation and the
anisotropy of the system has been performed.
Magnetization curves have also been adjusted using a

model with a molecular ground state S= 4 (Figure S1 of
the Supporting Information). The best fit gives aD(S=4)
value of 2.8 cm-1. The quality of this fit is much worse
than the fit with the four S = 1 spins ferromagnetically
coupled. Because the J andD values are of the same order,
the ground state is not isolated enough from the excited
states (see Figure 9), so its splitting does not follow a
simple pattern proportional to SZ

2 andD can be overesti-
mated. For more detailed information about this splitting,
other measures are necessary that directly provide energy
levels such as high-field electron paramagnetic resonance
or inelastic neutron scattering.
Strictly, the fit of the susceptibility can be done only at

fields where magnetization is linear with the field. At low
temperatures (<5 K), this linear dependence only occurs
at fields weaker than 1 T. However, as the temperature
increases, so does the range of applicable fields. There-
fore, we can see that, in the areas around the maxima of
the χmT product and at higher temperatures than these
maxima, the linear dependencies are satisfied. Only a few
points at lower temperatures and high fields below these
maxima do not satisfy this condition, and their contribu-
tion may be considered small. Thus, the great majority of
the fitting points is optimal and gives a correct exchange
and local anisotropyparameters. The validity of theparam-
eters extracted from this procedure can be confirmed by

Scheme 4. Defined Coupling Constants for Dicubanes

Figure 8. Field dependence of magnetization, at 2 and 5 K, for 4.
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reproducing the magnetization curves (Figure 8) includ-
ing the area of saturation.
Starting from these parameters, we can also determine the

energy levels of the system. InFigure 9, these energy levels are
shown as a function of the quantum numberMs. We can see
that the ground levels correspond to theS=4multiplet, split
by the anisotropy of the isolated ions. In this ground-state
multiplet, we can see, as a function of Ms = 0, the ground
level, and starting from it, the levels Ms = (1, (2, ..., (4
successively appear. This disposition is that expected for a
positive sign forD. The same disposition can be observed for
the first excited-statemultiplet,whichcorresponds toanS=3.
Above this, thedifferentmultipletsoverlap,givingrise toavery
complex level structure.

Conclusion

Using adequate combinations of azide and cyanate pseu-
dohalides together with the dpk ligand and different coun-
terions has led us to the preparation of four new defective
dicubane-like nickel(II) tetranuclear compounds. Three of
them are isostructural and centrosymmetric (1-3), while
compound 4 is noncentrosymmetric.
Magnetic results indicate that ferromagnetic interactions

are taking place for 1-4. The decrease of themagneticmoment
observed for all compounds at low temperatures should be
attributed to both the characteristic zero-field splitting (ZFS)
of the NiII ion and/or the occurrence of intermolecular inter-
actions. Because the tetranuclear units are isolated by the
counteranions in the four compounds, the intermolecular
interactions are expected to be negligible.
Themagnetic behavior of 1-4 canbe explainedby the exis-

tence of end-on azido/cyanato bridges, with angles close to
100�, giving rise to moderately strong ferromagnetic interac-
tions, which are added to the moderate ferromagnetic ones
associated with the oxo bridges. Otherwise, the two ferro-
magnetically coupled μ-azido/μ-cyanato, μ-oxo Ni2 units
would couple antiferromagnetically to S= 0, irrespective
of the relative magnitude of the different J values. Com-
pounds 2-4 contain the rarer end-on N-cyanate bridging
showing again ferromagnetism.

If we analyze the different magnetic fittings in the case of
compound 1, which we previously published as a commu-
nication,6b it can be stated that, in the absence of a specific
magnetic model for a determined system, the influence of the
method employed to fit it is determinant. So, with a 4J
approximation, a set of J1= 18.0, J2= 15.3, J3= 27.1, J4=
-1.6 cm-1, and g = 2.06 is obtained; with a 2J and D
approximation, we obtain JA = 14.7, JB = 29.1 cm-1, D =
-0.068 cm-1, and g = 2.12; in this work, the closest
approximation is J1 = J2 = 5.6, J3 = 11.8 cm-1, D =
5.6 cm-1, and g=2.03. Slight differences in the experimental
points for compound 1 in this work may be attributed to the
specific preparation of the new sample for the measurements
performed in this case.
Table 6 summarizes the magnetic exchange constants for

other defective dicubanes found in the literature.As observed,
tetramers of all of the metal(II) ions, except the copper one,
are ferromagnetic. All of the nickel(II) tetramers are ferro-
magnetic and exhibit moderate values of the J constants. The
positive D value calculated for these tetramers precludes a
possible behavior as a single-molecule magnet.
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Figure 9. Energy levels as a function ofMs obtained from the best set of
parameters of the susceptibility curve fit for compound 4.

Table 6. Magnetic Exchange Constant Values, J (cm-1), for Dicubane-Like
Tetramers (According to Scheme 4)

cation J1 J2 J3 ref

CuII a AF 17a

MnII,III b -3.5 -3.5 -14.1 17b

FeIII c AF 17c

MnII d F 6e

CoII e F 6g

NiII f þ6.5 þ6.5 þ2.5 3b

NiII g þ18.8 þ6.9 þ1.3 6c

NiII h -5.3 -4.6 þ15.7 5o

NiII I þ7.07 þ7.08 þ11.4 3j

NiII j þ5.6 þ5.6 þ11.8 this work
NiII k þ5.5 þ5.5 þ12.0 this work
NiII l þ6.3 þ6.3 þ4.9 this work
NiIIm þ6.9 þ7.0 þ15.2 this work

a [Cu4(tde)2(hfacac)4] (H2tde = 2,20-thiodiethanol; Hhfacac= 1,1,1,
5,5,5-hexafluoroacetylacetonate). b [Mn2(MeOH)L(OH)(bpy)]2.

c [Fe4-
(MeO)2(acac)4(N3)2].

d [Mn4(dpk 3OH)4(N3)4].
e [Co2(dpk 3OH)(dpk 3

OCH3)N3(H2O)]2(BF4) 3 4H2O. f [Ni4(H2O)2(PW9O34)2]
10-. g [Ni4(dpk 3

OH)4(N3)4].
h [Ni4(O2CMe)4[(2-py)2C(OH)O]4] 3 2MeCN. I [Ni2(dpk 3 (O)-

(OH)(dpk 3 (O)(OCH3)(N3)2]2.
jCompound1. kCompound2. lCompound3.

mCompound 4 (no centrosymmetric). AF= antiferromagnetic interac-
tions not evaluated. F = ferromagnetic interactions not evaluated.


