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ABSTRACT: Two new polynuclear manganese(II) com- 401 8

plexes [Mn(dptz)(N),], (1) and [Mn(azpy)(Ny).], (2) Z 37 3 o

(where dptz = dipyridyl-tetrazine and azpy = 4,4'-azobis- 5 2s: g

(pyridine)) have been synthesized by self-assembly of the £ it 5

ligand azide, together with dptz and azpy as secondary spacers. = o 5 2

The compounds are characterized by single-crystal X-ray ::; iy 4 ) 3 N,
diffraction analyses and variable-temperature magnetic meas- S0 50 100 TIE%E) 200 250 300 0 50 100 T|(5£] 200 250 300

urements. The structural analyses reveal that in complex 1,
which is the first reported Mn(II) complex with the ligand
dptz, two y,; bridging azides connect neighboring manganese ions in a zigzag manner to generate a neutral two-dimensional
(2D) sheet which is further connected by the dptz ligands to form a three-dimensional (3D) framework. By contrast, complex 2
contains dimeric [Mn,(y;;-N;),]*" fragments linked to four identical motifs by means of four single H13-N; bridges, that
generates a neutral 2D Mn''—azide sheet which is further interconnected by azpy ligands to neighboring manganese ions forming
an unprecedented 3D network. Variable-temperature (2—300 K) magnetic susceptibility measurements show the presence of
predominantly antiferromagnetic coupling for both complexes that has been reproduced with a regular antiferromagnetic S = 5/2
chain (J) with interchain interactions (j) modeled with the molecular field approximation with J = —=7.1 cm™" and j' = —0.8 cm™
for 1and J = =42 cm™ and j' = 0.1 cm™ for 2.

B INTRODUCTION controlling the topology and dimensionality of the resulted
coordination polymers.

Since long, neutral, N-donor ligands such as pyrazine, 4,4'-
bipyridine, bipyrimidine, trans-1,2-bis(4-pyridyl)ethylene, 1,4-
bis(4-pyridyl)-2,3-diaza-1,3-butadiene, and so forth have been
widely used to construct supramolecular architectures along
with various anionic species that compensate for the charge of
the resulting metal—organic frameworks.”'® It is well-known
that by a judicious choice of the organic spacer and the central
metal ion, it is possible to construct specific architectures with
predetermined topologies, connectivities, and even properties.
The Mn(I) ion, which is an attractive candidate as a
paramagnetic center because of its high S = 5/2 value, has
been connected by these nitrogen-containing heterocycles
along with azide ions by many groups to synthesize
coordination polymers of diverse topologies with interesting
magnetic properties such as ferro-, antiferro-, and ferrimagnet-
ism, alternating ferro/antiferromagnetism, metamagnetism,
spin-canting, spin flop, and so forth."" The structure-function
relationships of the complexes formed in this way clearly
indicate that the bridging modes of the azido groups as well as
the nature of the nitrogen containing linkers can play a crucial

Over the past few years, colossal efforts have been made to
develop new high dimensional coordination polymers because
of their fascinating structural diversities, their importance in
understanding magneto-structural correlations, and their
promising potential applications in functional materials.' An
important strategy to develop polynuclear magnetic materials is
to connect the paramagnetic transition metal ions by short
bridging ligands which can efficiently mediate the magnetic
coupling. Among the used anions, the azide ion is a very
popular choice because of its versatile coordinating ability that
ranges from ;; (end-on, EO) and y,; (end-to-end, EE) to
My Mty Hiuy Huae and fpisss depending upon the
steric and electronic demands of the coligands.z_ Moreover,
the nature of the magnetic coupling between the metal centers
depends upon its coordination modes. For example, EO and EE
modes typically mediate ferromagnetic® and antiferromagnetic®
interactions, respectively, although exceptions have been
reported.” Therefore, one of the most interesting consequences
of the coexistence of different bridging modes in the same
compound is the formation of various topologies with
alternating ferro- and antiferromagnetic interactions.® In
addition to the short bridging ligands, various types of
coligands are used for the construction of such polynuclear Received: November 21, 2012
complexes, and these coligands play a very important role in Published: January 17, 2013
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role in determining the overall structure and magnetic
properties of the coordination networks. On the other side,
the use of long linear coligands constitutes a promising strategy
to prepare high dimensional polymeric coordination structures
containing cavities or channels (ie., metal organic frameworks
or porous coordination polymers) provided the long ligands
adopt a linear disposition.

Herein, we report the synthesis, X-ray single crystal structure
analysis, and variable temperature magnetic study of two
manganese(II) coordination polymers [Mn(dptz)(N;),],(1)
and [Mn(azpy)(N;),], (2) (where dptz = dipyridyl-tetrazine
and azpy = 4,4'-azobis(pyridine), Scheme 1).

Scheme 1. Organic Linkers Used As Pillar
= < e

dptz azpy

In compound 1, u;3-N; bridging groups connect the
neighboring manganese ions in corrugated square grids which
are connected by dptz linkers to generate a three-dimensional
(3D) structure. In contrast, in compound 2, the Mn(II) ions
form dimers linked by double y, ;-N; bridges that are linked to
four identical dimeric entities by means of single 4, ;-N; bridges
to generate two-dimensional (2D) Mn"-azide sheets which are
further interconnected by the azpy ligand to form an
unprecedented 3D network. It is to be noted that dipyridyl-
tetrazine (dptz) has rarely been used to construct coordination
polymers with metal ions. Thus, a search in the Cambridge
Crystallographic Data Base (CSD, updated August 2012)
shows only 24 metal complexes with the dptz ligand: 11 with
Zn, 5 with Cu, 3 with Cd or Ag, and 1 with Ni or Re.
Therefore, compound 1 is the first manganese(II) complex
with this linker. The azpy ligand has been more often used and
thus, the CSD shows almost 200 metal complexes with this
ligand although only 10 of them are Mn complexes and only 6
present Mn-azpy-Mn bridges, as observed in compound 2.

B EXPERIMENTAL SECTION

Starting Materials. The reagents and solvents used were of
commercially available reagent quality unless otherwise stated and
were used without further purification.

Synthesis of the Ligands. 4,4’-Azobis(pyridine) (azpy) and
dipyridyl-tetrazine (dptz) were synthesized as orange and purple solids
respectively following literature methods.'?

Caution! Perchlorate and azide salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material should be
prepared and handled with great care.

Synthesis of [Mn(dptz)(N5),],(1). An aqueous solution (10 mL)
of NaN; (2 mmol, 0.130 g) was mixed with a methanolic solution (10
mL) of Mn(ClO,),-6H,0 (1 mmol, 0361 g), and the resulting
solution was stirred for 15 min. Dipyridyl-tetrazine(dptz) (1 mmol,
0.236 g) was dissolved in 15 mL of CH,Cl, and this solution was
slowly and carefully layered with the Mn(Il)-azide solution. Red
colored hexagonal shaped single crystals suitable for X-ray diffraction
were obtained on the wall of the tube after several days.

Complex 1: Yield: 0.27 g; 73%. Anal. Calcd. for
C,HgMnN,(375.24): C, 38.41; H, 2.15; N, 44.80 Found: C, 38.33;
H, 2.09; N, 44.89. IR (KBr pellet, cm™): 2086 v(N=N) (bridging
azide).

Synthesis of [Mn(azpy)(N3),],(2). An aqueous solution (10 mL)
of NaNj (2 mmol, 0.130 g) was added to S mL of an aqueous solution
of Mn(ClO,),-6H,0 (1 mmol, 0.361 g), and the resulting solution was

1641

stirred for about 15 min. This solution was slowly and carefully layered
with 15 mL of a methanolic solution of azpy (1 mmol, 0.184 g).
Orange colored plate-like single crystals suitable for X-ray diffraction
were obtained on the wall of the tube after 2—3 weeks.

Complex 2: Yield: 0.22 g; 67%. Anal. Calcd. for
C,0HgMnN,,(323.20): C, 37.16; H, 2.50; N, 43.34 Found: C, 37.25;
H, 2.41; N, 43.23. IR (KBr pellet, cm™"): 2073 1},,,d(N=N) (bridging
azide), 1593 v(N=N).

Physical Measurements. Elemental analyses (C, H, and N) were
performed using a 2400 series II CHN analyzer. IR spectra in KBr
(4500—500 cm™") were recorded using a Perkin-Elmer RXI FT-IR
spectrophotometer. Variable temperature magnetic susceptibility
measurements were carried out in the temperature range 2—300 K
on polycrystalline samples of the two compounds (with masses of
13.64 and 33.41 mg for compounds 1 and 2, respectively) using an
applied magnetic field of 0.1 T with a Quantum Design MPMS-XL-5
SQUID magnetometer. The isothermal magnetizations were made at 2
K with magnetic fields up to 5 T. The susceptibility data were
corrected for the sample holder previously measured using the same
conditions and for the diamagnetic contributions of the salt as deduced
by using Pascals constant tables (y4, = 164.76 X 107® and —143.54 X
107 emu.mol™" for 1 and 2, respectively).

Crystallographic Data Collection and Refinement. A total of
2909 (for 1) and 3561(for 2) independent reflection data were
collected with MoKa radiation at 293 K using a Bruker SMART
diffractometer equipped with a graphite monochromator for 1 and at
150 K using the X-Calibur CCD diffractometer at the University of
Reading for 2. Data analysis for 1 was carried out with the Patterson
method by using the SHELXS-97" program and for 2 was carried out
with the CrysAlis program.** The structures were solved using direct
methods with the SHELXS-97 program. The non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen
atoms bonded to carbon were included in geometric positions and
given thermal parameters equivalent to 1.2 times those of the atom to
which they were attached. Absorption corrections for 1 and 2 were
carried out for using the SADABS and ABSPACK programs
respectively.'> Both structures suffered from merohedral twinning so
the diffraction patterns were pseudo orthorhombic. The twin ratios
were refined with ratios x:1—x with x refining to 0.54(1) in 1 and
0.52(1) in 2. The structures were refined on F* to R; = 0.0567 and
0.1102 and wR,= 0.1581 and 0.2943 for 2353, 1368 data with I >
20(D)for 1 and 2, respectively (Table 1).

B RESULTS AND DISCUSSION

Synthesis. Dipyridyl-tetrazine is soluble in dichloromethane
but not in methanol or water. When a CH,Cl, solution of dptz
was allowed to react with a methanol—water mixture of
manganese(II) perchlorate and sodium azide, a red powder of
compound 1 was produced immediately by self-assembly. On
the other hand, 4,4’-azobis(pyridine) is soluble in methanol.
Therefore, for the synthesis of compound 2, a methanol
solution of azpy was added to the water solution of
manganese(II) perchlorate and sodium azide. Here also the
orange colored powder separated immediately. Both products
are sparingly soluble in common organic solvents. So, to obtain
single crystals and crystalline compounds, the corresponding
linker was dissolved in the solvent as mentioned above and
diffused into a methanol—water solution of Mn(II) containing
azide anions. It may be noted that both compounds 1 and 2
have the same metal to ligand ratios (1:2) and possess 3D
frameworks, but the bridging mode of the azido ligand and the
topology of the frameworks are very different (see description
of structures below).

IR Spectra of the Complexes. Spectroscopic data and
their assignments are given in the Experimental Section.
Assignments are based on the structures of 1 and 2 and related
complexes previously reported.'® The coordination mode of
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Table 1. Crystal Data and Structure Refinement of

Complexes 1 and 2

1 2
formula C;,HgMnN,, C,oHgMnN,,
formula weight 37524 323.20
space group P2,/n P2,/c
crystal system monoclinic monoclinic
a/ A 7.426(5) 9.933(4)

b/ A 21.307(14) 9.1087(16)

o/ A 9.324(6) 14.479(4)
p/deg 90.127(7) 91.352(7)

V/A? 1475.3(17) 1309.7(7)

V4 4 4

calculated density D.,./g cm™  1.689 1.639
absorption coeff.(u) mm™" (Mo Ka) 0.921 (Mo Ka) 1.019
F(000) 756 652

crystal size (mm) 0.05 X 0.05 X 0.30 0.07 X 0.07 X 0.26
0 range (deg) 1.0 to 26.9 2.6 to 30.0
R(int) 0.048 0.125

no of data measured 10095 6479

no. of unique data 2909 3561

data with I > 26(I) 2353 1368

R1, wR2 0.0567, 0.1581 0.1102, 0.2943
residual electron density(e A™)  0.542, —0.605 0.962, —1.380

azide to transition metal is usually detected by the IR band due
to v,((N;) which occurs above 2000 cm™. In general, it appears
around 2055 cm™" for the bridging azide and below 2055 cm™
for the terminal ion. In the spectrum of complex 1, a sharp and
strong band at 2086 cm™" is indicative of the presence of the
bridging azide whereas a broad band at around 2073 cm™" for
complex 2 corroborates the presence of two types of bridging
modes of azido ligands (u,, and y, 5 bridges). In complex 1,
one single, sharp and strong band at 1390 cm™, indicates the
presence of dptz. Compound 2 exhibits one single, sharp and
strong band at 1593 cm™!, attributable to the presence of the
N=N stretch vibration of the azpy ligand.

Description of Structures of Complexes 1 and 2.
Complex 1 is a 3D coordination polymer built by inorganic
layers connected by the organic dptz ligand. The inorganic
layers are formed by Mn(II) ions bridged by single y, 5 azido
bridges. The asymmetric unit of complex 1 contains one
Mn(II) atom, one dptz ligand, and two azide ions as depicted in
Figure 1.

The Mn(II) atoms assume a distorted octahedral geometry
being bonded to four p, ; bridging azido groups together with
two trans nitrogen atoms from the two dptz ligands. The four
azido nitrogen atoms (N1, N3’, N4, and N6” (symmetry codes ’
=x—0505—y2z+05 "=x+05 05—y z+0.5)),

constitute the equatorial plane with Mn—N distances ranging
from 2.202(5) to 2.249(S5) A while the pyridyl nitrogens (N11
and N21) from dptz ligands coordinate in trans axial positions
with slightly elongated Mn—N distances of 2.276(4) and
2.266(4) A, respectively. Selected bond lengths and angles are
summarized in Table 2.Thus, each Mn(II) is connected to four

Table 2. Bond Distances (A) and Angles (deg) in the Metal
Coordination Sphere of Complex 1°

Bond Distances (A)

Mn(1)-N(1) 2.249(5)
Mn(1)-N(3)’ 2.202(5)
Mn(1)-N(4) 2.235(5)
Mn(1)-N(6)" 2.213(5)
Mn(1)-N(11) 2.276(4)
Mn(1)-N(21) 2.266(4)
Bond Angles (deg)
N(3)'—=Mn(1)—-N(6)" 90.5(2)
N(3)'-Mn(1)—N(4) 89.8(2)
N(6)'~Mn(1)—N(4) 175.9(2)
N(3)'=Mn(1)—-N(1) 174.6(3)
N(6)—Mn(1)—-N(1) 91.4(2)
N(4)—Mn(1)-N(1) 88.0(2)
N(3)'-Mn(1)—-N(21) 93.9(2)
N(6)"—Mn(1)-N(21) 92.3(3)
N(4)—Mn(1)—-N(21) 91.8(2)
N(1)—Mn(1)—-N(21) 91.1(2)
N(3)'=Mn(1)-N(11) 89.1(2)
N(6)"—Mn(1)-N(11) 86.9(2)
N(4)—Mn(1)—-N(11) 88.9(2)
N(1)—Mn(1)-N(11) 85.9(2)
N(21)-Mn(1)-N(11) 176.9(2)
“Symmetry elements: ' =x — 0.5,0.5 —y,z+ 0.5, " =x + 0.5, 0.5 — 3,

z + 0.5.

neighbors via single y,; azido bridges, yielding a neutral 2D
(4,4) Mn(II)azido-based quadratic layer parallel to the ac plane
(Figure 2a).

The Mn—N—(N)—N—Mn torsion angles are 75.5° and
61.3°%, and the Mn—Mn distances spanned by the pu;3-N,
bridges are 6.077(2) and 6.065(2) A, respectively. Adjacent
azido bridged Mn atoms are related by 2-fold screw axes leading
to a systematic alternation of slanted coordination polyhedra
throughout the layer: the equatorial plane of each Mn(II) ion
makes a dihedral angle of 40.5° with the plane formed by the
Mn(II) ions in the layer. The equatorial planes of neighboring
Mn(II) ions are almost orthogonal with a dihedral angle of
86.74°. The systematic alternation in coordination orientation

Figure 1. Coordination environment of the Mn(II) ion in the structure of 1 with ellipsoids at 30% probability. Symmetry codes ' = x — 0.5, 0.5 — y, z

+05,"=x+0505—yz+05.
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Figure 2. Structure of compound 1: (a) Projection of the square sheet formed by p, ; azido bridged Mn(II) ions; (b) Side view showing the
undulating shape of the layer; (c) Pillaring of the inorganic layers in a concave-to-convex mode and (d) 3D framework resulting from the connection

of the square sheets by the dptz molecules.

Figure 3. Stabilization of the 3D framework in 1 by CH---7 supramolecular interactions.

leads to the undulating shape for the manganese(II) azido layer
depicted in Figure 2b.

The inorganic layers are connected by the linear organic dptz
spacers in a concave-to-convex mode (Figure 2c) to generate a
hybrid 3D architecture (Figure 2d). The spacers are arranged
almost orthogonally with respect to the two neighboring azido
bridged Mn(II). The Mn—Mn distance through the pillar
ligands (15.56 A) is much longer than the interlayer separation
(10.653 A) and the shortest interlayer Mn—Mn distance (9.497
A).

Although there are no significant z-stacking interactions
between aromatic rings in 1, there are several edge-to-face
intermolecular C—H:--7 interactions between the pyridine rings
disposed approximately perpendicular to the adjacent pyridyl
rings of neighboring dptz ligands (Figure 3). The distance
between H22 and the centroid of the pyridine ring of adjacent
dptz moieties is 2.87 A and the C22—H22---Cg angle is 159°,
whereas, the distance between H26 and the centroid of the
pyridine ring of adjacent dptz moieties is 2.75 A and the C26—

1643

H26---Cg angle is 147°. [Cg = centroid of the pyridine ring
(N(11)—C(12)—C(13)—C(14)—C(15)—C(16)].

A CSD search shows that only 9 manganese(Il) azido
compounds containing single y,; azido-bridged (4,4) layers
have been reported to date. Six of these nine are 3D pillared-
layer networks with pyrimidine(pym),'” pyrazine-N,N’-dioxide-
(pzdo),"'® 4-pyridylmethylketazine (4-pmk),"'? two with 4,4'-
bipy,'® and N,N’-bis-(1-pyridin-4-yl-ethylidene)-hydrazine
(hyd)" as pillars. The undulating 2D layer in 1 is very similar
to those observed in the 2D compounds [Mn(4-
aCPY)z(N3)2]mHa Mn(N,),(btr),,** and [Mn(minc),(N,),],'"®
(4-acpy = 4-acetylpyridine, minc = methyl isonicotinate, btr =
4,4'-bi-1,2/4-triazole) and the 3D polymers [Mn(4,4'-bipy)-
(N3)a1w'™® [Mn(pym)(N3)2:|n,17 [Mn(4'Pmk)(N3)z]mud Mn-
(N3),(pzdo)™ and [Mn(hyd)(N;),],."" Among these 3D
polymeric structures, the complexes with 4,4'-bipy"® exhibit
two topologically and magnetically different metal organic
frameworks (MOFs): one is a ;3 azido bridged 3D
manganese(II) lattice with bridging 4,4'-bipyridine ligands

dx.doi.org/10.1021/ic302548z | Inorg. Chem. 2013, 52, 1640—1649
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Figure 4. Coordination environment of the Mn(II) ion in the structure of 2 with ellipsoids at 30% probability.(Symmetry codes: ' = 1 — x, 0.5 + y,

05—2"=1—x -y, 1 —z).

and the second is an acentric 3D structure where Mn(II) ions
are linked through y, ;-azido groups resulting in a diamond-like
network. The former is structurally similar to that of 1. The
pzdo, 4-pmk, pym, and hyd-based structures produce a similar
topological network to that of compound 1 but with a
significant change in the interlayer distance although the
interlayer stacking mode and net topology remain the same.

Complex 2 is also a 3D coordination polymer built by the
organic azpy ligand interlinking 2D inorganic layers in which
doubly i, , azido-bridged dimanganese(II) units are joined by
single 1, 3 azido bridges. The asymmetric unit consists of one
Mn(II) ion, one azpy ligand, and two azide ions (one y, 3 and
one 4, ;). The Mn(II) coordination environment of compound
2 is similar to that of 1: an elongated octahedron formed by
four azido ligands in the equatorial positions (with Mn—N
bond lengths in the range 2.159(8)—2.189(8) A) and two trans
N atoms from azpy ligands in the axial positions with Mn—N
bond lengths of 2.258(9) and 2.291(9) A (Figure 4). The two
pyridine rings of the azpy ligands are approximately coplanar,
with a dihedral angle of 3.5(3)°.The relevant bond parameters
are collected in Table 3.

In the Mn(II) dimers, the two metals are symmetry related
over an inversion center and bridged by two u, ;-azides though
N4 and N4’ as shown in Figures 4 and Sa. In the Mn,N, planar
ring, the Mn—N—Mn bridging angle is 103.94(3)° and the
Mn:-Mn distance is 3.448(2) A. Each dimeric [Mn,(y, -
N,),]** fragment is linked to four identical dimers by means of
single y1,; azido bridges generating a neutral 2D Mn"-azide
sheet (Figures Sb and Sc). The layers are parallel to the bc
plane and exhibit a three-connected (6,3) topology, with Mn
atoms as nodes and both double y,; and single u,; azido
bridges as linkers. The Mn--Mn distance along the pu,3-N;
bridge is 5.935(3) A, and the Mn—N—N—N—Mn torsion angle
is 70.2°. The layer structure may also be described as consisting
of single 41, ; azido-bridged Mn(1I) helical chains interlinked by
double 4, ; azido bridges. The helical chains twist around 2-fold
screw axes along the ¢ direction. The helicity leads to a
systematic alternation of two different orientations of the
Mn(II) coordination spheres along the chain resulting in an
almost orthogonal orientation of the equatorial planes of the
neighboring Mn(1II) centers linked by single 4, ; azido bridges
(with a dihedral angle of 83.1°). This alternation also results in
an almost orthogonal orientation on the Mn,N, planar rings of
adjacent dimers (dihedral angle of 81.1°) leading to an
undulating inorganic layer (Figure Sd).

The 2D inorganic layers are connected by azpy ligands to
form a 3D inorganic—organic hybrid coordination network
(Figures Se and 5f). These azpy ligands adopt a nearly planar
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Table 3. Bond Distances (A) and Angles (deg) in the Metal
Coordination Sphere of Complex 2

Bond Distances (A)

Mn(1)-N(1) 2.175(9)
Mn(1)-N(3)’ 2.159(8)
Mn(1)-N(4) 2.189(7)
Mn(1)-N(4)" 2.189(8)
Mn(1)-N(11) 2.291(9)
Mn(1)-N(22)" 2.258(9)
Bond Angles (deg)
N(1)—Mn(1)-N(3)’ 98.6(3)
N(1)—Mn(1)—-N(4) 166.0(3)
N(3)'—Mn(1)-N(4) 95.4(4)
N(1)-Mn(1)-N(4)" 90.0(3)
N(3)'~Mn(1)-N(4)" 171.3(4)
N(4)—Mn(1)-N(4)" 76.1(3)
N(1)—Mn(1)—-N(11) 88.3(3)
N(3)'—Mn(1)—-N(11) 89.4(3)
N(4)—Mn(1)-N(11) 91.8(3)
N(4)”"—Mn(1)—N(11) 92.7(3)
N(1)-Mn(1)-N(22)"’ 91.5(3)
N(3)'—=Mn(1)-N(22)"’ 86.7(3)
N(4)-Mn(1)-N(22)" 89.4(3)
N(4)"—Mn(1)-N(22)" 91.3(3)
N(11)-Mn(1)-N(22)"’ 176.0(3)

“Symmetry elements: '=1—1x,05+7505—-2"=1—-x-y,1—z
==1l4+x-1+yz

transoid conformation and connect Mn(II) ions from
neighboring layers with a Mn--Mn distance of 13.477 A,
significantly longer than the interlayer separation (9.929 A),
defined as the distance between the mean Mn(Il) planes of
neighboring layers. In contrast to compound 1, the undulating
inorganic layers are stacked in a concave-to-concave mode
(Figure Se). The 3D framework is further stabilized by two
types of face to face 7—x interactions between the pyridine
rings of the spacer azpy molecules (see Figure 6a): first
between pyridine rings of azpy ligands connecting Mn(1I) ions
of the same dimer and second between different dimers with
centroid—centroid distances of 3.627(6) and 3.642(6) A,
respectively. These sn—7 interactions are quite strong, as
shown by the dihedral angles between the rings (3.5° and 16.7°,
respectively) and the slip angles (16.1° and 7.9°, respectively).

Although metal azido layers with alternate double y,, and
single ;3 azido bridges have been found in ten different
Mn(II) compounds, a detailed search in the CSD database
shows that only five of these ten compounds present a bridging
pattern of the inorganic metal-azide layer similar to that of
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Figure S. (a) y,, azido-bridged dimeric cationic unit [Mn, (s, ,-N3),]*"; (b) Connection of the [Mn,(u, ,-N;),]** fragments to four identical dimers
by means of single 4, ;-azido bridges. (c) Top view and (d) Side view of the neutral (6,3) 2D Mn(II)-azido sheets. (e) Side view of the Mn-azido
layers showing the azpy ligands connecting the layers in a concave-to-concave mode, and (f) Top view of the 3D framework showing the layers

connected by the azpy ligands.

Figure 6. (a) Supramolecular 7—7 interactions between the pyridine rings of the pillar ligands. (b) Perpendicular arrangement of the pillars

connecting Mn(II) of different dimers in complex 2.

compound 2 in which doubly p,;-N; bridged dimers are
connected to four neighboring dimers through single y;;-N;
bridges. Three of these are 3D networks containing N-methyl-
4-pyridinium tetrazolate (mptz),”" bipyrimidine (bpym),”* and
N,N'-bis-(1-pyridin-4-yl-ethylidene)-hydrazine (hyd)'® spacers
respectively. The remaining complexes are 2D or 1D.>* Among
the three 3D structures, in those containing mptz>' and
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bpym,>* the hybrid inorganic—organic 2D layers containing the
#1,-N; and the organic ligands are further connected by y; ;-N;
bridges to construct the 3D framework and, therefore, only in
the compound containing N,N'-bis-(1-pyridin-4-yl-ethylidene)-
hydrazine)'? does the coligand act as a pillar between the 2D
Mn-azido inorganic layers to form a 3D network, as observed in
2. However, in this last example, the pillars connecting adjacent

dx.doi.org/10.1021/ic302548z | Inorg. Chem. 2013, 52, 1640—1649



Inorganic Chemistry

Mn(II) ions of neighboring dimers are parallel whereas in 2
they are perpendicular (Figures Se and 6b), thus, giving rise to
an unprecedented topology.

Magnetic Properties. The product of the molar magnetic
susceptibility times the temperature (y,,T) per Mn(II) ion for
compound 1 shows a room temperature value of about 4.0 emu
K mol™, slightly below the expected value of 4.375 emu K
mol ™" for one isolated Mn(II) ion with g = 2 . When cooling
down the sample, the y,, T product shows a progressive and
continuous decrease to reach a value of about 0.05 emu K
mol ™" at 2 K (Figure 7). This behavior indicates the presence of
predominantly antiferromagnetic interactions between the
Mn(II) ions in compound 1.

4.0 e
353 al
3.04
2.54
2.04
1.59
1.0
0.54
0.0

YT (emuK.mol-1)

0.0 -
0 10

T T T
150 200 250 300
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40

20

30 50

0 5‘0 160
Figure 7. Thermal variation of the y,,T product per Mn(II) ion for

compound 1. Solid and dashed lines represent the best fit to the
models (see text).

Although the structure of compound 1 presents a 3D
network, we can consider that the magnetic coupling through
the long pillars connecting the Mn-azido layers is negligible.
Once this interaction is removed, the structure of compound 1
consists of a rectangular 2D layer where each Mn(II) ion is
connected to four different Mn(Il) ions through two different
#13-N; bridges (N1-N2—N3 and N4—N5—N6) in opposite
directions. Accordingly, as a first approximation, we create two
different models: (i) a square 2D lattice, if we consider that the
two azido bridges are similar, and (ii) a rectangular 2D lattice
modeled by a regular linear chain with interchain interactions, if
we consider that the two azido bridges are different. Thus, for
the first structure, we fitted the magnetic properties of
compound 1 with a § = 5/2 quadratic layer antiferromagnet
(QLAF) model** This model reproduces quite well the
magnetic properties of compound 1 with the following
parameters: g = 2.0 (fixed value) and J = —2.8 cm™" (dashed
line in Figure 7). However, in the low temperature region the
agreement between the experimental data and the model is not
so good (inset in Figure 7). The second model (a regular S =
5/2 chain®® with interchain interactions modeled with the
molecular field approximation)*® gives a much better agree-
ment in the whole temperature range with the following
parameters: g = 2.0 (fixed value), J = —7.1 cm™' and j = —0.8
cm™, (solid line in Figure 7) (all the Hamiltonians are written
as H = —J}'SS.,.).

The y,,T product per Mn(1I) dimer of compound 2 shows at
room temperature a value of about 8.3 emu K mol™’, close to
the expected value of 8.75 emu K mol™" for two noninteracting
Mn(II) ions. When cooling down the sample, y,,T shows a
continuous and progressive decrease to reach a plateau between
about 8 and 4 K with a value of about 1.0 emu K mol™. Below
about 4 K y,,T shows a more abrupt decrease to reach a value
of about 0.6 emu K mol™" at 2 K (Figure 8). This behavior
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indicates, as in compound 1, the presence of predominantly
antiferromagnetic interactions between the Mn(II) ions.

AmT (emu.K.mol-1)

29 :
0 Yo" 50 4o se oo
T T T T T
0 50 100 150 200 250 300
T(K)

Figure 8. Thermal variation of the y,,T product per Mn(II) dimer for
compound 2. Solid and dashed lines represent the best fit to the
models (see text).

Compound 2 presents a 2D layer formed by Mn(II) dimers
presenting a double 4, ;-N; bridge which are further connected
with four other dimers through single y,3-N; bridges. If we
assume that the p,3-N; bridges give a larger (antiferro)-
magnetic coupling, from the magnetic point of view, compound
2 can also be considered as a regular zigzag Mn(II) chain with
intrachain y,;-N; bridges that are further connected through
interchain double y,;-N; bridges. Accordingly, we have fitted
the magnetic properties of compound 2 with two different
models: (i) a S = §/2 dimer with interdimer interactions
modeled with molecular field approximation®® and (i) a regular
S = 5/2 chain®® with interchain interactions also modeled with
the molecular field approximation.26 The first model, a dimer
with interdimer interactions, reproduces very satisfactorily the
magnetic properties of compound 2 in the 10-300 K
temperature range with the following parameters: g = 2.0
(fixed value), Jgm = 13.5 cm™ and j' g, = —3.9 em™ (J, and
j'am are the intra- and interdimer exchange interactions,
respectively, dashed line in Figure 8). The second model, a
regular chain with interchain interactions, reproduces the
magnetic properties of compound 2 slightly better than the
first model with the following parameters: g = 2.0 (fixed value),
]chain =—42 Cm_li and j/chain =01 Cm_li where ]chain and jlchain
are the intra- and interchain exchange interactions, respectively,
solid line in Figure 8. Note that below about 10 K the sample
presents a plateau at about 1.0 emu K mol ™" that suggests the
presence of a paramagnetic impurity. To obtain more reliable
parameters, we have not included the low temperature data (T
< 10 K) in the fitting procedure.

As expected, the first model is not as good as the second
(inset in Figure 8) and gives less realistic parameters (Jp> [Jgl),
since the antiferromagnetic coupling through the y, ;-N; bridge
has to be bigger in absolute value than the ferromagnetic
coupling through the y, ;-N; bridge.

In both compounds the predominantly antiferromagnetic
couplings are also confirmed by the isothermal magnetization at
2 K that shows a residual signal due to the presence of a small
fraction of paramagnetic impurities and a linear behavior with
no saturation at 5 T.

The antiferromagentic coupling found in compound 1 is easy
to rationalize if we consider the magneto structural correlations
and theoretical calculations that predict a moderate anti-
ferroma%netic Mn(II)=Mn(II) coupling for single s;3-Nj
bridges.”” These correlations establish that, besides the Mn—
N bond distance, the main parameters determining the
magnetic coupling are the Mn—N—N bond angles () and
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Table 4. Bond Angles (deg) and Lengths (A) and Magnetic Parameters of All the Mn(II)-azide Compounds Containing Double

#1,,-N; and Single y, ;-N; Bridges®

compound Mn—N; ;-Mn Mn—Nj,; Mn—N, ;-N
CAKWUI 101.7 2277 146.4
2323 1382
CuCcbUZ 101.4 2207 150.5
2262
CUCHEN 99.6 2214 133.1
2.280
FEWRAB 99.7 2.230 1252
2231 137.9
167.5
1272
GACTUA® 96.5 2.209 146.5
2.289 137.6
GACVAI® 96.2 2224 1304
2269 140.8
HOTDAV 10222 2203 1539
2337 163.8
IPAYEE® 120.3¢ 2210 144.2
95.4 2319
95.5 2277
2358
2233
IPAYOO® 103.8 2.189 128.0
101.4 2238 144.9
2174
2.220
NAJTIB 104.5 2215 1613
2230 126.6
2 1039 2.188 1363
2.189 1459

Mn-N,; Jia (Cm'l) Ji3 (Cm-l) ref
2.174 0.99 —-591 21
2.178
2.164 33 -5.16 23a
2.188 2.3 —6.01 23a
2.205 >0 <0 11g
2.180
2.185
2.202
2.127 23b
2.169 28
2.134 23b
2.180 28
2.223 1.7 -S54 23c
2.147
2.205 23d
2.309 23d
2.238
2177 >0 <0 22
2.216
2.176 0.1 —4.2 this work
2.158

“Only compounds CAKWUI, GACTUA, GACVAI, HOTDAV, and NAJTIB present the same topology as compound 2. Besides the double M-
N, there is an additional —N-N- bridge in the Mn(II) dimer “Besides the double y, ,-N3, there is an additional —OCO- bridge in the Mn(II) dimer

“This angle corresponds to the single intertrimer y, ;-N; bridge

the torsion angle (7) between the average planes formed by the
N,” anion with each of the two Mn(II) ions. Thus,
antiferromagnetic coupling is expected to be maximum for
low S values (ca. 110°) and minimum for higher § values (ca.
160°). On the other hand, the correlations with the torsion
angle (7) indicate that, as expected, the larger this angle, the
larger the antiferromagnetic coupling, since the Mn—N;—Mn
unit is closer to planarity. With these correlations in mind,
although it is not straightforward, we can try to assign the
different coupling constants (Ju, = —7.1 em™ and /g =
—0.8 cm™") to each of the two y,3-Nj; bridges present in 1.
Careful examination of the bond distances and angles in both
bridges show that, although the Mn—N average bond distances
are the same (2.225 A), one of the Mn—N—N bond angles and
the Mn—N—N-N dihedral angles are different. Thus, although
the Mn—N3—-N2 and Mn—N4-NS bond angles are very
similar (125.1(4)° and 125.0(4)°, respectively), the two other
Mn—N-N angles, Mn—N1—-N2 and Mn—N6—NS, are differ-
ent (166.1(6)° and 172.2(6)°, respectively). Since the magnetic
coupling is limited by the lowest of the two magnetic couplings
across the bridge, we can expect that the largest angle, which
provides the lowest coupling, should be the limiting parameter
in determining the J value. This assumption implies that, since
the Mn—N1—N2 angle (166.1°) is closer to 160°, where the
coupling is minimum, this bridge should give the lower
coupling constant and, therefore we assign the —0.8 cm™
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interchain coupling to the —N1—-N2—N3— bridge and the
larger one (=7.1 cm™') to the —N4—NS—N6— bridge.
Furthermore, the dihedral angles between the average planes
containing the Mn atoms and the three N atoms, (97.3, 144.0°
respectively for the N1-N2—N3 N4-NS5—N6 bridge, also
point in this direction since the dihedral angle across the —N4—
N5S—N6— bridge is closer to linearity and, therefore, it is
expected to give a higher magnetic coupling. Note that the two
J values found in compound 1 are within the typical values
found in other u,;-N; bridges connecting Mn(II)
ions, 1621-2326,28

The magnetic behavior of compound 2 is also quite easy to
rationalize since double i, ;-N; bridges are well-known to
produce ferromagnetic coupling when the Mn—N—Mn bond
angles are above about 98°.*° Since in compound 2 the Mn—
N—Mn bond angle is 103.9(3)°, we expect a ferromagnetic
coupling through this double y,,-N; bridge in agreement with
the experimental results. For the single u,3-N; bridge, as
discussed above, the magnetic coupling is always moderate to
strong antiferromagnetic, and the magnitude depends on the
Mn—N-N bond angle () and the torsion angle (7) in the
Mn—N—-N-N-—Mn bridge. In compound 2 the f angles are
145.9° and 136.3° implying that the magnetic coupling should
be higher than that observed in compound 1, where the angles
are closer to 160°. Albeit, among the other parameters
determining the coupling, the dihedral angle z (69.0° in
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compound 2) is much lower than the corresponding values in
compound 1 (97.3° and 144.0°) and, therefore, the magnetic
coupling is expected to be much lower since the orbital overlap
is worse. These two opposite parameters lead to a J value in
compound 2 (J = —4.2 cm™") which is intermediate between
the two J values found in compound 1 (=7.1 and —0.8 cm™).
As observed in compound 1, the ] value observed in 2 is in
between the normal range observed for this type of u,3-N;
single bridge.''®*' 7?29?87  detailed search in the CSD
database shows up to ten different Mn(II) compounds
presenting both double p,;-N; and single ,3-N; bridges
(Table 4). Five of these ten compounds present a similar
bridging pattern to that of compound 2, thus containing doubly
H1,-N; bridged dimers connected to four neighboring dimers
through single u,;-N; bridges. The only two of these five
examples that have been magnetically characterized show very
similar magnetic couplings, and the three remaining examples
present an overall antiferromagnetic behavior although no J
values were provided. As can be seen in Table 4, in all the
magnetically characterized examples, the p,;-N; bridge gives
weak ferromagnetic couplings whereas the y, ;-N; bridges give
antiferromagnetic couplings with higher absolute values.

B CONCLUSIONS

The use of Mn(II) and azido anions together with long pillaring
coligands, dipyridyl-tetrazine (dptz) or 4,4’-azobis(pyridine)
(azpy), has allowed the synthesis of two novel 3D structures in
which the layered Mn(Il)-azido bridged lattices are further
connected by the long dptz or azpy ligands. Although in the
present cases the long pillaring ligands that connect the layers
are not orthogonal to the layers but tilted, resulting in a
significant reduction of the interlayer space, the use of similar
pillaring ligands containing functional groups in the pyridine
rings, especially in the 2-position is expected to preclude this
tilted orientation in favor of the perpendicular one, and thus
should lead to MOFs with a larger void volume in the interlayer
space. The magnetic properties of compound 1, one of the few
characterized examples of a Mn(II) rectangular antiferromag-
netic lattice, can be very well reproduced with a simple regular
antiferromagnetic chain model including interchain interactions
(also antiferromagnetic), as expected for y,;-Nj bridges. The
known magneto-structural correlations for this kind of bridge
have allowed us to assign the two coupling constants to the two
different y,3-N; bridges present in 1. Compound 2 with its
unprecedented topology, is one of the few known examples of a
#1,,-N;3 doubly bridged Mn(II) dimer connected to four other
dimers through simple y, ;-N; bridges. Its magnetic properties
have been reproduced with an antiferromagnetic regular chain
model, as for compound 1, although now the interchain
interactions, representing the coupling through the double y, ;-
N; bridge, are, as expected, weak and ferromagnetic.
Compound 1 is the first reported manganese complex with
the dptz ligand.
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