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ABSTRACT: The reaction of a tridentate Schiff base ligand
HL (2-[(3-dimethylaminopropylimino)-methyl]-phenol) with
Ni(Il) acetate or perchlorate salts in the presence of azide as
coligand has led to two new Ni(II) complexes of formulas
[Ni3L2(OAC)2(//l1,1'N3)2(H20)2:|'ZHzo (1) and [Nisz(ﬂl,l'
N;)(#,5-N3)],(2). Single crystal X-ray structures show that
complex 1 is a linear trinuclear Ni(II) compound containing a
Uy-phenoxido, an end-on (EO) azido and a syn-syn acetato
bridge between the terminal and the central Ni(II) ions.
Complex 2 can be viewed as a one-dimensional (1D) chain in

T 1
604
10 %
5544
1§ %
sod® Ny =
17 e ko
454 = £
L Ponnneng o
| = > cooo| -
o~ GaFf £
| al ) *
P - k)
30, \ARYT
18 ' -
254, : - - - T r
0 S0 100 150 200 250 300

which the triply bridged (di-u,-phenoxido and EO azido) dimeric Ni, units are linked to each other in a zigzag pattern by a single
end-to-end (EE) azido bridge. Variable-temperature magnetic susceptibility studies indicate the presence of moderate
ferromagnetic exchange coupling in complex 1 with ] value of 16.51(6) cm™". The magnetic behavior of 2 can be fitted in an

alternating ferro- and antiferromagnetic model [Jpy = +34.2(2.8) cm™ and Jp =

—21.6(1.1) em™'] corresponding to the triple

bridged dinuclear core and EE azido bridge respectively. Density functional theory (DFT) calculations were performed to
corroborate the magnetic results of 1 and 2. The contributions of the different bridges toward magnetic interactions in both

compounds have also been calculated.

B INTRODUCTION

Research on coordination polymers of transition-metals with
novel topology has evoked great interest because of their
impressive structural diversity and intriguing physical proper-
ties."” Simple paramagnetic metal ions upon linking with
appropriate bridging ligands may generate coordination
polymers with interesting magnetic properties. Exchange
interactions propagated by multiatom bridges between para-
magnetic centers that are able to efficiently transmit the
magnetic exchange interactions allow the preparation of
interesting magnetic materials.>~> Among them metal-azido
polynuclear complexes deserve special mention because of their
fascinating structural diversities, their importance in under-
standing magneto-structural correlations, and their promising
potential applications in functional materials.® The main
expression of the versatility of this ligand lies in the different
coordination modes that it can offer; the most common ones
are the end-to-end (u,;-N;, EE) and end-on (u,,-N;, EO)
modes. In general, EE azido bridges propagate antiferromag-
netic interactions,” whereas the EO coordination mode is
associated with ferromagnetic coupling;® althou%h exceptions to
this general statement have been reported.” Furthermore,
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different bridging modes of the azido ions may simultaneously
exist in the same species, leading to interesting topologies and
magnetic behaviors.'?

The study of magnetic exchange mediated by azide in its
different bridging modes is often complicated by the presence
of additional bridging ligands as all these bridges may either add
or counterbalance their effects.'' "> Among the possibilities of
innumerable combinations of different bridges, a combination
of phenoxido and/or carboxylato groups with the azido ligand
in one system is an interesting approach for constructing new
materials and for modulating magnetic behaviors as both these
ligand can transmit F or AF coupling between metal centers.
For the phenoxido bridges, usually when the Ni—O-
(phenoxido)—Ni bridging angle is less than 97° ferromagnetic
coupling occurs whereas the coupling becomes antiferromag-
netic at larger bridging angles.14 On the other hand, the
carboxylate functionality can offer a variety of magnetic
interactions depending on its versatile bridging modes syn—
syn, anti—anti, syn—anti (Scheme 1). In general, significant
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Scheme 1. Most Common Bridging Modes of Azide (a,b) and (Carboxylate) (c—e) Ligands
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antiferromagnetic interaction between the metal centers is ether and redissolved in CH;CN. Needle-shaped deep-green single
mediated by the syn—syn and anti—anti carboxylate coordina- crystals of 2, suitable for X-ray diffraction were obtained by layering of
tion modes, whereas syn—anti mode mediates either weak ferro- the green sbolution with E,0. Yield: 1.02 g; 67%. Anal. Caled. for
or antiferromagnetic interaction.”> The density functional CppHyNsNiO: C, 47.10, H, 5'6_01’ N, 22.89. Fof‘d: C, 47.02; H, 5'6_55
theory (DFT) study of exchange interactions between /II\T’ %ZCIZ?OIE) (13(;35 gﬂet’ em): 1629 1(C= N), 2094 v (Ny7).
. . 1. . max 3 s X , and 995 nm.
paramagnetic metal centers thr'ough various brldglng‘ ligands Physical Measurements. Elemental analyses (carbon, hydrogen,
has proved to be very fruitful for understanding the and nitrogen) were performed using a Perkin-Elmer 240C elemental
fundamental factors governing the magnetic properties of analyzer. IR spectra in KBr (4500—500 cm™") were recorded using a
transition-metal CompoundS-lé Perkin-Elmer RXI FT-IR spectrophotometer. Electronic spectra
Herein, we report the crystal structures, magnetic properties, (1400—350 nm) in CH;0H (for 1 and 2) were recorded in a Hitachi
and DFT calculations of a mixed bridged trinuclear Ni(1II) U-3501spectrophotometer. The measurements of variable-temperature
compound of formula [Ni3L2(O Ac),(u 1, 1-N3) ,(H,0),]-2H,0 magnetic susceptibility were carried out on a Quantum Design MPMS-
(1) and a one-dimensional (1D) polynuclear chain [Ni,L,( fy o XL7 SQUID magnetometer. Susceptibility data were collected'using
N3)(:“l,3'N3)2:|n Q). Complex 1 is a rare triple bridged an external magnetic field of 0.2 T for both the .complexes in the
(phenoxido, acetato, and azido) discrete trinuclear Ni(II) temperature range of 18 to 300 K. The corrections of measured
. susceptibilities were carried out considering both the sample holder as
compound that shows moderately strong ferromagnetic the back d and the di . £ th .
) . . ) ; 98 ground and the diamagnetism of the constituent atoms
interaction. Complex 2 is unique in the sense that it is the according to Pascal’s tables.!8
first polymeric Ni(I) compound in which the dinuclear Crystallographic Data Collection and Refinement. Suitable
[Ni, (4,-phenoxido), (4, ,-N3)] cores are joined by single ;- single crystals of each complexes were mounted on a Bruker SMART
N; bridges and consequently exhibits alternating ferro- and diffractometer equipped with a graphite monochromator and Mo—Ka
antiferromagnetic interactions. We also report here DFT (4 =0.71073 A) radiation. The structures were solved using Patterson
calculations to provide a qualitative theoretical interpretation method by using the SHELXS97. Subsequent difference Fourier
of overall magnetic behavior of the complexes. Such synthesis and least-squares refinement revealed the positions of the
calculations allow us to propose a detailed analysis of the remaining non hydrogen atoms. Non-hydrogen atoms were refined
underlying magnetic pathways through the different bridges with independent anisotropic displacement .pa.rame.ters. Al.l. the
! 4 hydrogen atoms bonded to carbon were placed in idealized positions,
and also evaluate their individual contributions to the overall 5 .
i . and their displacement parameters were fixed to be 1.2 times larger
exchange interactions. than those of the attached non-hydrogen atom and the hydrogen
atoms on the water oxygen atoms O(4) and O(4)’ in 1, which were
B EXPERIMENTAL SECTION located in the difference Fourier map. Successful convergence was
Materials. The diamine and salicyldehyde were purchased from indicated by the maximum shift/error of 0.001 for the last cycle of the
Lancaster Chemical Co. The chemicals were of reagent grade and used ¥east—squlares reﬁnlement. H)idrogen .ato?:s aitffO(S) of wat.er moleczllei
without further purification. in complex 1 could nqt be ocate.d in the d erenc?QFourler map. Al
Synthesis of the Schiff-Base Ligand 2-[(3-Dimethylamino- calculations were carried Ouztz using SHELXS 97, SHELXZL3 97,
propylimino)-methyl]-phenol (HL). The Schiff base was prepared PLATON 99, ORTEP-32, and WinGX systemVer-1.64." Data
by the condensation of salicylaldehyde (1.05 mL, 10 mmol) and N,N- collection and structure refinement parameters and crystallographic
dimethyl-1,3-propanediamine (1.26 mL, 10 mmol) in methanol (10 data for the two complexes are given in Table 1.
mL) as reported earlier.'” Computational Methodology. The following computational
Synthesis of [NisL,(OAc),(u; ;-N3),(H,0),]-2H,0 (1). Ni- methodology was used to calculate the exchange coupling constants
(OAc),-4H,0 (1.860 g, 7.5 mmol), dissolved in 10 mL of hot in the reported complexes.u_27 The phenomenological Heisenberg
methanol, was added to a methanolic solution (10 mL) of the ligand Hamiltonian H = =%, J;SS; (where S; and S; are the spin operators of
(HL; S mmol) with constant stirring. After about 10 min an aqueous the paramagnetic metal centers i and j, and the J; parameters are the
solution (2 mL) of NaN;(0.438 g, 7.5 mmol) was added with slow exchange-coupling constants for the different pairwise interactions
stirring followed by addition of triethylamine (0.70 mL, S mmol). A between the paramagnetic metal centers of the molecule) can be used
light green precipitate appeared immediately. It was then filtered, and to describe the exchange coupling between each pair of transition-
the filtrate was left to stand in the air. X-ray-quality single crystals of metal ions present in the polynuclear complex to construct the full
complex 1 were obtained in 2 days on slow evaporation of the filtrate. Hamiltonian matrix for the entire system.
Yield: 1.00 g; 70%. Anal. Calcd. for C,gH,sN(Ni;O: C, 39.07, H, To calculate the exchange coupling constants for any polynuclear
5.62, N, 16.27. Found: C, 39.11; H, 5.56; N, 16.15. IR (KBr pellet, complex with n different exchange constants, at least the energy of n +
em™): 3461(broad) v(OH), 1634 v(C= N), 1580 v,(C=0), 1417 1 spin configurations must be calculated. For example, in the case of
v,(C=0) and 2086 v,(N;7). 4,,,(CH;OH), 368, 634, and 997 nm. the studied dinuclear model complexes, the exchange coupling value |
Synthesis of [Ni,L,(xq4-N3)(q3-N3),l, (2). Ni(ClO,),-6H,0 were obtained by taking into account the energy of three different spin
(1.828 g, S mmol), dissolved in 10 mL of methanol, was added to a distributions: quintet with S = 2, triplet with S = 1, and singlet with S =
methanolic solution (10 mL) of the ligand (HL) (S mmol) with 0, taking the average of the two energy differences obtained from the
constant stirring. After about 15 min, an aqueous solution (2 mL) of three spin states.”®
NaN; (0.32 g, S mmol) was added to it. A deep green precipitate The hybrid B3LYP functional®® has been used in all calculations as
appeared immediately. It was then filtered and washed with diethyl implemented in the Gaussian 03 package,**™>* Triple-{ quality basis
8151 dx.doi.org/10.1021/ic300547w | Inorg. Chem. 2012, 51, 8150—8160
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Table 1. Crystallographic Data for Complexes 1 and 2

1 2
formula CysH,sNoNis052(H,0) C,H ;N NiO
M 860.82 306.00
crystal system monoclinic orthorhombic

space group P21/n (No. 14) Pben (No. 60)
a/A 12.491(5) 17.8499(18)
b/A 10.176(5) 13.2590(13)
c/A 14.888(5) 11.9339(12)
a/deg 90 90

P/ deg 92.439(5) 90

y/deg 90 90

V/A3 1890.7(14) 2824.4(5)

V4 2 8

D./g em™ 1.505 1.439
u/mm™" 1.542 1.373

F (000) 892 1280

R(int) 0.084 0.074

total reflections 24558 33083

unique reflections 5112 3106

1> 20(D) 3219 2214

R1, wR2 0.0553, 0.1710 0.0370, 0.0980
temp (K) 293 293

set (TZVP) proposed by Ahlrichs and co-workers have been used for
Ni atoms, while 6-31 g(d) basis set was used for other atoms.>* A
quadratic convergence method was employed in the self-consistent
field (SCF) process.*The calculations were performed on the
complexes built from the experimental geometries.

B RESULTS AND DISCUSSION

Synthesis of the Complexes. For complex 1, the
tridentate N,N,O donor Schiff base ligand HL (2-[(3-
dimethylamino-propylimino)-methyl]-phenol) is allowed to
react with nickel(I) acetate in methanolic solution, followed
by addition of aqueous solution of NaNj in a 2:3:2 molar ratio.
The triethylamine was added to deprotonate the Schiff base.
Under this conditions, the mixed bridged trinuclear complex is
produced by the self-assembly of two mono(Schiff base) Ni(II)
complexes, one Ni(Il), two azide, and two acetate ions
(Scheme 2). A very similar procedure is followed for the
synthesis of complex 2 except that a methanolic solution of
nickel(II) perchlorate is used in place of nickel(I) acetate.
However, the composition and structure of complex 2 is very
different from that of 1. It is a polynuclear 1D chain in which
the double phenoxido and y, ;-azido bridged dinuclear units are
linked by i, ;-azido bridges.

IR and UV-vis Spectra of Complexes. In the IR spectra
of complexes 1 and 2 a strong and sharp band due to
azomethine v(C=N) appears at 1634 and 1629 cm™
respectively. Complex 1 exhibits one distinct band at 2086
cm™, consistent with the presence of only one type of azido
bridge in the structure. The appearance of a broad band near
3461 cm™' indicates the presence of water molecules in the
complex. The IR spectral bands in the 1300—1650 cm™" region
are difficult to be attributed because of the appearance of
several absorption bands from both the Schiff base and the
carboxylate ligands. Nevertheless, by comparing the IR spectra
of other Ni(Il) complexes of the same ligand,'” the strong
bands at 1580 cm™' may be assigned to the antisymmetric
stretching mode of the carboxylate group, whereas the bands at
1417 cm™ to the symmetric stretching modes of the

Scheme 2. Formation of the Complexes 1 and 2
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carboxylate ligands in complex 1. For the polynuclear complex
2, a sharp band at 2094 cm™' with a hump at 2055 cm™
indicates the presence of two different types of azido groups.

The electronic spectra of these compounds are recorded in
methanol solution. The electronic spectra show absorption
bands at 634 and 997 nm (for 1), 641 and 995 nm (for 2).
These bands are assigned to the spin allowed transitions
*Asy= T g *Aye= Ty, (P), respectively. The higher energy d—d
bands are obscured by strong ligand to metal charge-transfer
transitions. The bands observed at 368, 370 nm for complexes
1 and 2, respectively, are assigned to those of L—M charge
transfer transitions which are characteristic of the transition
metal complexes with Schiff base ligands.*®

Description of the Crystal Structures. Compound
[NisL,(OAC) 5 (u;,1-N3),(H,0),]-2H,0 (1). The crystal structure
of 1 consists of discrete centro-symmetric trinuclear unit of
formula [Ni;L,(OAc),(i;,-N3),(H,0),] together with two
solvent water molecules. The structure is shown in Figure 1
together with the atomic numbering scheme. Selected bond
distances and angles are listed in Table 2. In the structure, the
three Ni(Il) centers are interlinked through three different
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Figure 1. ORTEP view of complex 1 with ellipsoids at the 30%
probability level.
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Table 2. Bond Distances (A) and Angles (deg) in the Metal
Coordination Spheres of Complex 1¢

atoms distance atoms angle
Ni(1)—0(1) 2.023(3) 0O(1)-Ni(1)—0(2) 90.66(11)
Ni(1)—0(2) 2.057(3) O(1)-Ni(1)—0(4) 88.89(14)
Ni(1)—0(4) 2.114(4) O(1)-Ni(1)—N(1) 171.69(14)
Ni(1)—N(1) 2.177(3) O(1)-Ni(1)—N(2) 89.95(15)
Ni(1)—N(2) 2.040(4) O(1)-Ni(1)—N(3) 78.97(12)
Ni(1)—N(3) 2.112(3) 0(2)—-Ni(1)—O0(4) 179.54(15)
Ni(2)—0(1) 2.051(3) 0(2)-Ni(1)—N(1) 88.31(13)
Ni(2)—O0(3) 2.071(3) 0(2)-Ni(1)—N(2) 88.68(14)
Ni(2)—N(3) 2.089(3) 0(2)—Ni(1)—N(3) 92.54(13)
0(4)—-Ni(1)—N(1) 92.15(16)
0(4)-Ni(1)—N(2) 91.26(15)
0(4)—Ni(1)—N(3) 87.44(15)
N(1)-Ni(1)—N(2) 98.27(16)
N(1)-Ni(1)—N(3) 92.83(13)
N(2)-Ni(1)—N(3) 168.87(15)
0O(1)-Ni(2)—0(3) 89.08(11)
0(1)—-Ni(2)—N(3) 78.88(12)
0(3)—-Ni(2)—N(3) 90.98(13)
Ni(1)—0(1)—Ni(2) 99.50(13)
Ni(2)—-N(3)—N(4) 122.9(3)
Ni(1)-N(3)—Ni(2) 95.51(12)
Ni(1)-N(3)—N(4) 128.6(3)

V=2 —x-y2 -z

kinds of bridges (EO-azido, p,-phenoxido, and syn-syn acetato).
The central Ni** ion lies on an inversion center. The structure
may be assumed to be composed of two terminal mononuclear
units of [NiL(N;)H,O] connected by a central [Ni(OAc),]
unit through the nitrogen atoms of EO-azide, phenoxido
oxygen atoms of the Schiff base ligand, and the oxygen atoms of
syn-syn acetate anions. There are two crystallographically
independent Ni(II) ions in the molecule with different
coordination environments. Each of the two equivalent
terminal Ni(1) atoms reside in a [N;0;] octahedral environ-
ment where three donor atoms of the tridentate Schiff base
ligand, with dimensions Ni(1)—N(1) 2.177(3) A, Ni(1)-N(2)
2.040(4) A, and Ni(1)—O(1) 2.023(3) A, together with the
azide nitrogen atom N(3) at 2.112(3) A constitute the
equatorial plane. Two axial positions are occupied by one
oxygen atom of the bidentate acetate ion O(2) [Ni(1)—0(2) =

2.057(3) A] and another oxygen atom O(4) of water molecule
[Ni(1)—O(4) = 2.114(4) A ]. The deviations of the
coordinating atoms N(1), N(2), N(3), and O(1) from the
mean plane passing through them are 0.018(4) A, —0.020(4) A,
—0.022(4) A, and 0.023(3) A, respectively, and that of Ni(1)
from the same plane is —0.003(5) A. The central Ni(2) is also
hexacoordinated with a centrosymmetric [N,O,] trans-
octahedral environment furnished by two oxygen atoms of
bridging acetate groups (O(3) and O(3)") (' =2 — x, —y, 2 —
z) and two p,-phenoxido oxygen atoms (O(1) and O(1)’) in
the basal plane [Ni(2)—0(3) = 2.071(3) A and Ni(2)—0(1) =
2.051(3) A] and two u-1,3-azide nitrogen atoms (N(3) and
N(3)’) in the two axial positions [Ni(2)—N(3) = 2.089(3) A].
Adjacent Ni(II) atoms are separated by 3.110(2) A. Two
bridging Ni(1)—N(3)—Ni(2) and Ni(1)—O(1)—Ni(2) angles
are 95.51(12)° and 99.50(13)°, respectively.

Compound [Ni>Ly(u;-N3)(p13-N3)I, (2). The structure of
complex 2 contains neutral dimeric units formulated as
[Ni,L,(N;),] (Figure 2), which are further joined together by
single y, ;-azido bridges to form a 1D chain. A crystallographic
2 fold rotational axis of symmetry passes through the three
nitrogen atoms of the bridging EO azide. Selected bond lengths
and angles are summarized in Table 3. The dimeric unit,
[Ni,L,(N;),] consists of two equivalent nickel atoms, Ni(1)
and Ni(1)’, (' = —x, y, 1/2 — z) presenting an elongated
octahedral environment formed by the coordination of the
deprotonated tridentate Schiff base ligand (L) through the
secondary amine nitrogen atom N(1), imine nitrogen atom
N(2), and phenoxido oxygen atoms O(1) and O(1)’, and two
azide nitrogen atoms N(3) and N(S) with bond distances in
the expected range (Table 3). In the dinuclear units two Ni(II)
centers are triply bridged through one EO azide nitrogen atom
N(S) and two p,-phenoxido oxygen atoms O(1) and O(1)’,
leading to a short Ni-Ni distance of 2.857 A. The two
phenoxido bridging angles are Ni(1)—O(1)—Ni(1)" =
85.86(6)° and the azide bridging angle is Ni(1)—N(5)—
Ni(1)" = 86.12(10)°. Each bridging phenoxido oxygen atom is
asymmetrically bound, with one Ni—O bond slightly shorter
[Ni(1)—O(1) = 2.008(2) A] than the other [Ni(1)—0(1)’ =
2.182(2) A]. Whereas the bridging Hy-azide is bonded
symmetrically with Ni(1)—N(S) bond distances at 2.092(2)
A. These distances are within the range (2.09—2.25 A) of the
reported azido-bridged dinuclear Ni(II) complexes.* Ni(1)
atom is also bonded to the , ;-azide through the nitrogen atom

(a)

(b)

Figure 2. (a) ORTEP-3 view of complex 2 with ellipsoids at the 30% probability level, Hydrogen atoms are omitted for clarity. (b) Ball and stick

representation of 1D polymeric structure of complex 2.
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Table 3. Bond Distances (A) and Angles (deg) in the Metal
Coordination Spheres of Complex 2

atoms distance atoms angle
Ni(1)—0(1) 2.008(2) O(1)—Ni(1)—N(1) 98.47(8)
Ni(1)—N(1) 2.151(2) 0O(1)-Ni(1)—N(2) 90.88(8)
Ni(1)—N(2) 2.010(2) 0O(1)—Ni(1)—N(3) 168.10(8)
Ni(1)—N(3) 2.066(2) O(1)-Ni(1)—N(5) 79.98(6)
Ni(1)—N(5) 2.092(2) O(1)—Ni(1)—0(1)’ 79.88(7)
Ni(1)—0(1)’ 2.182(2) N(1)-Ni(1)—N(2) 85.58(9)
N(1)-Ni(1)—N(3) 90.54(9)
N(1)—Ni(1)—N(5) 101.89(7)
O(1)'=Ni(1)—N(1) 177.57(8)
N(2)-Ni(1)—N(3) 97.60(10)
N(2)—Ni(1)—N(5) 168.89(8)
O(1)'-Ni(1)—N(2) 96.20(8)
N(3)-Ni(1)—N(5) 90.60(8)
O(1)'-Ni(1)—N(3) 90.87(8)
O(1)'=Ni(1)—N(5) 76.11(6)
Ni(1)—0(1)—Ni(1)’ 85.86(6)
Ni(1)-N(3)—N(4) 118.60(16)
Ni(1)-N(5)—N(6) 136.94(5)
Ni(1)—-N(5)—Ni(1)’ 86.12(10)
Y= —x,9,1/2 — z

N(3) at 2.066(2) A and Ni(1)-N(3)—N(4) angle is
118.60(16)°. The sets of four donor atoms O(1), N(2),
N(3), N(5) describe the basal plane of Ni(1) and the
deviations of these coordinating atoms from the least-squares
mean plane through them are —0.008(2), 0.007(2), —0.007(2),
and 0.008(2) A, respectively. The Ni(1) atom is displaced
0.131(1) A from the same plane toward the axially coordinated
N(1) atom. The basal bond lengths around the Ni(1) atom are
in the range of 2.008(17)—2.092(2) A. The axial bond lengths
are Ni(1)—O(1)’ 2.182(2) A and Ni(1)—N(1) 2.151(2) A.
Magnetic Properties. Figure 3a shows the temperature
dependence of yy and yyT values for complex 1. As can be
seen, complex 1 shows room temperature y,T value of about
4.10 cm® K mol™' per Ni; unit. When the temperature is
lowered, y\T increases gradually to reach a maximum value of
6.10 cm® K mol™ at 15 K followed by a pronounced drop to a
value of about 2.75 cm® K mol™" at 1.8 K. This increase in yT
value with lowering temperature represents a characteristic
feature of intramolecular ferromagnetic interactions between

the nickel ions. The sharp decrease of yyT value at very low
temperature region may be attributed either to zero-field
splitting factor in the S = 3 ground spin state or to a
contribution arising from intertrimer antiferromagnetic inter-
actions. Thus, we have tried to fit the magnetic properties of
this compound to a simple S = 1 linear trimer model with the
Hamiltonian H = —J(5,5,+S,S;) — J'S;S; where the exchange
coupling constant between the terminal ions is considered as
negligible (J/ = 0) and ] represents the exchange coupling
constant between neighboring nickel centers. The M (in Nf
units) against H/T (in tesla/K units) plots at three different
temperatures (Figure 3b, inset) under different applied fields
clearly showed the absence (the curves superimpose on each
other) of any significant anisotropy in the system. Therefore,
we have considered molecular field approximation to include
the intertrimer interaction (zJ') term. So, taking the above
isotropic spin Hamiltonian and molecular field approximation,
we have fitted the magnetic susceptibility data with eq 1.

Ty =2 w/{1 — ¥’ (22]' /NG B} 1)

x'm = (Ng*B*/3kT)[A/B]

where A = [36 + 6 exp(J/kT) + 30 exp(2J/kT) + 6 exp(—2]/
kT) + 84 exp (3]/kT)] and B = [8 + 3 exp(J/kT) + exp(—]J/kT)
+ 5 exp(2J/kT) + 3 exp(—2J/kT) + 7 exp(3J/kT)].

The above model provides a good fit over the temperature
range 3.5—300 K. Best fitting results lead to the following
parameters: g = 2.272(8), ] = 16.51(6) ecm™, zJ'= —0.24(1)
cm ™" and R = 1.2 X 107 {R is the agreement factor defined as
R= 2[(/’{’M)exp - (}(M)calcd.]z/z()(M)exp.z}'

The ferromagnetic coupling in compound 1 leading to § = 3
ground spin state is also confirmed by the isothermal
magnetization measurement at 2 K (Figure 3b). The saturation
is almost reached above 5 T, and the magnetization value at this
field is as expected a little higher than 6Nf for an S = 3 spin
state with g just above 2 (with g = 2 the expected value is
exactly 6Nf).

The yy vs T and the yT vs T plots for compound 2 are
shown in Figure 4. The molar susceptibility increases when the
temperature decreases. At room temperature the y; value is
close to 3.04 X 107> cm® mol™ and it reaches a maximum
(4.51x 107 cm® mol™" at 110 K for (2)), and below these
temperatures the curve decreases continuously to 10 K. The

(a) 1.5 8 a0
(] 564 a
1.2 + ~ 504
_E 50 g
- x 4'5-:|| Connnnm
-E 0.9 - HE 404 Cotetooog
,.E 1 :, 3.5
§ 064 301
¥ 1 25
- T T T T T T T
0.3 - 50 100 150 200 250 300
0.0 -
T
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Figure 3. (a) Plots of yy vs T and yT vs T (inset) for complex 1 in the temperature range of 1.8—300 K. The red solid lines indicate the fitting
using the theoretical model (see text). (b) Isothermal magnetization for compound 1 at 2 K (the solid line is only guide for the eye) and plots of M

vs H/T for temperatures 2, 5, and 10 K at the indicated fields (inset).
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Figure 4. Plots of y, vs T and T vs T (inset) for complex 2 in the

temperature range of 1.8—300 K. The red solid lines indicate the
fitting using theoretical model (see text).

next increase in the yy, values is indicative of the presence of a
small quantity of paramagnetic impurities. yyT decreases
continuously from room temperature and tends to zero at 4
K (inset yyT vs T plot). According to the structural data, a
ferromagnetic interaction between the Ni(II) is expected via
both p,-phenoxido and EO azide whereas an antiferromagnetic
interaction should occur through EE azide bridges. Thus it can
be considered as a 1D system with S = 1 exhibiting alternating
ferro- and antiferromagnetic interactions. The Hamiltonian for
the Heisenberg alternating ferro and antiferromagnetic chain
can be written as in eq 2 where N is the number of spin pairs,
Jar and Jpy are the nearest neighbor antiferro- and ferro-
magnetic exchange interactions.

N-1

H=- z ]AFSZiSZi+I + ]FMSZiSZi—l @)
i=1

We used the method developed by Escuer et al.*>” for this kind
of alternating systems to fit magnetic data, defining o = Jgy/!
ash

A good fit is possible only down to 20 K because neither
zero-field splitting nor the Haldane gap effect® is taken into
account. The fit of the experimental data with the above
equation (20—300 K) gave the best parameters Jypz =
—21.6(1.1) em™, @ = 1.58(5) [0 < a < 2], g = 2.034(9)
and R =7.8 X 107°. This implies that Jpy = a |J5el = +34.2(2.8)
cm™,

DFT Calculations. To obtain a better understanding of the
magnetic exchange mechanism through the three different
bridging pathways in complexes 1 and 2, quantum mechanical
DFT calculations were performed using the GAUSSIAN 03
package with broken symmetry formalism. The theoretical
calculation consistently predicted the ferromagnetic ground
state for 1 as was found experimentally. However, the
theoretical magnetic coupling constants obtained from
broken-symmetry calculation for complex 1 is J = +32 cm™
which is rather high compared to the experimental result (J =
+16.1(1) cm™'). Both experimental and theoretical exchange
coupling values are quite low as the antiferromagnetic coupling
via acetate bridges decreases the positive exchanges exerted
from the small angles of phenoxido and EO azido bridges. It is
well established in the literature that the exchange parameters
are roughly additive in nature. So the next set of calculations
was carried out for a model species 1b, obtained by eliminating
the acetate bridges from the triple bridged compound. The |
value as expected is increased (+43 cm™') for model 1b
(lacking the acetates) (Figure S), but only slightly. This implies
that although the acetates exchange antiferromagnetically, the
magnitude is not very high (which is supported by the low spin
densities on the bridging atoms of the acetate ligands in all the
spin states (Figure 6)).

To obtain a rough idea about the exchange strengths of the
azido and the phenoxido groups another set of calculations
were performed by eliminating the azido groups (model 1c). J
value decreases to a value of +18 cm™ as expected. From 1a to
1c there is roughly ((32—18)/32)X100 = 44% decrease in the ]
value, which suggests that the azido group is a weaker positive
coupler as compared to the phenoxido group for this system.

Spin distribution analysis throws light on the nature and
extent of magnetic interaction that takes place between the
paramagnetic centers. Several mechanisms are known that can
explain qualitatively the coupling interactions between the
paramagnetic centers. Among them the spin delocalization
mechanism successfully explains the coupling mechanism. It
describes the delocalization of spin of the paramagnetic centers
over the whole system. However, in most of the transition-
metal complexes the spin density concentrates mostly on the
metal centers. Mulliken spin density distribution analysis of
each spin state of both the model 1b and 1c complexes also
reveals that acetate bridges transmits weak antiferromagnetic
interaction which is supported by the low spin densities on the
bridging atoms of the acetate ligands in all the spin states. But
the azide ligands show strong ferromagnetic interaction due to

(a)

(c)

Figure 5. Systems used for computational studies of complex 1. (a) Trinuclear ferromagnetic unit with two phenoxido, two EO azido and two
acetato bridges, [Niz(L),(OAc),(N;),(H,0),]; (b) trinuclear ferromagnetic unit with two phenoxido and EO azido bridges,
[Niy(L),(N;),(H,0),]**; (c) trinuclear antiferromagnetic unit with two phenoxido and acetato bridges, [Ni;(L),(OAc),(H,0),]>". H atoms

have been removed for clarity.
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Figure 6. Spin density maps for all the three model complexes 1a, 1b, and 1, calculated in the B3LYP level for the single determinant corresponding
to their each state. @ and 3 spins are represented by yellow and green surfaces. The isodensity surfaces correspond to a value of 0.0025 e/b>.

(b)

(a)

(c)

Figure 7. Systems used for computational studies for 2. (a) Dinuclear ferromagnetic unit with two phenoxido and one EO azido bridge, (b)
dinuclear ferromagnetic unit with two phenoxido bridges, (c) dinuclear antiferromagnetic unit with single end-to-end azido bridge.

the considerable spin density distribution over the bridging N
atoms of the azide groups. Molecular orbital analysis also
supports overall ferromagnetic interaction between the Ni(II)
ions in complex 1. The magnetic orbitals are composed of
Ni(II) d;_p2 and dz orbitals and ligands’ orbitals. The
considerable contribution of the ligands’ orbitals to the
magnetic orbitals is responsible for the moderate strong
ferromagnetic interaction in 1. The spin-density distribution
plots for the three models in all their spin-states are shown in
Figure 6 and the corresponding Mulliken Spin-Density values
are given in the Supporting Information, Table S1. The first
thing to notice in all these plots is that the metal atoms have
decreased spin populations and the bridging atoms have
considerable amounts of spin-populations on them (spin-
delocalization), which illustrates the spin exchange pathways.
For example, for model 1a in the ground septet spin state the
Ni atoms have Mulliken spin densities of about 1.65 au each
(while isolated Ni atoms are expected to have 2.00 au, for two
unpaired electrons); while the phenoxido O atoms (O(1) and
O(2), Figure Sa) have about 0.10 au, the azido bridging N
atoms (N(5) and N(6)) have about 0.06 au and the acetate
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bridging O atoms (O(3), O(4), O(S), and O(6)) have about
0.05 au of Mulliken spin-densities (as the state represents the
high-spin state all these values are positive). Also, from the spin
density plots it can be easily seen that the lobes of the orbitals
on the metal atoms containing the unpaired electrons are
directed along the bonding axes, which indicates that the
magnetic orbitals on the metal atoms must be of e, symmetry
(this is normally expected for octahedral geometry for a d®
system, as the do_ and d orbitals contain the unpaired
electrons).

For 2, our main aim is to investigate the origin of ferro and
antiferro magnetic coupling interaction between the two
paramagnetic Ni(II) centers through the bridging phenoxido
and azido (both EO and EE) ligands. Thus, for simplicity we
reduced the polymeric structure of 2 to model dimeric
fragments, [Niy(L),(N;);]™ (2a), [Niy(L),(N3),] (2b), and
[Niy(L),(N;)5(0),]°~ (2c), respectively (Figure 7). In
calculation, the geometric configurations of the model
complexes are taken from the experimental crystal structure
data.
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Figure 8. Spin density maps calculated for the spin states of the model complex 2a at B3LYP level. Positive and negative spin populations are
represented as yellow and green surfaces. The isodensity surfaces correspond to a value of 0.0025 e/b>.

Model 2b
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Figure 9. Spin-density maps calculated for 2b and 2c¢ at the B3LYP level for all spin states. Positive and negative spin populations are represented as
yellow and green surfaces. The isodensity surfaces correspond to a value of 0.0025 e/b>.

In this case the molecular structure of the complex 2 suggests
that the exchange parameter | so obtained, arises primarily
because of three superexchange pathways. The calculated
exchange coupling constants J; = +59 cm™ (from 2a) and ], =
—32 cm™ (from 2c) though high, are consistent with the
experimental results of Jpy = +34.2(2.8) cm™' and Jyp
—21.6(1.1) cm™". Note that although the calculated values are
higher in magnitude, the prediction for the value of @ = 59/32
1.84, which is more important for the alternating chain
system, is quite satisfactory when compared to the experimental
result (a 1.58). We have also performed some DFT
calculations to get better qualitatively insight into the role of
each bridging group toward the exchange coupling constant of
the molecule. When the EO azido group was removed from the
ferromagnetic dimer unit (2b) the ] value reduced to +42 cm™,
indicating that this azido group is responsible for roughly 29%
of the overall ferromagnetic exchange, and the rest is equally
shared by the two equivalent phenoxido bridges.

The spin-density distribution plots for the three models of 2
in all their spin-states are shown in Figures 8 and 9, and the
corresponding Mulliken Spin-Density values are given in the
Supporting Information, Table S2.

Although the theoretical and experimental results agree in
sign, the magnitude of ] values obtained by DFT calculations
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are considerably higher than the experimental ones. This may
be attributed to either the intrinsic limitations of the method,
the flexibility of the structures that allow structural changes
when the sample is cooled, or simply the fact that the basic
units are not magnetically isolated, as indicated by the
intercluster exchange parameter.

Magnetostructural Correlations. To understand the
ferromagnetic coupling exhibited by complex 1, one has to
focus on the simultaneous presence of three exchange pathways
through u,-phenoxido, syn-syn carboxylate, and the EO azido
bridges (Figure 10). Among them, it is well-known that the syn-
syn conformation of carboxylate ligands cause antiferromagnetic
coupling, EO azido bridges transmit ferromagnetic coupling
whereas fi,-phenoxido bridges can transmit either antiferro or
ferromagnetic interaction depending upon Ni—O(phenoxido)—
Ni bridging angles.39 To the best of our knowledge, among the
structurally and magnetically characterized mixed bridged
complexes, only three are reported in which the carboxylato
and azido group form a mixed double bridge,40 and in other
seven they form mixed triple bridges between the Ni(II) ions.
The structures of these triple bridged compounds show one
example each of a two-dimensional polymer*" with alternating
double EO azido bridges and (EO-azide)bis(carboxylate)
bridges, a hexanuclear complex with azido, acetato, and

dx.doi.org/10.1021/ic300547w | Inorg. Chem. 2012, 51, 8150—8160
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Figure 10. The coordination environment of the Ni(II) ions in

compound 1 showing the bridging angles (in deg).

carbonato bridges,** a Ni, cluster containing syn-syn carbox-
ylate, EO azido, and an oxido from a di-2-pyridyl ketone
ligand,™* a Ni cluster having two different set of triple bridges:
one EO azido, syn-syn p,:n':n" and syn-syn-anti py:n':n* acetate
and another EO azido, syn-syn u,:n':n' acetate and methox-
ido™® and a Ni cluster in which two nickel atoms are bridged
through EO azido, carbonato and methoxy oxygen atom of the
organic ligand.®° An octa-nuclear Ni(II) polyoxometalate
cluster has been also reported with acetate, azido(disordered),
and oxido bridges.43d A similar trinuclear core like compound 1
has been reported earlier (but without the magnetic study) in
which two adjacent nickel atoms are linked through an EO
azido, p,s-acetate and one 4phenoxjdo oxygen atom of the
tridentate Schiff base ligand."* Therefore, complex 1 is only
the second example of a triple bridged trinuclear complex
involving azido, phenoxido, and acetato ligands between Ni(II)
ions. In complex 1, Ni—N—Ni angle is 95.51(12)° indicating a
ferromagnetic coupling through this pathway whereas the
antiferromagnetic exchange is expected through the syn-syn
carboxylate bridge both of which have been confirmed by DFT
calculations. On the other hand, though the Ni—O—Ni angle of
99.50(13)° is ordinarily expected to transmit antiferromagnetic
coupling, our DFT calculations show that it is in fact a
ferromagnetic coupler in compound 1.

Complex 2 is an EE azido bridged 1D polynuclear chain in
which the basic building block is di-y,-phenoxido and EO azido
bridged dinuclear entity. Usually the di-p,-pheoxido dinuclear
complexes are found to be antiferromagnetic. However, we
found earlier that'*™'” if an additional single atom bridge (e.g.,
aqua) is introduced in such dinuclear units that may bring
down the Ni—O(phenoxido)—Ni angle to a value lower than
the critical one, and consequently make the exchange coupling
ferromagnetic. In the present compound, the Ni-O-
(phenoxido)—Ni bridging angle is 85.87(6)°, which is in the
range of ferromagnetic interactions. Therefore, in the dinuclear

core both EO azido and phenoxido bridges transmit
ferromagnetic interaction as was confirmed by DFT calcu-
lations. There are many single EE azido bridged Ni(II) 1D
polynuclear complexes,”** and this bridge is well-known for
transmitting antiferromagnetic coupling. For this bridge, the
Ni—N-N angle and the Ni—N,,4.—Ni torsion angle are the
most significant structural parameters that influence the
magnitude of coupling. The maximum antiferromagnetic
coupling is expected for Ni—N—N angles close to 108°, and
this coupling decreases at higher values with an accidental
orthogonality valley centered at 165°. On the other hand, the
highest antiferromagnetic coupling appears when the torsion
angle is 0° (or 180°) and diminishes when the torsion angle
increases.*> In compound 2 the Ni—N—N angle is 118.60(16)°
and the Ni—N,;4.—Ni torsion angle is 42.68(8)°, both of which
indicate a weak antiferromagnetic coupling as is confirmed by
DFT study (Table 4).

It is worth to mention here that quite a few dinuclear Ni(II)
complexes of mixed y,-phenoxido and EO azido bridges are
reported in the literature.*® However, the triply bridged (di-u,-
phenoxido and EO azido) dinuclear core as in compound 2 is a
new entity (Figure 11). Thus the 1D topology of compound 2

Figure 11. The coordination environment of the Ni(II) ions in
compound 2 showing the bridging angles (in deg).

in which a ferromagnetic dinuclear nickel(II) core is joined by
EE azido bridges is unprecedented although the alternating EO

and EE azido bridged chain of Ni(II) are well documented.% 0247

B CONCLUSION

Two complexes have been synthesized using a tridentate
N,N,O donor Schiff base ligand (2-[(3-dimethylaminopropyli-
mino)-methyl]-phenol) along with N5~ and CH;COO™ (for 1)
and only N;~ (for 2) as anionic coligands. Compound 1
presents a rare mixed tribridged (phenoxido, 4, ;-azido and syn-
syn carboxylato) linear trinuclear Ni(II) complex whereas
compound 2 is an unprecedented 1D polymer in which the
basic Ni, units, formed by a new combination of mixed bridges
(double phenoxido and g, ;-azido), are joined through a single
U, 3-azido bridge. Compound 1 shows a dominant ferromag-

Table 4. Comparison of Magneto-Structural Parameters and DFT Results of Compounds 1, 2

experimental J phenoxido bridged Ni—O—Ni EO azido bridged Ni—N—Ni Ni--Ni theoretical ]
complex value in cm angles and distances angles and distances distances values in cm™
[Ni;L,(0Ac),(N;),(H,0),]-2H,0 16.51(6) 99.50(13)° 95.51(12)° +32
e
2.023(3) A 2112(3)A 3.1102) A
2.051(3) A 2.089(3)A
[Ny (p1,,-N3) (113-N3) (L), ], (2) Je = +34.2(2.8) 85.86(6)° 86.12(10)° 2.857(2) A Je = +59
Jar = —21.6(1.1) 2.008(2) A 2.092(2) A Jap = =32
2.182(2) A
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Inorganic Chemistry

netic behavior which is a result of ferromagnetic interactions via
both EO azido and phenoxido bridges and antiferromagnetic
interaction through a syn-syn carboxylate bridge as is confirmed
by DFT calculations. In complex 2, the three single-atom
bridges between Ni(II) atoms make the phenoxido bridging
angle small (85.86(6)°) and consequently it transmits
ferromagnetic interaction along with the EO azido-bridge
within the dinuclear units, and antiferromagnetic coupling is
exhibited through the single EE azido-bridge. The DFT
calculations have been done to understand the overall magnetic
behavior of the compounds and also to find the contribution of
each bridge. Theoretical results afford a satisfactory agreement
with the experimental observations.
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