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The work in this paper aims to portray a complete structural magnetic, and theoretical description of two original end-

to-end (EE) u+ z-azide-bridged, cyclic tetranuclear Ni" clusters, {Nl”(L g Ng)(H20)}4] (1) and [{Ni"(L?)(ut1 -

N3)(H20)}4] (2), where the ligands used to achieve these species, HL' and HL?, are the tridentate Schiff base Ilgands
obtained from [1 + 1] condensations of salicylaldehyde with 1- -(2- ammoethyl) piperidine and 4-(2-aminoethyl)-

morphollne respectively. The title compounds, 1 and 2, crystallize in a monoclinic P24 space group. Overall, both
spemes can be described in a similar way; where all Ni' centers within each molecule are hexacoordinated and bound
to [L']” or [L?]” through the phenoxo oxygen, imine nitrogen, and piperidine/morpholine nitrogen atoms of the
corresponding ligand. The remaining coordination S|tes are satisfied by one molecule of H,O and two nitrogen atoms
fromN3 ™ amons The latest act as bridges between N |ons and eventually, only four azido groups are linked to the same
number of Ni' centers resulting in the formation of cyclic Ni", systems. Interestingly, compounds 1 and 2 are the two sole
examples of tetranuclear clusters generated exclusively by EE azide-bridging ligands to date. All the N(azide)—Ni—
N(azide) moieties are almost linear in 1 and 2 indicating trans arrangement of the azido ligand. Variable-temperature
(2—300 K) magnetic susceptibilities of 1 and 2 have been measured under magnetic fields of 0.04 T (from 2 to 30 K) and
0.7 T (from 30 to 300 K), and magneto-structural correlations have been performed. Despite the presence of both
ferromagnetic and antiferromagnetic interactions in both compounds, significant differences have been observed in their
magnetic behaviors directly related to the arrangement of the bridging azido ligands. Hence, compound 1 has an overall
moderate antiferromagnetic behavior due to the presence of an exchange pathway with an unprecedented
Ni—N- - -N—Ni torsion angle close to 0°, meanwhile complex 2 exhibits a predominant ferromagnetic behavior, with
torsion angles between 50 and 90°. Density funchonal theory calculations have been performed to provide more insight
into the magnetic nature of this new family of Ni'—azido complexes and also to corroborate the fitting of the data.

Introduction

Supramolecular chemistry and crystal engineering of co-
ordination compounds are of current interest due to the
fascinating structural diversity and the potential applications
as functional materials.' In general, the different molecular
architectures depend mainly on three factors: the structural
functionality of their ligands, the coordination geometry of
the metal centers, and the weak intermolecular lattice inter-
actions.””® Taking advantage of these factors, the development
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of organic—inorganic hybrid materials aims to combine the
physical and chemical properties of inorganic and organic

(2) (a) Robson, R. J. Chem. Soc., Dalton Trans. 2000, 3735-3744.
(b) Decurtins, S.; Pellaux, R.; Antorrena, G.; Palacio, F. Coord. Chem. Rev.
1999, 841, 190-192. (c) Song, Y.; Massera, C.; Roubeau, O.; Gamez, P;
Manotti-Lanfredi, A. M.; Reedijk, J. Inorg. Chem. 2004, 43, 6842—6847.

(3) (a) Transition Metals in Supramolecular Chemistry; Perspectives in
Supramolecular Chemistry 5; Sauvage, J.-P., Ed.; Wiley: London, 1999.
(b) Blake, A. J.; Champness, N. R.; Hubberstey, P.; Withersby, M. A.; Schroder,
M. Coord. Chem. Rev. 1999, 183, 117-138. (c) Lin, H.-H.; Mohanta, S.; Lee,
C.-J.; Wei, H.-H. Inorg. Chem. 2003, 42, 1584—1589.

(4) Ribas, J.; Escuer, A.; Monfort, M.; Vicente, R.; Cortés, R.; Lezama,
L.; Rojo, T. Coord. Chem. Rev. 1999, 193—195, 1027-1068.

(5) (a) Verdaguer, M.; Bleuzen, A.; Marvaud, V.; Vaissermann, J.;
Seuleiman, M.; Desplanches, C.; Scuiller, A.; Train, C.; Garde, R.; Galley,
G.; Lomenech, C.; Rosenman, L.; Veillet, P.; Cartier, C.; Villain, F. Coord.
Chem. Rev. 1999, 190—192,1023-1047. (b) Ohba, M.; Okawa, H. Coord. Chem.
Rev. 2000, 798, 313-328. (c) Batten, S. R.; Murray, K. S. Coord. Chem. Rev.
2003, 246, 103-130.

Published on Web 09/21/2010 pubs.acs.org/IC



9518 Inorganic Chemistry, Vol. 49, No. 20, 2010

components.'* The above-mentioned features are also in-
creasingly applied in other current areas of investigation, for
instance in the interdisciplinary area of molecular magne-
tism,*>” > where major efforts are applied in the study of
magneto-structural correlations of metallospecies with the
aim of understanding and controlling the final systems and
their properties. Relating to both the fields of molecular
magnetism and supramolecular chemistry/crystal engineer-
ing, a great deal of effort has recently been devoted to develop
or utilize novel polydentate blocking and bridging ligands
that can accommodate metal ions and to create unique
supramolecular structures and new network topologies at
all sorts of levels [from zero- to three-dimensional (0D and
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3D, respectively)]. To develop varieties of topologies, Schiff
bases >%"* and azide anions*”'°~3!33 are known to behave
excellently as blocking and bridging ligands, respectively.
Metallo-azido species have been always of great interest in
the above-mentioned two fields of research due to a number
of coordination modes of this potentially bridging ligand as
well as due to its ability to mediate ferro- or antiferromag-
netic interactions among metal centers. The most usual
bridging modes are the end-on (x4, ;-, commonly expressed
as 150)4’7’10_18 and end-to-end (¢ 3-, EE),4’7’12’19_26 but some
others like, piy 1 -, ¥162728 ) " 14193829, 30 o0y
u1,1‘3,3-3 ! have been also described in the past. This way, a
number of azide-bridged systems of different nuclearity (di-,
oligo-, and polynuclear clusters) and also of 1D, 2D, and 3D
topologies have been achieved.*”1°73133 A5 a result, there is
a considerable amount of information available on experi-
mental®*'*?* and theoretical’® magneto-structural correla-
tions of azido species, which often exhibit appealing features,
for example, long-range magnetic ordering.*!!¢17-185:¢.1.20
Despite all the encouraging results, the serendipitous
nature of most of the compounds containing azido-bridging
ligands brings out the moderate freedom in the design of the
final structures.*”197313% Ag remarked before, several fea-
tures may rule the assemblage to afford the products, and
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therefore new topologies may be attained by modifying these
parameters. Among them, this work focuses on the impact of
N5~ ions in combination with chelating coligands HL' and
HL? (Scheme 1) in the chemistry of nickel(IT), where the
ligands are the [1 + 1] condensation products of salicy-
laldehyde and 1-(2-aminoethyl)-piperidine (for HL') or
4-(2-aminoethyl)-morpholine (for HL?). Although the
phenoxo groups of [L']” and [L?]” may function as bridging
ligands, both [L']” and [L?]” should behave as tridentate
blocking units, where the nitrogen atoms from the piperidine
or morpholine together with the oxygen atom from the
phenoxo coordinate to the same metal center, here, nickel(II).
It has been already mentioned that predictions are complicated
in the metallo-azido chemistry, and therefore, as nickel(IT)—
azide chemistry with the two ligands HL' and HL? has not
been investigated so far, interesting topology and properties
may be achieved in the nickel(IT)—azide compounds derived
from these two ligands. With these expectations, HL' and HL?
were reacted with Ni(ClOy4),-6H,0O and NaNj, respectively,
and consequently, two novel tetranuclear nickel(II) clusters,
[INI(L )1 5-N)(Ho0)} ] (1) and [{NI(L2) (2t 5-Na)(H,0) ]
(2), displaying unprecedented topological aspects were
obtained. Herein, we report the synthetic procedure and
X-ray crystallography of 1 and 2 as well as the study of the
magnetic properties and density functional theory (DFT)
calculations of these two new complexes.

Experimental Section

Materials and Physical Measurements. All the reagents and
solvents were purchased from the commercial sources and used
as received. Elemental (C, H, and N) analyses were performed
on a Perkin-Elmer 2400 IT analyzer. IR spectra were recorded in
the region of 400—4000 cm ' on a Bruker-Optics Alpha-T
spectrophotometer with samples as KBr disks. Magnetic sus-
ceptibility measurements were carried out on polycrystalline
samples with a DSM5 Quantum Design magnetometer working
in the range 2—300 K under magnetic fields of 0.04 and 0.7 T
(from 2 to 30 and 30 to 300 K, respectively). Diamagnetic correc-
tions were estimated from Pascal Tables. TIP is the temperature-
independent paramagnetism. R is the agreement factor defined
as R = Z[(emDobsy — v Deatetny ] TZL0m Dobsc]

Computational Details. Electronic structure calculations
based on DFT provide an excellent estimation of the exchange
coupling constants in polynuclear transition-metal complexes,
taking into account the tiny involved energy differences.** Since
a detailed description of the computational strategy used to
calculate the exchange coupling constants in polynuclear com-
plexes is outside the scope of this paper, we will focus our
discussion here to its most relevant aspects. Previously, we have
published a series of papers devoted to such purpose where more
details can be found.*> % For the studied Ni4 complexes, 1 and
2, there are four first-neighbor exchange interactions, we ne-
glected the next-nearest neighbor interactions. We employed six
spin configurations to estimate these four J values, the high spin
solution (S = 4), two S = 2 wave functions obtained with the
spin inversion of the Ni(1) and Ni(4), respectively, and finally
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Scheme 1. Chemical Structure of HL' and HL?

P
Ny

HL’
three S = 0 spin configurations for the inversion of the follow-
ing pairs {Ni(1), Ni(3)}, {Ni(1), Ni(4)}, and {Ni(3), Ni(4)}.

In previous papers, we have analyzed the effect of the basis set
and the choice of the functional on the accuracy of the determi-
nation of the exchange coupling constants.>* Thus, we found
that the hybrid B3LYP functional,® together with the basis sets
proposed by Schaefer et al., provide J values in excellent
agreement with the experimental ones. The hybrid character
of the B3LYP due to the inclusion of some contribution of exact
exchange reduces self-interaction error improving the calculated
J values in comparison with non-hybrid functionals. We have
employed a basis set of triple-& quality as proposed by Schaefer
et al.** The calculations were performed with the Gaussian09
code,*! using guess functions generated with the Jaguar 7.0
code™ introducing the ligand field effects,*® in order to control
the local charge and multiplicity of each atom.

Synthesis of [{Ni"(L")(u13-N3)(H,0)}4] (1) and [{Ni"(L?-
(u1,3-N3)(H20)}4] (2). These two compounds were prepared
following the exact procedure described below for 1, although
in the synthesis of 2, 4-(2-aminoethyl)-morpholine was used
instead of 1-(2-aminoethyl)-piperidine.

A slurry of 1-(2-aminoethyl)-piperidine (0.128 g, 1 mmol) in
MeOH (10 mL) was added to a solution of salicylaldehyde
(0.122 g, 1 mmol) in MeOH (20 mL). The mixture was refluxed
for 2 h, and the volume of the resulting red-colored solution was
reduced to 10 mL. Then, a methanolic solution (5 mL) of
NiClO4:6H,0 (0.366 g, 1 mmol) was added dropwise, and the
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Table 1. Crystallographic Data for 1 and 2

1 2
empirical formula C56H76N2008Ni4 C52H68N20012Ni4
formula weight 1392.21 1400.10
crystal color green green
crystal system monoclinic monoclinic
space group P2, P2,
alA] 12.1087(8) 12.164(3)
b[A] 20.8959(14) 21.065(5)
c[A] 13.0900(9) 12.646(3)

o [°] 90.00 90.00

AN 111.190(2) 109.628(9)

v [°] 90.00 90.00

VA% 3088.1(4) 3052.2(14)

zZ 2 2

temperature [K] 293(2) 296(2)

26 3.34—57.96 3.42—54.06

u[mm™"] 1.271 1.291

Peatea [ g cm ] 1.497 1.523

F(000) 1456 1456

absorption-correction multiscan multiscan

index ranges —l6=h=16 —15=h=15
—28 <k =27 —26<k =26
—-17=1=17 —l6=/=16

reflections collected 44801 39374

independent reflections (R, )  15221(0.0417)
R wWRY” (I > 20(I)) 0.0400/0.1043
R\“/ wR5” (for all data) 0.0537/0.1150

12075(0.0501)
0.0441/0.1163
0.0659/0.1336

“Ri = [ IFo| = |FJ/SIFN. " WRy = [ W(F,™ = FO S w2

color of the solution changed from red to green. Afterward,
Et;N (0.101 g, 1 mmol) dissolved in 2 mL of MeOH was also
added drop by drop, making the solution back to red. After 1 h,
an aqueous solution (5 mL) of NaN; (0.260 g, 4 mmol) was
added dropwise into the mixture, ending with a green color
solution. Finally, after stirring for 2 h the solution was filtered
and allowed to evaporate at room temperature. After a few days,
green powdered compound was deposited, which was collected
by filtration and washed with cold methanol. Recrystallization
from methanol provided green, quality crystals. The deposited
crystalline compound was collected by filtration and washed
with cold methanol. Yield: 0.297 g (85%). Anal. calcd for Csq-
Hg4N,OgNiy: C, 48.04; H, 6.05; N, 20.01. Found: C, 48.31; H,
5.78; N, 20.02. Selected FT-IR data on KBr (cm ™ '): »(H,0),
3410 m; v(azide), 2073vs; v(C=N), 1648 m.

Data of 2. Yield: 0.246 g (70%). Anal. calcd for CsyH76N»oo-
01,Niy: C,44.36; H, 5.44; N, 19.89. Found: C,44.31; H, 5.68; N,
19.81. Selected FT-IR data on KBr (cm™'): #(H,0), 3399 m;
v(azide), 2069vs; ¥(C=N), 1648 m.

Crystal Structure Determination of 1 and 2. The crystal-
lographic data for 1 and 2 are summarized in Table 1. Diffrac-
tion data were collected on a Bruker-APEX Il SMART CCD
diffractometer at 293 K (for 1) and at 296 K (for 2), respectively,
using graphite-monochromated Mo Ko radiation (A = 0.71073
A). For data processing and absorption correction the packages
SAINT** and SADABS*® were used. The structure was solved
by direct and Fourier methods and refined by full-matrix least-
squares based on F* using SHELXTL*® and SHELXL-97*
packages. Eight water hydrogen atoms for both 1 and 2 were
not located. All other hydrogen atoms in 1 and 2 were inserted at
calculated positions with isotropic thermal parameters and
refined. Using anisotropic treatment for the nonhydrogen
atoms and isotropic treatment for the hydrogen atoms, the final
refinements converged at the R; values (I > 20(1)) 0.0400 and
0.0441 for 1 and 2, respectively.

Results and Discussion

Description of the Structures of 1 and 2. Crystal struc-
tures of [{Ni"'(L")(u; -N3)(H>0)}4] (1) and [{Ni"(L?)(uy 5-
N3)(H>0)}4] (2) are shown in Figures 1 and 2, respectively,

Sasmal et al.

Figure 1. Crystal structure of [{Ni"(L")(; 5-N3)(H>0)}4] (1). Ni (99%),
N (85%),and O (85% ) atoms are presented as ellipsoids, while C atoms are
presented as wires/sticks. All the hydrogen atoms are omitted for clarity.

Figure 2. Crystal structure of [{Ni"(L?)(; 3-N3)(H20)}4] (2). Ni (90%),
N (50%), and O (50% for O1—08, 15% for O9—012) atoms are
presented as ellipsoids, while C atoms are presented as wires/sticks. All
the hydrogen atoms are omitted for clarity.

while the selected bond lengths and angles of both the
compounds are listed in Table 2. The crystallographic
data of both compounds reveal that these are tetranickel(I1I)
compounds, in which each nickel(IT) ion is surrounded by
similar set of donor atoms. Each of the metal centers is
coordinated to the phenoxo oxygen and the imine nitrogen
and the piperidine or morpholine (for 1 and 2, respec-
tively) nitrogen atoms of one deprotonated ligand, [L']”
or [L?]”, in the cases of 1 or 2, respectively. The remaining
coordination positions of the hexacoordinated nickel(II)
centers are satisfied by one water oxygen atom and two
nitrogen atoms of two EE bridging azide anions, that
connect each nickel with two others. Eventually, each of
the four azide anions bridges a pair of nickel(II) ions to
result in the formation of a cyclic Ni'', cluster in the title
compounds. Overall, it is relevant to stress that the

(44) (a) APEX-II, SAINT-Plus, and TWINABS; Bruker—Nonius AXS,
Inc.: Madison, WI, 2004 (b) Sheldrick, G. M. SAINT-Plus, version 6.02 and
SADABS, version 2.03; Bruker AXS, Inc.: Madison, WI, 2002. (c) SHELXTL,
version 6.10; Bruker AXS Inc.: Madison, WI, 2002. (d) Sheldrick, G. M.
SHELXL-97; University of Gottingen: Gottingen, Germany, 1997.
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Table 2. Sclected Bond Lengths (A) and Angles (°) of 1 and 2
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1 2 1 2
Ni(1) Ni(2)
Ni(1)=0(1) 2.057(2) 2.068(4) Ni(2)-0(3) 2.077(2) 2.050(4)
Ni(1)~-N(2) 2.225(3) 2.306(5) Ni(2)—N(7) 2.254(3) 2.260(4)
Ni(1)~N(1) 2.000(3) 1.973(5) Ni(2)—N(6) 1.991(3) 1.992(4)
Ni(1)=N(3) 2.133(3) 2.105(5) Ni(2)—N(8) 2.054(3) 2.120(5)
Ni(1)~N(20) 2.091(3) 2.088(5) Ni(2)-N(5) 2.108(3) 2.147(5)
Ni(1)-0(2) 2.074(2) 2.060(3) Ni(2)-0(4) 2.063(3) 2.071(3)
O(1)=Ni(1)=N(2) 173.48(11) 172.49(17) 0(3)—Ni(2)—N(7) 170.70(13) 173.31(17)
N(1)-Ni(1)-0(2) 175.11(11) 174.4(2) N(6)—Ni(2)—0(4) 169.52(13) 177.36(17)
N(3)—Ni(1)~N(20) 175.66(13) 172.6(2) N(5)—-Ni(2)—-N(8) 174.31(17) 174.8(2)
O(1)—Ni(1)=N(1) 91.32(12) 91.1(2) 0(3)-Ni(2)-N(6) 89.40(11) 91.86(18)
O(1)—Ni(1)-N(3) 91.23(11) 92.77(16) 0(3)—Ni(2)~N(8) 89.68(14) 91.47(17)
O(1)—Ni(1)~N(20) 92.11(11) 92.71(18) 0(3)—Ni(2)-N(5) 94.40(10) 90.80(16)
O(1)—Ni(1)-0(2) 86.06(9) 86.60(14) 0(3)-Ni(2)-0(4) 86.55(10) 86.43(14)
N(1)—Ni(1)~N(2) 83.06(13) 81.9(2) N(6)—Ni(2)—N(7) 82.76(14) 81.82(18)
N(1)=Ni(1)=-N(3) 87.49(13) 89.1(2) N(6)—Ni(2)—N(8) 97.10(15) 94.8(2)
N(1)—Ni(1)~N(20) 95.21(13) 95.8(2) N(6)—Ni(2)~N(5) 86.92(13) 89.78(19)
N(Q2)—-Ni(1)=-N(3) 91.82(12) 89.91(18) N(7)—Ni(2)—-N(8) 86.34(16) 86.93(18)
N(2)—Ni(1)=N(20) 85.14(12) 85.27(19) N(7)=Ni(2)=N(5) 90.19(13) 91.34(17)
N(2)—-Ni(1)=0(2) 99.78(11) 100.60(17) N(7)-Ni(2)—0(4) 102.01(12) 99.97(16)
N(3)-Ni(1)-0(2) 88.43(11) 85.95(18) N(8)—Ni(2)—0(4) 92.55(13) 87.23(18)
N(20)—Ni(1)—0(2) 89.03(11) 89.36(17) N(5)—Ni(2)—0(4) 83.76(11) 88.24(16)
Ni(3) Ni(4)

Ni(3)—0(5) 2.064(2) 2.059(4) Ni(4)—0(7) 2.072(2) 2.051(4)
Ni(3)=N(12) 2.290(3) 2.293(5) Ni(4)=N(17) 2.249(3) 2.294(5)
Ni(3)=N(11) 1.989(3) 2.002(4) Ni(4)~N(16) 1.999(3) 1.981(5)
Ni(3)=N(13) 2.071(3) 2.114(5) Ni(4)—N(18) 2.088(3) 2.101(4)
Ni(3)-N(10) 2.079(3) 2.095(5) Ni(4)—N(15) 2.108(3) 2.090(5)
Ni(3)—0(6) 2.089(2) 2.098(3) Ni(4)—0(8) 2.083(2) 2.067(4)
0(5)—Ni(3)~N(12) 173.17(11) 173.55(17) O(7)—Ni(4)—N(17) 173.28(10) 172.64(17)
N(11)—Ni(3)-0(6) 173.87(13) 176.14(18) N(16)—Ni(4)—0(8) 177.21(12) 178.0(2)
N(10)—Ni(3)—~N(13) 175.82(18) 173.3(2) N(15)—Ni(4)—N(18) 174.57(13) 171.53)
0(5)—Ni(3)-N(11) 90.86(12) 91.15(18) O(7)=Ni(4)=N(16) 91.07(11) 91.0(2)
0(5)—Ni(3)~N(13) 90.20(11) 90.63(18) O(7)—Ni(4)—N(18) 92.65(11) 93.29(18)
0(5)—Ni(3)-N(10) 91.62(15) 91.91(19) O(7)—Ni(4)—N(15) 90.76(11) 90.3(2)
0(5)—Ni(3)-0(6) 86.00(9) 86.78(14) O(7)—Ni(4)—0(8) 86.30(9) 87.02(15)
N(11)—Ni(3)—-N(12) 82.74(13) 82.9(2) N(16)—Ni(4)—N(17) 83.29(13) 81.9(2)
N(11)—Ni(3)—-N(13) 90.92(14) 91.3(2) N(16)—Ni(4)—N(18) 91.47(13) 92.5(2)
N(11)—Ni(3)—-N(10) 92.81(16) 94.81(19) N(16)—Ni(4)—N(15) 92.68(13) 95.1(2)
N(12)—Ni(3)-N(13) 92.25(12) 91.9(2) N(17)—Ni(4)—N(18) 91.14(12) 89.08(18)
N(12)—Ni(3)-N(10) 86.37(15) 86.2(2) N(17)—Ni(4)—N(15) 85.88(12) 88.3(2)
N(12)—Ni(3)-0(6) 100.59(11) 99.33(17) N(17)-Ni(4)—0(8) 99.28(11) 100.04(17)
N(13)—Ni(3)—0(6) 83.84(12) 85.48(19) N(18)—Ni(4)—0(8) 89.57(11) 87.64(18)
N(10)—Ni(3)—0(6) 92.53(14) 88.51(18) N(15)—Ni(4)—0(8) 86.44(12) 84.9(2)

intralinking of the four metal ions in the cluster takes
place only by the four EE azide anions.

The distance ranges of the metal—ligand bonds are
rather wide. However, on average the distances of the four
metal centers are not very different, 2.000(3)—2.225(3) A
for Ni(1), 1.991(3)—2. 254(3) A for Ni(2), 1.989(3)—2.290(3)
A for Ni(3), and 1.999(3)—2.249(3) A for Ni(4) in 1 and
1.973(5)—2.306(5) A for Ni(1), 1.992(4)—2.260(4) A for
Ni(2), 2.002(4)—2.293(5) A for N1(3) and 1.981(5)—
2.294(5) A for Ni(4) in 2. For each Ni'' center, the bond
length involving the imine nitrogen is always the shortest
(1.989(3)—2.000(3) A in 1 and 1.973(5)—2.002(4) A in 2),
while the Ni—N(piperidine/morpholine) is the longest
(2.225(3)—2.290(3) A in 1 and 2.260(4)—2.306(5) A in 2).
The metal—water, metal—phenoxo, and metal—azide
bond distances are intermediate and lie in the ranges of
2.063(3)—2.089(2), 2.057(2)—2.077(2), and 2.054(3)—2.133-
(3) A, respectively, in 1 and 2.060(3)—2.098(3), 2.050(4)—
2.068(4), and 2.088(5)—2.147(5) A, in that order, for 2.

It is evident, from the mentioned large bond lengths,
that the hexacoordinated environment of all the four

metal centers in both the compounds is distorted octa-
hedral. The distortion can be further evidenced from the
deviation of both the cisoid and transoid angles from the
ideal values. The N(azide)—Ni—N(azide) angles for all
the metal centers in compounds 1 and 2 lie in the range of
171.5(3)—175.8(2)°, indicating trans arrangement of the
two EE azido ligands within the coordination environ-
ment of all the Ni'' centers. It is worth mentioning that
such trans arrangement has been previously observed in a
number of 1D nickel(I) systems,*?'**?> although here
appears as the only coordinator motive in a cluster (0D)
feature crystallographically unprecedented until now.
Numerous azido-bridged metal clusters having nucle-
arity three or higher have been already reported in the liter-
ature. These s;/stems can be classified in two broad classes:
only azido-* or heterobridged clusters*!!~14.19:23.27-29
(where the metal ions are additionally bridged by other
bridging moieties). Among those, the number of com-
pounds that form the first type (exclusively azido ligands)
is very limited compared with the second group. In
addition, while several bridging modes of azido ligand
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Table 3. Ni-N—N Angles (°) and Ni—N- - -N—Ni Torsion Angle (°) in 1 and 2

1 2
Ni(1)~N(3)—N(4) 117.0(2) 120.2(4)
Ni(1)=N(20)—N(19) 123.12) 122.0(4)
Ni(2)—N(5)-N(4) 116.1(2) 118.0(4)
Ni(2)—N(8)—N(9) 129.7(3) 123.3(4)
Ni(3)=N(10)=N(9) 123.8(3) 122.6(4)
Ni(3)—N(13)-N(14) 121.6(2) 122.3(4)
Ni(4)—N(15)—N(14) 121.4(3) 121.2(5)
Ni(4)—N(18)—N(19) 123.3(2) 120.9(4)
Ni(1)~N;—Ni(2) 90.6 85.4
Ni(2)—N;—Ni(3) 33 54.7
Ni(3)~N;—Ni(4) 87.5 86.1
Ni(4)—N;—Ni(1) 50.4 57.8

(/ll,l';4’11 /11,3-;23 ﬂl,l,l';27 ,111,1,3'§29 p1,1- and M1,3';12 Ura-
and uy 1,1 -1 M- and/u113'1 M3 and,ullS ; ﬂ111'
and u;13-"") have been observed i 1n heterobrldged clus-
ters, only few bridging modes (/41,1 ; ul 1-and uy 1 - 16y
have been described in the case of the flrst group. Previous
to this paper only a trinuclear cluster described by ex-
tended X-ray absorption fine structure (EXAFS) has
exhibited a ¢, 3-azido coordination mode as the exclusive
coordination ligand.*'® Clearly, the tetranickel(IT) cluster
compounds crystallographically described here, [{Ni'-
(L)1 N (H3O) ] (1) and [{NI'(L?) (g Ny (HLO)} ] (2),
resulting from only a u; 3-azide bridging ligand repre-
sent a unique family of tetranuclear azido-bridged
clusters.

On the other hand, while comparing compounds 1 and
2 not only several similarities can be found but also
relevant differences. This way, both Ni'l, clusters are cyclic,
with N—N distances and N—N—N angles in the azide
anions of 1.148(4)—1.189(4) A and 175. 8(4)—179.2(3)°
for1and 1.163(7)—1.182(6) A and 177.2(7)—178.2(6)° for
complex 2, indicating that the azide is roughly linear and
has roughly the same N—N bond lengths. The Ni—N—N
angles are considerably bent in both compounds, with
values between 116.1(2)—129.7(3)° in 1 and 118.0(4)—
123.3(4)° in 2 (Table 3). The four intramolecular Ni- - - Ni
distances are slightly different: the Ni(1)- - - Ni(2), Ni(2)- - -
Ni(3), Ni(3)---Ni(4), and Ni(4)---Ni(1) distances are,
respectively, 5.049, 5.195, 4.884, and 4.931 A in 1 and
5.115,4.949, 5.190, and 4.883 A in 2. The Ni---Ni---Ni
angles in the cluster lie in the range 85.7—90.4° in 1 and
85.1—88.8° in 2. The arrangement of the four nickel(Il)
centers in each title compound can be considered as a quasi-
square. As listed in Table 3, the four Ni—N---N—Ni
torsion angles (t; 3.3, 50.4, 87.5, and 90.6°) between the
two least-squares NiNj planes, in a particular nickel(II)—
azide—nickel(II) fragment, vary in the wide range of 3.3—
90.6°1n 1. In contrast, the four 7 values in compound 2 are
54.7,57.8,85.4,and 86.1°. Clearly, despite having a similar
type of structure, the two azide-bridged tetranickel(II)
compounds are significantly different in terms of the Ni—
N- - - N—Ni torsion angles, which is the key parameter to
govern the magnetic behavior (vide infra).

Syntheses and FT-IR Spectra. The two title compounds
1 and 2 were readily prepared in high yield on reacting
nickel(IT) perchlorate hexahydrate, triethyl amine, and
sodium azide with the solution containing salicylaldehyde
and 1-(2-aminoethyl)-piperidine or 4-(2-aminoethyl)-
morpholine (for 1 or 2, respectively). As already discussed,
both the compounds are tetranuclear clusters containing
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Figure 3. Observed ym7 vs T plots for complex 1 is shown as solid
square symbols. The solid line represents the best fitting to the experi-
mental data between 10 and 300 K.

1:1 stoichiometric ratio of Ni'" and [L']7/[L?]". All the
three donor centers, phenolate oxygen atom and imine
and piperidine/morpholine nitrogen atoms, of a ligand
are monodentate and coordinate to one metal center. It
may be mentioned that there are a number of nickel(I)—
azide compounds derived from closely similar ligands. In
a few of these, the phenoxo oxygen atom of the Schiff base
ligand acts as a bridging center to generate either di-
nuclear or trinuclear compounds.*> On the other hand,
the Schiff base in most of the nickel(Il)—azide com-
pounds behaves as a tridentate blocking ligand to pro-
ducea 1D system ®in one caseand a mononuclear spec1es
in all other cases.*’ Clearly, the behavior of [L']7/[L?]” a
a blocking ligand in the present investigation is very much
common. Albeit, as discussed, the final topology in 1 and
2 is unprecedented, which indicates the success of the
synthetic strategy to achieve novel metallo-azide topology.
The characteristic azide stretching in 1 and 2 is very
strong and appears at 2073 and 2069 cm ', respectively.
The imine stretching in 1 and 2 is observed as a medium
intensity band at 1648 cm ™. The presence of water mole-
cules is evident from the appearance of a medium inten-
sity band at 3410 and 3399 cm ™' for 1 and 2, respectively.
Magnetic Properties. DC magnetic susceptlblhty data
were collected for crushed crystalline samples of 1 and 2
with applied magnetic fields of 0.04 and 0.7 T (from 2 to
30 and 30 to 300 K, respectively). The data are shown in
Figures 3 and 4, in the same order, as XMTversus T plots.
For compound 1, the ym T value, 4.72 cm. *mol 'K, at
300 K is above the exPected value of 4.0 cm® mol ' K for
four independent Ni™ ions with g=2.0 and S=1. As
temperature decreases, the XMT product decreases grad-
ually to nearly zero, 0.08 cm® mol~' K, at 2 K. These
features are indicative of an overall antlferromagnetlc
behavior, alike most Ni'' complexes containing azido
linkers with EE bridging modes.*’+!?-210-¢-22

(45) (a) Qiu, X.-Y.; Liu, W.-S.; Zhu, H.-L. Z. Anorg. Allg. Chem. 2007,
633, 1480-1484. (b) Cao, G.-B. Synth. React. Inorg., Met.-Org., Nano-Met.
Chem. 2007, 37, 639-642.

(46) Sun, Y.-X. Acta Crystallogr., Sect. E: Struct. Rep. Online 2006, 62,
m109-ml11.

(47) (a)Li, K.; Huang, S.-S.; Zhang, B.-J.; Meng, D.-L.; Diao, Y.-P. Acta
Crystallogr., Sect. E: Struct. Rep. Online 2007, 63, m2291. (b) Diao, Y.-P;
Huang, S.-S.; Zhang, B.-J.; Li, K. Acta Crystallogr., Sect. E: Struct. Rep.
Online 2007, 63, m2495. (c) Zhou, Z.; Xiao, Z.-H. Acta Crystallogr., Sect. E:
Struct. Rep. Online 2007, 63, m2012.
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Figure 4. Observed y\ 7 vs T plot of complex 2 is shown as solid square
symbols. The solid line represents the best fit from 2 to 300 K. The inset is
an isothermal M/Nug vs H/G plot at 2.0 K.

In the past, changes of the torsion angle in a dinuclear
Ni"' complex containing one 1,3-u-azido and one pyra-
zolate group as bridging ligands have been proved the
cause of magnetic bistability of such system.**® Due to the
novelty of compound 1, strict comparison and discussion
of the magnetic response with analogous clusters is not
available. However, a number of data is already described
for related 1D trans-Ni''—(u-N3)—Ni systems.*>!->42
According to the magneto-structural correlations made
on these systems, Ni—N—N and torsion (z, described as
Ni—N- - -N—Ni) angles are the main factors to determine
the nature and strength of the exchange interactions. In
the present work, the Ni—N—Nangles (116.1—129.7°) for
all four Ni'' centers in 1 are not very different and
comparable to others found in the literature.*>!**%> In
general, for Ni—N—N angles close to 108° strong anti-
ferromagnetic interaction will be expected, meanwhile
angles nearby 164° will exhibit accidental orthogonality
resulting in ferromagnetic interactions. Compound 1
shows intermediate values of those which may emphasize
the weakness of the total magnetic interaction. However,
more drastic variations were found in the four 7 angles,
with values: 3.3, 50.4, 87.5, and 90.6°. This information
was used as criterion to define the final magnetic system.
Fitting of the data was performed using the MAGPACK
package® and carried out by means of the marked differ-
ences among the torsion angles; for that, three exchange
coupling constants were considered in the following
Heisenberg-spin Hamiltonian, H = —J,(S1S5 + S384) —
JpS5S3 — J.S4S1 (numbering of the spins were made
according to crystallographic criteria). Only experimental
points from 10 to 300 K were considered in the magnetic
analysis due to a small impurity (commonly observed at
the lowest temperatures in antiferromagnetic Ni-azido
systems). Thus, diagonalization of the full matrix was
performed, and the magnetic answer of the four-member
Ni"' ring analyzed. Least-squares fitting of the experi-
mental data led to the following parameters: J, = 35.5,
Jo=—70.5,andJ. = —15.5cm 'andg = 2.29, with R =
8.5 x 107>

These results are indicative of a moderate antiferro-
magnetic behavior of compound 1 in agreement with the

(48) (a) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
Tsukerblat, B. S. Inorg. Chem. 1999, 38, 6081-6088. (b) Borras-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. S. J. Comput. Chem.
2001, 22, 985-991.
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Table 4. Structural Parameters (in A and °) and Calculated Exchange Coupling
Constants Corresponding the Two Ni'y Complexes 1 and 2

d(Ni---Ni) dNi—N)yy ~ Ni=N-N  Ni=N---N=Ni Jeuieq
1

Jia 5049 2120 117.02), 116.1(2) 90.6 1149

Jry  5.195 2066 129.7(3), 123.8(3) 3.3 -85.3

Ju 4884 2090  121.6(2), 121.4(3) 87.5 117.1

Ju 4931 2090  123.3(2), 123.1(2) 50.4 —18.6
2

Jia 5115 2126 120.2(4), 118.0(4) 85.4 114.1

Ty 4.949 2108 123.3(4), 122.6(4) 54.7 —45

Ja 5.190 2101 122.3(4), 121.2(5) 86.1 +15.5

Ju 4883 2095  122.0(4), 120.9(4) 57.8 ~-12

shape of the curve. In general, when 7 increases from 0°,
the pathway becomes less effective, decreasing the strength
of the exchange interaction (less antiferromagnetic).
Following this idea, complex 1 exhibits two high values of
7 (87.5 and 90.6°), which are related to the ferromagnetic
exchange (/,), one intermediate of ~50° antiferromag-
netic but not very strong (J.), and finally one lower 7 of
3.3° (unprecedented in polynuclear clusters until now)
that is associated to the strongest intramolecular anti-
ferromagnetic interaction (Jy,). Herein, the antiferroma-
gentic exchanges prevail, and the final spin ground state
of the system is S = 0.

On the other hand, the room-temperature value of yn 7
for compound 2 is 4.90 cm® mol ™' K (higher than the
value expected for four uncorrelated S = 1 spins). This
value increases up to a maximum of 6.37 cm® mol ™' K at
20 K, after which it decreases abruptly at lower tempera-
tures, down to 4.06 cm® mol™! K at 2.0 K. These results
suggest the presence of ferromagnetic intramolecular
interactions, although the value of the total spin ground
state was not evident and needed further analysis of the
data. Using the program mentioned above and taking
into account the parameters discussed before (for com-
pound 2: Ni—N—N values are between 118.0 and 123.3°
and rare 54.7, 57.8, 85.4, and 86.1°), the system was better
described using two J values. The calculation of the
exchange coupling interactions is based on the following
Hamiltonian: H = —J,(S155 4+ S3S4) — Jp5253 — J.545].
The fitting results are shown in Figure 4 in the form of
solid lines, and the values obtained were: J, = +21.6 and
Jo=—1.17ecm™", g = 2.12, and TIP = 522x 10~ cm?
mol ™!, with R = 1.0 x 107°. In this regard, J, and J;, are
related to the T values 85.4°/86.1° and 54.7°/57.8°, respec-
tively. To get more insight on the spin ground state of the
complex, magnetization studies were performed (inset of
Figure 4), although the curve did not reach saturation,
and therefore the nature of this could not be established.
Final conclusions on that matter were obtained from
DFT calculations (see below).

Electronic Structure Calculations. The use of theoreti-
cal methods allows to calculate and also to understand the
dependence of the exchange coupling constants with
structural changes. In the past, some of us have previously
studied such dependences for some azido-bridging ligands:
Cu" and Ni"! complexes with a double EO***® or EE bridg-
ing ligands.***¢ For compounds 1 and 2, the existence of
four J values makes it considerably difficult to get an
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Figure 5. Dependence of the exchange coupling constants for the com-
plexes with a Ni—N—N angle below 135° (white squares, Table 5) and
those obtained with the DFT calculations for the complexes 1 and 2 (black
squares and circles, respectively).
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accurate fitting of the magnetic susceptibility curve. Thus,
in order to estimate each interaction we have to perform
electronic structure calculations using methods based on
DFT (see Computational Details). This approach allows
the resolution of all the exchange interactions present in
the molecule, and for that, the Hamiltonian employed
was the following:

H = —J13818) — J238:83 — J345384 — J41 545, (1)

The calculated J values together with the most relevant
structural parameters for the exchange interactions of
these two complexes are collected in Table 4. As it can be
observed from these values, there is a nice agreement with
the experimentally fitted J values, thus, the predominance
of the antiferromagnetism in complex 1, especially due to
the J»3 interaction. While for complex 2, the system is
close to be completely ferromagnetic, but two interactions
are still slightly antiferromagnetic.

Table 5. Cambridge Structural Database Refcodes,” Structural Parameters (in A and °), and Experimental Exchange Coupling constants (in cm™") for the Nickel

Complexes Containing a Single EE Azido-Bridging Ligand

refcode d(Ni- - - Ni) d(Ni—N),, Ni—N—N Ni—N---N—Ni Jexp ref
Molecular Systems with Only EE Azido-Bridging Ligands
LIJCUC 6.073 2.132 131.6,131.6 180.0 —53.6 22a
WOHMUB 6.188 2,122 139.4, 1394 180.0 —40.9 22b
Molecular Systems with Also Other Bridging Ligands

ICULAT 5.322 2.149 126.7, 123.8 74.6 +7.1 23a

KENBIP 5.472 2.018 126.3, 133.5 89.6 +6.0 12

KERYIQ 5.480 2.028 126.0, 134.7 92.9 +5.0 12

YABNEV 5.788 2.031 148.1, 141.7 36.1 —324 18¢

Chain Structures with only EE Azido-Bridging Ligands

ACAGEQ 5.662 2.110 124.5,133.3 106.8 +13.5 24a

AGOXAV 6.112 2.123 135.6,135.6 180.0 —35.0 24b
5.950 2.100 128.6,128.6 180.0 —65.0
5.950 2.112 140.3, 128,6 133.5 —52.7

CIBBOF 5.820 2.189 116.0,117.0 171.0 —63.7 26a
5.340 2.106 131.9,126.5 64.0 —334

CIBBUL 6.141 2.088 138.8,138.8 179.9 —26.8 26a
6.111 2.101 135.8,135.8 180.0

GUNQEL 5.618 1.884 134.8,134.8 180.0 —68.4 2lc
5.603 1.863 143.7,143.7 180.0 —37.8

GUNQIP 5.908 2.150 123.4,134.8 140.0 —13.6 2lc

HECQAH 5.717 2.111 128.4, 146.1 75.8 +6.91 21d

HEWNEC 5.648 2.108 123.7,120.1 133.8 —33.0 26b
6.111 2.109 121.3,126.6 138.9

HEWNIG 5.665 2.101 122.6,122.6 134.9 —22.4 26b
5.741 2.112 127.4,120.7 138.0

JUXYAC 6.149 2.168 128.3,140.3 166.9 —39.2 24c

LUWXIK 6.146 2.167 135.6,135.6 144.9 —20.7 24d

PEZMIR 5.602 2.123 126.6, 144.6 49.2 —16.0 24e

PITMAG 6.003 2.204 123.6,123.6 180.0 —62.1 25a
6.128 2.078 142.4,142.4 180.0

PITMEK 6.182 2.133 151.8,151.3 180.0 —18.5 25a

RELLEZ 6.139 2.125 136.6,136.6 180.0 —41.1 25b

RELLID 5.983 2.122 126.1, 126.1 180.0 —70.6 25b

WIBDAM 6.067 2.179 130.6, 128.5 150.5 —41.4 25¢
6.067 2.169 131.5,131.5 146.2 —36.4

WIBDIU 5.797 2.144 122.9,122.9 175.5 —101.4 25¢
5.769 2.158 116.5,116.5 177.6

WUIJTEA 6.155 2.117 136.2,149.8 161.1 —21.8 25d

WUITIE 6.385 2.122 151.4,151.4 179.9 —32 25d

WUJTOK 6.190 2.112 145.4,136.5 177.6 —423 25d

YOGJUZ01 5.770 2.165 117.2,117.2 170.4 -97.8 25e

ZOLLIV 5.313 2.152 125.9,131.8 53.9 —16.8 25

ZOLLOB 5.335 2.172 122.6,135.0 51.4 —3.25 25f

ZOVLEB 5.864 2.183 126.2,127.9 1234 -1.0 26¢
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Scheme 2. Relative Orientation of the Magnetic Orbitals of Ni'l and 7
Orbitals of Azido Ligand

_Ni T=180°
0/6)—' N—(?:
Ni ' ““Ni 1=0°
Ni t=90°

As mentioned before, two structural factors that con-
trol the magnetic behavior in single u-1,3 azido-bridging
ligands are the Ni—N—N and torsion (7) angles.**'-**2°
For the two studied complexes, 1 and 2, the Ni—-N—N
angle values are rather similar, thus, the changes in the
magnetic response are mainly controlled by 7. Based on
our studies, there is a nice correlation between the calcu-
lated J values and the Ni—N---N—Ni torsion angle.
Thus, for 7 values around 90°, the exchange interactions
are ferromagnetic, while the exchange couplings become
antiferromagnetic for torsion angle values smaller than
60° (or larger than 120°). This magneto-structural corre-
lation (see Figure 5) can be clearly corroborated by
comparing experimental J values collected from the
literature for complexes with similar Ni—N—N angle
values with those J parameters obtained in this work
(Ni—N—N angle value below 135°, see Table 5). It is
worth noting that J,; (J, in the fitting) interaction of
complex 1 corresponds to a unique case where 7 is almost
0° and consequently strongly antiferromagnetic. Finally,
for this family of complexes, the analysis of J values
versus Ni—N—N angles shows a decrease of the antifer-
romagnetic contribution when the angles increase. Thus,
there is a linear correlation with Ni—N—N angles if
one may compare J values that have similar 7 (7 > 165°,
Figure S1, Supporting Information).

The mentioned magneto-structural correlation can be
understood by considering the magnetic orbitals involved
in the exchange interactions. The lobe of the d orbitals
d.» or dy2y» of the Ni'! cation, oriented toward the
orbital of the azido ligand in the Ni—N—N—N plane (see
Scheme 2), can provide a maximum overlap (strongest
antiferromagnetism) when a second Ni'! cation is placed
with a Ni—N- - -N—Ni torsion angle of either 0° or 180°.
However, if the torsion angle is 90°, then the two magnetic
orbitals of the second Ni'' cation are orthogonal to the &
orbital of the azido ligand, and consequently the coupling
is ferromagnetic. The influence of the Ni—N—N can be
easily explained because the increase of such an angle
results in a smaller overlap between the d orbital of the Ni
! cation and the & orbital of the azido ligand, being
strictly orthogonal for Ni—N—N equal to 180°.

Finally to corroborate these results, experimental
magnetic susceptibility curves (white symbols, subtract-
ing TIP for complex 2; Figure 6) are plotted together with
the magnetic data of complexes 1 and 2 using DFT
J values (black symbols, using g =2.29 and 2.0023 for 1
and 2, respectively; Figure 6). The experimental and
theoretical curves are in agreement, confirming the ability
of the employed DFT methodology to reproduce the
exchange interactions in this type of polynuclear com-
plexes. The differences between the curves are due to the

(49) Allen, F. H. Acta Crystallogr. 2002, BSS, 380-388.
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Figure 6. Dependence of the y7 product with the temperature for the
complexes 1 and 2, squares and circles, respectively. The black symbols
represent the values obtained from the DFT calculated J value (g = 2.29
and 2.0023 for 1 and 2, respectively), while the white color corresponds to
the measured susceptibility data eliminating the TIP for 2.

very large sensitivity of the shape of the curve with the
J values. Thus, such differences are due to small variations
between calculated and measured J values. The presence
of such small energy differences implies that even at very
low temperatures these excited states are populated giving
nonzero yy 1 values (see Figure 4). For instance, com-
pound 2 exhibitsa S = 0 ground stateand a S = 1 excited
state at less than 1 cm ™! above; furthermore, a S = 4 high
spin state at only 6 cm™ ' from the ground state.

Conclusions

Despite the extensive research on metal-azide chemistry
that has been developed during the last 30 years, there are
topologies that have not yet been achieved, among them,
clusters having nuclearity of four or more and containing
only EE azido groups as bridges were one of them. Thisisto a
certain extent surprising and could be considered as a gap
fulfilled in the present work by the achievement of com-
pounds 1 and 2. These two species are the sole examples of the
only u,3-Ns-bridged Ni'' clusters, the title compounds
[{Ni"(L")(u1 3-N3)(H20)}4] (1) and [{Ni''(L?*)(u1 5-N3)-
(H>O)}4] (2) represent a unique family of metal-azide
compounds.

The two title compounds have been derived from two
similar tridentate Schiff base ligands that also coordinate in
an analogous way. The bridging network and the topology of
the two complexes are alike too. In general, compounds 1 and
2, showing both bond lengths and angles in the coordination
environment of the metal ions, are comparable as well as the
Ni—N—N angles. In spite of all these similarities, the two
complexes differ significantly in terms of the Ni—N- - - N—Ni
torsion angles (7); 3.3, 50.4, 87.5,and 90.6°in 1 and 54.7, 57.8,
85.4, and 86.1° in 2. One 7 value of 3.3° in 1 is interesting
because a 7 value close to 0° is unprecedented in metal-azide
chemistry.

The analyses of the measured magnetic susceptibility
together with the results of the theoretical calculations using
density functional theory methods show nice agreements for
both complexes. Regardless of their similarities, complex 1
exhibits an overall antiferromagnetic behavior in contrast to
complex 2 that shows ferromagnetic conduct. Previously, it
was pointed out the importance of the Ni—N—N angle as a
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key structural parameter in controlling the magnetic behav-
ior of this type of complexes. However, for the two studied
complexes, such angle values remain almost constant being
the 7 values crucial to control the magnetic properties. Both
the ferromagnetic and antiferromagnetic pathways exist in
the two complexes due to the wide range of 7 values. This
way, the antiferromagnetic behavior observed for complex 1
is mainly due to a low torsion angle (3.3°), while complex 2 is
predominantly ferromagnetic because torsion angles are
higher in value (between 50 and 90°). The overlap between
the magnetic orbitals is relatively large when the t value
is close to 0°, while the strongest ferromagnetic coupling
corresponding to an angle of 90° is due to the orthogonality
of the orbitals. The intermediate situations, such as the 7 values
close to 50°, result in weak antiferromagnetic couplings.
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