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The reactions of Mn" ions with azido Ilgands in the presence of nicotinic/isonicotinic acids gave two manganese(ll)
azido coordination polymers, [Mng(L")2(Ng)s],- nH20 (1) and [Mna(L?)(N3)s], (2), where L' = nicotinate and L? =
|son|cot|nate with different topological structures. Complex 1 consists of 2D azido—Mn" planes, which is further linked
by L' to form a 3D framework with unprecedented 3,6- connected 4-nodal net topology, and complex 2 presents an
unprecedented 3,4,6-connected 6-nodal 3D azido—Mn" structure with L? as the coligand. Magnetic susceptibi-
lity measurements reveal dominant antiferromagnetic coupling existing in 1 and 2. Complex 1 is a spin-competitive
system and enters into a weak ferromagnetic-to-magnetic phase transition at the critical temperature of 6 K due to spin
canting. Complex 2 is an antiferromagnet and exhibits field-induced spin-flop behavior.

Introduction

In the last few decades, the design and synthesis of
magnetic coordination polymers with peculiar structure
and potential application have become a focus of intense
research activities in the fields of coordination and material
chemistry.' The key to designing such materials is to select a
bridging ligand that can effectively mediate the magnetic
coupling and construct novel structures.” As a bridging
ligand, an azido anion displaying multiple bridging modes
and various magnetic exchange pathways between metal ions
has been well used in the preparation of molecular magnetic
materials.® It is well-known that an azido anion can link
metal ions in u-1,1 (end-on, EO), u-1,3 (end-to-end, EE),
u-1,1,3, or still other modes, yielding various discrete, one-,
two- (2D), or three-dimensional (3D) species with specific
topologies.* In general, the EO mode shows ferromagnetic
(FM) exchange interactions, while the EE mode affords
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antiferromagnetic (AF) exchange between the metal ions,’
and other mixed azido bridging modes also give interesting
magnetic properties.

In recent years, the metal azido derivatives have provided a
number of excellent structures and magnetlc properties such
as FM EO chams 7 AF EE chains,® and alternating FM/
AF systems’ due to alternating EE/EO bridges. 2D layers
with EE brldges with AF coupling'® and also alternating EE/
EO systems,'' which magnetically show alternating FM/AF
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coupling, have been characterized. Regular 3D AF com-
pounds have also been described with only EE azido
bridges.'? However, it is still hard to exactly forecast which
coordination mode azido ligand will be adopted to coordi-
nate the transition-metal center in a detailed system.*

On the other hand, an azido bridging ligand can be further
utilized to cooperate with the ancillary bridging ligand to
construct transition-metal coordination polymer magnetic
materials. The heterocyclic carboxylic acid ligands with N
and O donors always offer great potential for constructing
architectures.'*'* Among aromatic carboxylic acids, nicotinic/
isonicotinic acids have a conjugated structural character, and
they are quite interesting candidates in the construction of
extended structures because they are unsymmetrical diver-
gent ligands. They can link two or three metal centers by
coordinating to a metal ion with the N atom and to other
metal ion(s) with one or two carboxylate O atoms. Although
a number of transition metal—nicotinate/isonicotinate—
azido complexes have so far been documented,'” the Mn''—
nicotinate/isonicotinate—azido coordination polymers are
few, especially the azido anions linking the metal ions to
form a 3D structure directly.®'¢

In this work, choosing the nicotinic and isonicotinic acids
to be the coligands, we report the synthesis, structural charac-
terization, and magnetic properties of two novel azido—
Mn"" coordination polymers, [Mn3(L")(N3)4],,- nH,O (1) and
[Mny(L?)(N3)3], (2), where L' = nicotinate and L? = isonico-
tinate. Complex 1 consists of 2D azido—Mn"" planes further
linked by L', forming a 3D framework, and 1 exhibits a
brilliant 3,6-connected 4-nodal net to olo%y with Schlafli
notation {4%.6}4{4°12{4*6%.8°.10°}{4°.6*.8%}2. Complex 2
presents an unprecedented 3,4,6-connected 6-nodal 3D
azido—Mn" structure with a coligand L?, and its Schlifli
symbol is {4.5.6)2{4.5%)2{4° 5> 7)2{4° 5 6°.77.8) 2{4* 5°.6*. T’} -
{5%.6*.7*.9%}. The magnetic study reveals that, in 1 and 2,
there exists AF coupling between Mn'' ions with the
1-1,1,3 or u-1,3 mode and the u-1,1,3 mode azido anions.
In addition, complex 1 is a spin-competitive system, but 1
has a FM-to-magnetic phase transition at the critical
temperature of 6 K due to spin canting. Complex 2 is
an antiferromagnet and exhibits a field-induced spin-flop
behavior.
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Experimental Section

General Methods. All starting materials for synthesis were
commercially available and were used as purchased. Elemental
analysis of C, H, and N was carried out with a Perkin-Elmer
240C analyzer. IR spectra were measured on a Tensor 27 OPUS
(Bruker) FT-IR spectrometer with KBr pellets. The powder
X-ray diffraction (PXRD) was recorded on a Rigaku D/Max-2500
diffractometer at40 kV and 100 mA for a copper-target tube and
a graphite monochromator. Simulation of the PXRD spectra
was carried out by the single-crystal data and diffraction-crystal
module of the Mercury (Hg) program available free of charge
via the Internet at http://www.iucr.org. Magnetic data were
collected using crushed crystals of the sample on a Quantum
Design MPMS-XL SQUID magnetometer. The data were
corrected using Pascal’s constants to calculate the diamagnetic
susceptibility, and an experimental correction for the sample
holder was applied.

Synthesis. [Mnz(L")2(N3)4],- nH,O (1). 1 was hydrothermally
synthesized under autogenous pressure. A mixture of MnCl,-
4H,0 (0.5 mmol), HL! (0.5 mmol), NaNj (3 mmol), and CH;0H
(10 mL) was sealed in a Teflon-lined autoclave and heated to
140 °C. After the reaction vessel was maintained for 48 h, it was
cooled to room temperature in 24 h. Pure yellow-green crystals
were collected with ~40% yield based on HL'. Anal. Caled for
CleloMngNMoS: C, 2422, H, 169, N, 32.95. Found: C, 2495, H,
1.79; N, 31.42. FT-IR (KBr pellets, cm ™ "): 3134, 2106, 2073, 1614,
1585, 1568, 1406, 754, 698.

[Mny(L*)(N3)3], (2). Lawn-green single crystals of 2 suitable
for X-ray analysis were obtained by a method similar to that
described for 1, except HL? was used as the ligand.Yield:
~30% based on HL”. Anal. Calcd for CsH4Mn,N;(O,: C,
20.13; H, 1.13; N, 39.12. Found: C, 20.53; H, 1.32; N, 39.29.
FT-IR (KBr pellets, cm ™ '): 3413, 2102, 2086, 1616, 1548, 1494,
1398, 775, 688.

Caution! Azido—metal complexes are potentially explosive,
only a small amount of material should be prepared with care.

X-ray Data Collection and Structure Determinations. Single-
crystal XRD data for complexes 1 and 2 were collected on a Scx-
Mini diffractometer at 293(2) K with Mo Ka radiation (4 =
0.710 73 A) by an w scan mode. The program SAINT'” was used
for integration of the diffraction profiles. All of the structures
were solved by direct methods using the SHELXS program of
the SHELXTL package and refined by full-matrix least-squares
methods with SHELXL (semiempirical absorption corrections
were applied using the SADABS program).'® Metal atoms in
each complex were located from the £ maps, and other non-H
atoms were located in successive difference Fourier sg/ntheses
and refined with anisotropic thermal parameters on F°. The H
atoms of the ligands were generated theoretically onto specific
atoms and refined isotropically with fixed thermal factors.
Detailed crystallographic data are summarized in Table 1.

Results and Discussion

Crystal Structure of the Complexes. Complex 1 crystal-
lizes in the triclinic space group P1. In the lattice, there are
two types of crystallographically independent Mn"" ions:
Mnl and Mn2. The asymmetric unit of this complex
consists of half of a Mn1 ion and one Mn2 ion, two azido
anions, one L! ligand, and half of a water molecule. The
Mn1 ion is located at an inversion center with an octa-
hedral coordination environment in which the equatorial
plane is made up of four N atoms from four azido anions

(17) SAINT Software Reference Manual; Bruker AXS: Madison, W1, 1998.
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Table 1. Crystal Data and Structure Refinement Parameters for Complexes 1 and 2

1 2

chemical formula C1oH1oMn3N 405 CeH4Mn,N 4O,

fw 595.16 358.07

space group Pl P2,/c

alA 6.9439(14) 11.676(2)

/A 7.8714(16) 7.0135(14)

¢/A 9.840(2) 14.839(3)

a/deg 103.45(3) 90

B/deg 98.74(3) 102.06(3)

y/deg 98.23(3) 90

VA3 508.02(18) 1188.3(4)

z 1 4

D/gem 3 1.945 2.002

u/mm~! 1.898 2.145

T/K 293 293

RYR,Y 0.0312/0.0769 0.0359/0.0592
“R =Y IFs| = IFJl[SIFo). " Ry = [YIW(Fo” = FEPY o w(F) T2

and the axial sites are occupied by two O atoms from
two L' ligands (Figure la). Mnl has two pairs of
Mnl—N distances of 2.278 and 2.288 A, and the dis-
tance of Mn1—0 is 2.092 A (see Table SI in the Support-
ing Information). Mn2 lies in a distorted octahedral
coordination sphere. There are four N atoms from four
azido anions and one N atom and one O atom from
the L' ligand coordinating with the Mn2 ion. The
Mn2—N/O distances are in the normal range of
2.099—2.323 A. There are two kinds of azido anions in
the asymmetric unit. They take the u-1,1,3 mode linking
three Mn"" ions. The distances of the Mn'' ions bridged by

the azido anion are Mnl---Mn2B = 4.012 A, Mnl1-
Mn2A = 5.401 A Mnl---Mn2 = 6.333 A Mn2A
Mn2B = 5.346 A and Mn2 -Mn2A = 3 567 A. The

carboxylate group brldges two types of Mn'" ions with the
syn,syn mode. The 3D structure can be described as
follows: first, the azido anions take the u-1,1,3 mode with
the angles Mnl—N3A—Mn2B = 123.43° and Mn2—
N4—Mn2A = 103.12° linking two types of Mn" ions
and forming a 2D plane (Figure 1b). Then, these planes
are connected via L' ligands, forming a 3D framework
(Figure Ic¢).

As described above, the azido ligand shows a u-1,1,3
bridging mode and connects three Mn'' ions, while the
nicotinic acid ligand coordinates to three Mn'' ions, one
each per O or N atom. The Mn" jon coordinates to
four azido ligands and two L' ligands. Thus, from a
topological viewpoint, the Mn'" ions act as 6-connected
nodes and the L' ligands and azido ligands act as
3-connected nodes. The overall 3,6-conneted 3D net-
work is shown in Figure 1d. To the best of our knowledge,
this 3,6-connected net with the Schlafli symbol of
{42.614{4°12{4*.6°.85.10%} {4°.6*.8%12 is unprecedented.

Complex 2 crystallizes in the monoclinic space group P2,/
¢ con31st1ng of a 3D supramolecular network formed by
the Mn'" ion, u-1,1,3-azido, u-1,3-azido, and the L? ligand
as the coligand. There are three types of crystallographi-
cally independent Mn'' ions in the lattice: Mnl, Mn2,
and Mn3. In the asymmetric unit of complex 2, there is
one Mnl, half of a Mn2 ion, half of a Mn3 ion, three
azido anions, and one L? ligand. The three types of Mn"
ions are located at the inversion centers with an octa-
hedral coordination environment (Figure 2a). Mnl and
Mn2 ions are both coordinated by two O atoms from

Yang et al.

L? ligands and four N atoms from azido anions. There
are six N atoms coordinating with the Mn3 ion. Two of
them come from two L? ligands, and others come from four
azido anions. The Mn—N/O distances are in the normal
range of 2.144—2.320 A (see Table S1 in the Supportmg
Information). There are three kinds of azido anions in
the asymmetric unlt Two of them take the u-1,1,3 mode
linking three Mn"! 1ons and one of them takes the u-1,3
mode linking two Mn"" ions. The angles of Mn1—N8—Mn2
and Mn1B—N4B—Mn2 are 117.04° and 120.90°, respec-
tively. The distances of the Mn" ions bridged by the
azido anion are Mnl- - -Mn2 = 3.909 A, Mnl- - -Mn3G =
5866 A,Mnl---Mn3 = 5832 A, Mnl---MnlK = 6.079 A,
Mn2- - MnlB = 3. 932A Mn2- - Mn3L = 5.838 A, and
Mn2---MnlK = 6.065 A The carboxylate group bridges
two types but three Mn" ions in the u3-0,0,0’ mode.
The angle of Mn1—O1C—MnlB is 103.50°. Two types of
azido anions link three types of Mn"" ions, forming a 3D
azidlo—Mn'" net (Figure 2b). Furthermore, the unligated
sites of Min'" ions are occupied by the L? ligands (Figure 2c).
The 3D azido—Mn" structure should be described as
follows: first, Mn'" ions connected through u-1,1,3 and
u-1,3 mode azido anions, forming a 2D azido—Mn'"' layer;
which further connected into a rare 3D azido—Mn" net
through the other u-1,1,3 mode azido.b¢1>1°

Complex 2 contains two kmds of azido anions, a
u-1,1,3 mode lmkmg three Mn"' ions, a u-1,3 mode
linking two Mn" ions, one L? ligand coordinating
to four Mn'" ions, and three types of Mn" ions coordi-
nating to two L? ligands and four azido ligands. Topo-
logically, the structure is composed of 3-connecting
azido anions, 4-connecting L ligands, and 6-connect-
ing Mn'" ions. The complicated 3.4,6-connected net-
work is shown in Figure 2d. The Schlafli symbol is
{4.5.6)2(4.5 21243 52.712{4% 5% 6°.7%.8)2{4*.5°.62.7°) -
{5%.6*.7*.9%).

Magnetic Studies. Magnetic measurements were car-
ried out on crystalline samples of complexes 1 and 2,
whose purity phase was confirmed by PXRD (see Figure
S1 in the Supporting Information). The obtained data
indicate dominant AF coupling between the Mn'" ions in
1 and 2. However, in the low-temperature region, they
show different magnetic behaviors, as discussed below.

The magnetic property of 1 was investigated by solid-
state magnetic susceptibility measurements in the 2.0—
300 K range at a field of 2 kOe. The magnetic property
of complex 1 in the form of y,,7 vs T plots i is shown in
Figure 3a. The value of y,,,T"at 300 K is 10. 67 cm® K mol™!
which is lower than that expected (13.14 cm K mol ™) for
three magnetically isolated high-spin Mn'' ions. As the
temperature decreases, the value of y.,,T slowly decreases
down to a minimum value of 6.53 cm” K mol ' at 55K and
then rises rapidly to a maximum value of 12.00 cm?® K mol
at 16 K. Upon a further decrease of the temperature,
however, lower than 16 K, the y,,7" drops rapidly because
of the saturation effect. Fitting the data at 75—300 K with
the Curie—Weiss law gives C = 13.45cm® K mol 'and 6 =
—76.67 K for 1. The C value is consistent with the value
(13.1 cm® K mol ") of three noninteracting Mn" ions with
g =2.0. The negative value of 6 and the initial decrease of

(19) (a) Goher, M. A.S.;Cano,J.; Journaux, Y.; Abu-Youssef, M. A. M.;
Mautner, F. A.; Escuer, A.; Vicente, R. Chem.—Eur. J. 2000, 6, 778.
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Figure 1. (a) Coordination and linkage modes of the ligands and Mn'"ionsin 1. (b) Azido—Mn" 2D plane in 1. (¢) 3D structure of 1 along the b direction.
(d) Topology network of 1.
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Figure 2. (a) Coordination and linkage modes of the ligands and Mn" ions in 2. (b) Azido—Mn'" 3D net in 2. (c) 3D structure of 2 along the b direction.
(d) Topology network of 2.
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and ZFC and FC plots of 1.

xm 1 should be due to the overall AF coupling between the
Mn'" ions. The shape of the ymT vs T plots, with its
minimum, is typical of ferrimagnetic behavior or spin
canting."® However, ferrimagnetic systems usually exhibit
less sharp minima. So, taking into account the large number
of Mn" networks with similar properties, it should be a spin-
canting system. The isothermal field-dependent magnetiza-
tions M(H) at 2 K at fields up to 50 kOe (Figure 3b, inset
right) were measured for 1. The field dependence of the
magnetization does not follow a Brillouin curve. As shown
in Figure 2, M increases quickly at very low field, reaching
about 1 Nf at 2000 Oe, and then increases slowly to 4.45 NS
at 50 kOe, much less than the common value of 15 Ng for
three Mn'" centers, which also suggests the canted AF
nature of the interaction between neighboring metal ions.
The possibility for long-range order suggested by the sharp
peaks in the y,,, T curves was further investigated by mea-
surement of the zero-field-cooled (ZFC) and field-cooled
(FC) magnetizations in the 2—20 K temperature range
(Figure 3b, inset left). The ZFC/FC measurements were
carried out at a very low field of 20 Oe for 1. The two curves
are superposed at higher temperatures for both fields. They
increase abruptly below 10 K and then diverge at around
6 K for 1. To further probe the long-range ordering in 1,
the alternating-current (ac) magnetic susceptibility mea-
surements were performed with different ac frequencies
(Figure S2 in the Supporting Information). Both in-phase
xm’ and out-of-phase y,,,"”, which were observed in a field of
3.5 Oe oscillating at 100 Hz and 997 Hz, also indicate a
canted antiferromagnet with 7y = 6 K. Because there are

(20) Haase, W.; Wrébel, S. Relaxation Phenomena: Liquid Crystals,
Magnetic Systems, Polymers, High-T, Superconductors, Metallic Glasses;
Springer-Verlag: New York, 2003.
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Figure 4. Magnetic network of complex 1 (the lines in different color are
the different magnetic passages by azido between Mn'" ions).

no disordered components in the system, the slight frequency
dependence on y,,,’ and y,,” might be due to the movement
of the domain walls.*® No significant hysteresis was found
in 1 at 2 K (Figure 3b).

Taking into account the structural features of the
compound, further inspection of the magnetic behaviors
is worthwhile. Because the exchange interaction through
the L' ligand can be considered to be negligible, the
magnetic net is reduced in complexity because this node
can be deleted. On the other hand, the EO azide can
mediate antiferromagnetically for the Mn—N—Mn angle
94.1°2" In complex 1, the u-1,1,3 mode azido anions
mediate antiferromagnetically. So, the Mn" ions linking
the u-1,1,3 mode azido all exhibit AF coupling. Thus, we
build the net from links (couplings) between Mn'" ions via
the EE or EO azido anions. This resultsin a 5,6-connected
2-nodal 2D magnetic network with the topology symbol
{3%.4)2{3%.4.3%.4} (Figures 4 and S3 in the Supporting
Information). A triangle of three AF-coupled spins is
inherently competitive. In the present complex, Mn'';
triangles (connected with black, red, and blue or black,
pink, and green lines) share apexes and edges, forming a
rectangle (connected with blue and green lines). The
resulting 2D lattice represents a novel type of competitive
2D net, which is distinct from other geometrically com-
petitive lattices, where the triangles share corners and
edges, as in the well-known triangular and kagdme
lattices. In this new lattice, spin competition may also
occur on the 6-connected Mn'" ions center, as schematized
in Figure 4. Experimentally, the degree of competition is
identified by the ratio of the Weiss constant to the
ordering temperature, f = |0|/ Ty provided by Ramirez.*>
Competition is present when f > 1, where f > 10 signifies
a strong competition.?* From the above 6 value of —76.67
K and the Ty value of 6 K, an f'value of 12.7 is obtained
for 1. f > 10, indicative of a very strong competition, is
observed.
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Figure 5. y,,7 vs T plots of 2 (M) at 2 kOe and 1/y,,, vs T plots of 2 (@).
The red solid line is the best fit to the Curie—Weiss law.

The temperature dependences of the magnetic suscept-
ibility (y.,; Figure S4 in the Supporting Information) and
its product with temperature (y,7; Figure 5) for complex
2 at a field of 2 kOe are shown in Figure 5. The value of
ymT at 300 K is 7.52 cm® K mol ™!, which is lower than
that expected (8.76 cm® K mol™') for two magnetically
isolated high-spin Mn'"ions. As the sample is cooled from
room temperature, y., first increases smoothly to reach a
rounded maximum of 0.065 cm® mol™! at about 35 K,
then decreases slightly to 0.063 cm® mol ™' at about 28 K,
and finally increases rapidly to 0.303 cm® mol ' at 2.0 K.
On the other hand, y,,7 first decreases smoothly upon
cooling to a value of 2.59 cm® K mol ' at 45 K, and then
after a slight decrease to a value of 2.54 cm® K mol ™' at
40 K, it decreases rapidly again upon further cooling to
2.0 K. Fitting of the y,, '—7 at 90—100 K using the
Curie—Weiss law y,, = C/(T — 0) gives the Curie con-
stant C = 10.89 cm® K mol ™' and the Weiss constant 6 =
—132.98 K. The negative 0 value also supports the pre-
sence of an overall AF interaction in complex 2. A peak at
ca. 35 K in the y,,—7 plots is characteristic of a phase
transition to an AF-ordered structure. However, the
magnetic behavior of 2 is more complicated in low field.
As shown in Figure S5, inset right, in the Supporting
Information, upon exposure to a magnetic field of 20 Oe
in the 30—45 K range, the value of y,, increases to a
maximum at ca. 36 K and finally decreases upon further
cooling. Interestingly, the magnetic behavior of 2 is highly
dependent on the applied field, and the values of the peak
around 35 K in the y,,—7 curve become low as the field
increases (Figure S5, inset, in the Supporting Informa-
tion). These features suggest the occurrence of a field-
induced spin-flop transition.**
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Figure 6. Magnetization vs field plots at 2.0 K of 2. The inset shows the
low-field parts of the magnetization curves at 2.0 K.

Further experimental evidence for the field-induced
spin-flop transition in 2 comes from the field-dependent
isothermal magnetization measurement at 2.0 K, as
shown in Figure 6. The field-dependent magnetization
of 2 shows a slight sigmoidal shape (Figure 6, inset),
indicating the occurrence of a spin-flop transition. The
magnetization at 50 kOe reaches only 0.76 N, which is
significantly lower than the expected saturated value of
10 Np for two Mn" ions with hi%h spin, indicating the
overall AF coupling between Mn'" ions.

Conclusion

Two new manganese(Il) azido coordination complexes
with nicotinic/isonicotinic acids as the secondary bridging
ligands have been structurally and magnetically charac-
terized. Complex 1is a 2D manganese(II) azido structure, but
complex 2 is a 3D manganese(Il) azido structure. Both
complexes 1 and 2 exhibit an unprecedented topology net.
Magnetic susceptibility measurements reveal dominant AF
couplings in 1 and 2. Complex 1 displays a spin-competitive
behavior; however, because of spin canting, 1 has a FM-to-
magnetic phase transition at the critical temperature of 6 K.
Complex 2 is an antiferromagnet and exhibits a field-induced
spin-flop behavior.
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