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Three novel MnIII polymers, [Mn(phox)2(N3)]n (1), [Mn(Etphox)2(N3)]n (2), and [Mn(Etphox)2(C2N3)]n (3), using
achiral ligand Hphox (Hphox = 2-(4,5-dihydrooxazol-2-yl)phenol) and chiral ligand HEtphox (HEtphox = 2-(4-ethyl-
4,5-dihydrooxazol-2-yl)phenol) were synthesized and structurally and magnetically characterized. All complexes are
of 1D chain structures and form 2D frameworks by weak interactions. The adjacent 1D chains of complex 1 are
connected by face-to-face π-π interactions, C-H 3 3 3π interactions, and hydrogen bonding, which leads to the
formation of a supramolecular 2D sheet structure. The three compounds show antiferromagnetic coupling between
MnIII ions. And compound 2 is a spin-canted weak ferromagnet with TN = 5.6 K, showing metamagnetic behavior with a
two-step magnetic phase transition.

Introduction

Magnetic materials based on molecular components con-
tinue to be attractive and difficult goals for organic and
inorganic chemists despite more than 20 years of research on
this subject.1 The design of molecular magnetism aims to
control spins in molecules and molecular assemblies.2 The
goal is to synthesize new magnetic molecular systems with
expected properties owing to the flexibility of molecular
chemistry and the subtleties of supramolecular interactions

between the precursors.3Molecule-basedmaterials provide a
number of examples for understanding some fundamental
phenomena better in magnetism (e.g., spin-canting, meta-
magnetic transition, single molecule magnet, single chain
magnet, etc.).4-9 Spin-canting means the noncollinear spin
arrangements on two sublattices of an antiferromagnet.
The metamagnet is the one with net moments aligned anti-
parallelly by weak AF interactions, which are of secon-
dary importance.9 A large external field could overwhelm
the weak AF interactions and turn the system to a ferro-,
ferri-, or weak-ferromagnetic (WF) state, depending on the
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details of the spin alignments in theAFstate.4,7,9Anumberof
low-dimensional coordination polymer metal-azido net-
works have been reported, some of which exhibit long-range
ordering behaviors such as ferromagnetism,10 metamag-
netism,11,12 and weak ferromagnetism.12,13 Much research
has shown the simultaneous presence of both spin-canting
and metamagnetism.7,8

With regard to the factors that affect magnetic exchange
pathways between paramagnetic centers, the proper choice of
bridging ligands is of importance since they influence the
magnetic strength and behavior of the molecules.14 Among
the most widely used short bridges (such as CN-, N3

-,
C2O4

2-, N(CN)2
-, etc.), azide is a very important one,

because its diverse binding modes lead to variations in the
magnetic properties that depend on its orientation with
respect to the magnetic centers.15 To date, the azido ligand
has been found to bridgemetal ions in themodes of μ1,1-(end-
on, EO),16 μ1,3-(end-to-end, EE),

17 μ1,1,3,
18 μ1,1,1,

19 μ1,1,1,1,
20

μ1,1,3,3,
21 or unusual μ1,1,1,3,3,3 fashions.

22 In general, the end-
on mode gives a ferromagnetic interaction, and the end-to-
end mode produces antiferromagnetic coupling with excep-
tional examples.14,23 Azido-bridged MnIII compounds have
evoked much attention mainly for the understanding of the
interaction between magnetic centers and for the develop-
ment of new molecule-based magnets, but only a few have

unique features.24 The larger pseudohalide ligands such as
dicyanamide (dca, N(CN)2

-) have also been attracting a lot
of attention, partly due to the discovery of long-range
magnetic ordering in the R-M(dca)2 compounds.5b,25,26 It
has been shown that this ligandmay induce a large variety of
topologies and magnetic properties due to its versatile co-
ordination modes.27-30 In comparison to azido bridging
ligands, dca can coordinate metal ions through its eight
different kinds of coordination modes. The end-to-end μ1,5
bridging mode of dca with metal ions often gives rise to a
weak antiferromagnetic coupling.
There has been increasing interest in the chemistry of

oxazoline-based ligands due to their use as chirality-transfer
auxiliaries in combination with several transition metals in a
wide range of asymmetric catalytic reactions.31 The stability
of the ligands has been proposed to be higher than the salen-
type ligands as the oxazoline ring is more stable toward
oxidative attack and against hydrolysis.32 Several metal
complexes based on oxazolines have been reported in the
literature.33 The design and synthesis of new chiral oxazoline
ligands and their complexes have inspired many scientists to
work with great effort.34 To the best of our knowledge, the
presence of magnetic character has not yet been shown for

Scheme 1. (Left) Hphox = 2-(4,5-Dihydrooxazol-2-yl)phenol and
(right) HEtphox = 2-(4-Ethyl-4,5-dihydrooxazol-2-yl)phenol
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azide-bridged and dca-bridged Mn(III) systems with the
Hphox and HEtphox ligands.
Herein, we report the synthesis, crystal structures, and

magnetic properties of three one-dimensional chains, [Mn-
(phox)(N3)]n(1), [Mn(Etphox)(N3)]n(2), and [Mn(Etphox)2-
(C2N3)]n (3), using oxazoline-based ligands linked by azide
or dicyanamide in a single end-to-end fashion, where
achiral ligand Hphox is 2-(4,5-dihydrooxazol-2-yl)phenol
(Scheme 1a) and chiral ligand HEtphox is 2-(4-ethyl-4,5-
dihydrooxazol-2-yl)phenol) (Scheme 1b). All complexes
are similar in local coordination environments but somewhat
different in bridging parameters. All the complexes are of
one-dimensional chain structures and form 2D frameworks
by weak interactions. The adjacent 1D chains of complex 1
are connected by face-to-face π-π interactions, C-H 3 3 3π
interactions, and hydrogen bonding, which leads to the
formation of a supramolecular 2D sheet structure. Only
hydrogen bonding can be found in complex 2 and only
C-H 3 3 3π interactions in complex 3 because of the existence
of substituents. Therefore, they should be appropriate for
magnetostructural studies. Both compounds 1 and 3 show
antiferromagnetic coupling between MnIII ions but no long-
range ordering above 2 K. Compound 2 shows the conco-
mitant existence of spin canting and metamagnetism below
10 K, and metamagnetic behavior reveals a two-step mag-
netic phase transition, which is a unique example of the one-
dimensional Mn(III) systems connected by end-to-end azide
ligands.

Experimental Section

Materials and Instrumentation. All chemicals and solvents
were commercially available reagents of analytical grade and
used as received without further purification. The achiral ligand
Hphox was prepared from 2-hydroxybenzonitrile and ethanol-
amine using the modified published procedure.35,36 The racemic
ligand HEtphox was prepared by a method similar to that of
Hphox by using 2-hydroxybenzonitrile and racemic 2-amino-
butanol. All preparations and manipulations were performed
under aerobic conditions. The infrared spectra were recorded
against pure crystals on a Nicolet 170SXTF/IR spectrometer in
the range 4000-400 cm-1.

X-Ray Crystallography. A single crystal with approximate
dimensions was used for X-ray diffraction analysis. Determina-
tion of the unit cell and data collection were performed on a
Bruker SMART 1000X diffractometer using graphite mono-
chromatedMoKR radiation. The structure was solved by direct
methods in SHELXS-9737 and refined using a full-matrix least-
squares procedure on F2 in SHELXS-97.38 The disordered C13
sites of compounds 2 were refined with an equal occupation
factor of 0.5.

Magnetic Measurements.Magnetic data were recorded using
a Quantum Design SQUID magnetometer. The isothermal
magnetizations were measured with an applied field from -50
to þ50 kOe. The ac measurements were performed at various
frequencies from 1 to 1000Hz with an ac field amplitude of 3 Oe
under zero dc field. To avoid orientation in the magnetic field,
the samples were pressed in a homemade Teflon sample holder

equipped with a piston. The data were corrected for diamagne-
tism of the constituent atoms using Pascal’s constants.

Caution! Azide compounds are potentially explosive! Only a
small amount of material should be prepared and handled with care.

Catena-[Mn(phox)2(N3)] (1). This complex was synthesized
bymixing a solution of Hphox (0.16mmol) in methanol (1.60 mL)
with a solution of Mn(CH3COO)2 3 4H2O (49.02 mg, 0.2 mmol) in
methanol (2.00 mL), followed by the dropwise addition of an
aqueous solution (2.00 mL) of NaN3 (13 mg, 0.2 mmol) without
stirring. The dark-green mixture was allowed to stand for several
days until good-quality dark-green diamond crystals of complex 1
wereobtained inayieldof 58.3%.Anal.Calcd forC18H16MnN5O4:
C, 51.3; H, 3.8; N, 16.6%. Found: C, 51.4; H, 3.8; N, 16.4%. IR
spectrum (KBr pellet, cm-1): 438.16 w, 570.91 m, 645.41 w, 673.59
s, 684.82 m, 748.82 s, 863.44 vs, 931.81 s, 1079.16 s, 1032.97 w,
1143.03m,1156.92m,1248.58vs, 1333,54m,1397.13m,1441.90m,
1472.98br, 1546.03m, 1591.81br, 1623.92 vs, 2055.75 s, 2346.07br,
2370.15 br, 3448.44 m.

Catena-[Mn(Etphox)2(N3)] (2). In a test tube, an aqueous
solution (2.00 mL) of NaN3 (13 mg, 0.2 mmol) was layered
carefully. And then a mixture made by a methanol solution of
HEtphox (0.16 mmol, 1.60 mL) and a methanol solution of
Mn(CH3COO)2 3 4H2O (0.2 mmol, 2.00 mL) was added. The tube
was sealed and left undisturbed at room temperature. After several
days, good-quality dark-green needle crystals of complex 2 were
obtained in a yield of 61.9%. Anal. Calcd for C22H24MnN5O4: C,
55.3; H, 5.0; N, 14.7%. Found: C, 55.5; H, 5.1; N, 14.4%. IR
spectrum (KBr pellet, cm-1): 418.07m, 454.34 w, 575.71 w, 645.08
w, 668.47 m, 687.99 m, 752.67 s, 862.39 vs, 927.20 m, 941.18 m,
976.76 w, 1032.76 m, 1078.26 s, 1147.04 br, 1158.74 s, 1241.83 vs,
1256.06br, 1258.00w, 1326.92vs, 1397.41vs, 1444.77 s, 1497.40vs,
1549.70 s, 1590.55 s, 1611.76 vs, 2017.17 br, 2038.49 vs, 2916.13 w,
2958.89 br, 2972.90 br, 3029.16 br, 3055.47 br, 3363.95 w.

Table 1. Crystallographic Data for the Complexes 1, 2, and 3

compound 1 2 3

formula C18H16-
MnN5O4

C22H24-
MnN5O4

C24H24-
MnN5O4

Mr [g mol-1] 421.30 477.40 501.42
T [K] 296(2) 295(2) 293(2)
λ [Å] 0.71073 0.71073 0.71073
cryst syst triclinic triclinic monoclinic
space group P1 P1 P21/n
a [Å] 6.336(3) 10.050(5) 8.7927(18)
b [Å] 6.646(3) 10.525(6) 11.472(2)
c [Å] 11.911(6) 11.158(6) 12.010(2)
R [deg] 80.023(7) 96.949(9) 90
β [deg] 82.159(7) 103.657(9) 106.37(3)
γ [deg] 62.717(6) 99.462(9) 90
V [Å3] 438.0(4) 1115.4(10) 1162.4(4)
Z 1 2 2
Fcalcd [g cm-3] 1.597 1.422 1.433
μ [mm-1] 0.791 0.630 0.609
F(000) 216 496 520
cryst size [mm] 0.24 � 0.18

� 0.15
0.28 � 0.14

� 0.11
0.33 � 0.30
� 0.27

θ [deg] 1.74- 28.42 1.90 - 28.66 3.11- 27.48
measured reflns 2759 6351 9299
unique refln 1988 3795 2644
R(int.) 0.0141 0.0701 0.0428
data/restaints/

params
1988/0/130 3795/0/294 2644/0/171

GOF on F2 1.089 0.835 1.150
R1 [I > 2σ(I)] 0.0301 0.0775 0.0639
wR2 [I > 2σ(I)] 0.0829 0.1645 0.1559
R1 (all data)

a 0.0315 0.1021 0.0703
wR2 (all data)

b 0.0841 0.1735 0.1605
largest diff. peak

and hole [eÅ-3]
0.248, -0.389 0.566, -0.618 0.543,-0.674

aR1 =
P

||Fo| - |Fc||/
P

|Fo|. b wR2 =
P

[w > (Fo
2 - Fc

2)2]/
P

[w >
(Fo

2)2]1/2.
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Angelika, M.; Guido, M. J. Am. Chem. Soc. 1995, 117, 8312.

(36) Cozzi, P. G.; Floriani, C.; Chiesi-V., A.; Rizzoli, C. Inorg. Chem.
1995, 34, 2921.

(37) Sheldrick, G. M. SHELXS-97; University of Gottingen: Gottingen,
Germany, 1990.

(38) Sheldrick, G. M. SHELXS-97; University of Gottingen: Gottingen,
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Catena- [Mn(Etphox)2(C2N3)] (3). This complex was synthe-
sized in the same way as 2, using an aqueous solution (2.00 mL)
of NaC2N3 (17.8 mg,0.2 mmol) instead of NaN3 and a solution
of MnCl2 3 4H2O (36.0 mg, 0.2 mmol) in methanol (2.00 mL)
instead of Mn(CH3COO)2 3 4H2O. The dark-green mixture was
allowed to stand for several days until good-quality dark-green
needle crystals were obtained in a yield of 65.6%. Anal. Calcd
for C24H24MnN5O4: C, 57.4; H, 4.8; N, 14.0%. Found: C, 57.5;
H, 4.7; N, 14.2%. IR spectrum (KBr pellet, cm-1): 437.71 m,
506.06 w, 574.28 w, 646.32 w, 674.13 m, 759.77 s, 867.99 br,
940.80 br, 1030.71 w, 1077.45 m, 1141.47 m, 1157.58 m, 1238.50
s, 1260.03 s, 1331.96 s, 1374.01 m, 1400.80 s, 1444.82 m, 1461.17
w, 1480.79 s, 1550.20 m, 1591.22 m, 1613.72 vs, 2156.67 vs,
2224.51 w, 2294.04 m, 2871.38 w, 2927.63 br, 2968.95 br,
3056.69 w.

Results and Discussion

Structures. Single-crystal X-ray diffraction of 1 reveals
that it crystallizes in the triclinic space group P1, and the
structure is presented in Table 1. The structure of the
molecular unit is shown in Figure 1a, and the selected
bonds and angles are shown inTable 2. TheMn center has
a distorted octahedral arrangement consisting of two O
atoms from the ligand and four N atoms from the ligand
and the azido bridges. A significant elongation around
the Mn(III) ion occurs as a result of the Jahn-Teller
effect. The two axial sites are separated from Mn1 with
2.360(2) Å for Mn1-N2 and Mn(1)-N(2)#1, much longer
than the equatorial plane average Mn-N(O) distance
of 1.92(3) Å. Mn-azide geometric data pertinent to the

magnetic properties are N3-N2-Mn1 = 144.23(13)�.
The cationic units are linked together through the azide
ligands in trans-positions, resulting in a one-dimensional
chain with single azido bridges coordinated in the EE mode
along the crystallographic a axis. The Mn-azido-Mn
torsion angle, defined by the dihedral angle between the
mean planes ofMn1-N3-Mn2, is 2.954(9)�, indicating that
they almost lie in the same plane. The shortest intra- and
interchain Mn-Mn distances are 6.760(3) and 6.336(4) Å,
respectively.
The crystal packing of 1 indicates that the adjacent 1D

chain orients the oxazoline ligand in such a way that the
chains are interlocked by face-to-faceπ-π interactions. One
part of the interactions occurs between the oxazoline rings
[ R1=C7-O2-C8-C9-N1 ] andbenzol rings [R2=C1to
C6], having there centroid-centroid distances of 3.875(6) Å.
The dihedral angles between the rings are 4.773(2)�. The

Figure 1. (a) Themolecular structure (30%thermal probability ellipsoids) of complex 1 showing the atomnumbering.The chain of1 is running along the a
axis. (b) Formation of a sheet by the locking of 1D [Mn(phox)2(N3)]n chains with face-to-face π-π interactions, C-H 3 3 3π interactions, and hydrogen
bonding between the neighboring chains.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for Compound 1a

Mn1-O1 1.871(1) Mn1-N1#1 1.994(1)
Mn1-O1#1 1.871(1) Mn1-N2#1 2.360(2)
Mn1-N1 1.994(1) Mn1-N2 2.360(2)
N2-N3 1.171(2) N3-N2#2 1.171(2)
N1#2-N3-N2 173.4(1) N1-Mn1-N2#1 88.66(6)
O1-Mn1-N1 89.99(6) N1#1-Mn1-N2 88.66(6)
O1#1-Mn1-N1 90.01(6) O1-Mn1-N2 91.62(7)
O1-Mn1-N1#1 90.01(6) O1#1-Mn1-N2 88.38(7)
N3-N2-Mn1 144.23(13) N1-Mn1-N2 91.34(6)
O1-Mn1-N2#1 88.38(7)

aSymmetryoperation:#1-xþ 1,-yþ 1,-zþ 1.#2-xþ 2,-y,-zþ 1.
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π-π interactions are supplemented by the C-H 3 3 3π inter-
actions [C8-H8A and C8-H8B] to the ring R4 with an
H 3 3 3R average distance of 2.610(5) Å and a C-H 3 3 3π
average angle of 153� to form a supramolecular 2D sheet
(Figure 1b). Weak interchain C2-H2 3 3 3N2 hydrogen
bonds between adjacent chains also contribute to the 2D
framework. The distance C2 3 3 3N2 is 3.514(3) Å, and the
hydrogen bond angle —C2-H2 3 3 3N2 is 166�.
The crystal structure of 2 is also built up from oxazoline-

based ligands and azido-bridged Mn ions (Figure 2;
Table 3). Each MnIII ion has a slightly distorted octa-
hedral coordination, formedby twonitrogenatomsand two
oxygen atoms from the oxazoline-based ligands and two
nitrogen atoms from the bridges. The equatorial N2O2

plane originating from the ligands exhibits an average
Mn-N(O) distance of 1.94(6) Å, while the remaining two
axial sites are separated by 2.278(4) Å for Mn1-N3 and
2.316(1) Å for Mn2-N5. Mn-azide geometric data
pertinent to the magnetic properties are N4-N3-Mn1,
120.54(26)�; N3-N4-N5, 179.2(4)�; N3-N4, 1.188(5) Å.
The dihedral angle of Mn1-N3-Mn2 is 76.47(22)�. An-
other structural feature of 2manifests itself in the difference
in arrangement of the two adjacent centrosymmetric
units. The phenyl rings are arranged alternately with their
faces parallel to each other along the c axis. The shortest

intra- and interchain Mn-Mn distances are 5.579(3) and
10.050(5) Å, respectively. The bigger dihedral angle and the
longer distance between neighboring chains are both the
result of ethyl’s existence. No clear π-π interactions are
found between chains. The adjacent chains are interlocked
by interchain C14-H14 3 3 3N3 hydrogen bonds. The dis-
tance C14 3 3 3N3 is 3.480(5) Å, a little longer than that of 1.
The hydrogen bond angle —C14-H14 3 3 3N3 is 159�.

Figure 2. (a) Molecular structure (30% thermal probability ellipsoids) of complex 2 showing the atom numbering (hydrogen atoms are omitted for
clarity). The chain of 2 is running along the c axis. (b) The hydrogen bonding between the neighboring chains (dotted lines).

Table 3. Selected Bond Lengths (Å) and Angles (deg) for Compound 2a

Mn1-O1 1.882(3) Mn1-O1 1.882(3)
Mn1-N1 2.010(4) Mn1-N1#1 2.010(4)
Mn1-N3 2.279(4) Mn1-N3#1 2.279(4)
Mn2-O3 1.865(3) Mn2-O3#2 1.865(3)
Mn2-N2 2.004(4) Mn2-N2#2 2.004(4)
Mn2-N5 2.316(4) Mn2-N5#2 2.316(4)
N3-N4 1.188(5)
O1#1-Mn1-N1 91.12(14) O1-Mn1-N1#1 91.12(14)
O1-Mn1-N3#1 89.49(14) O1-Mn1-N1 88.88(14)
O1#1-Mn1-N3 89.49(14) N1-Mn1-N3#1 87.11(14)
O1-Mn1-N3 90.51(14) N1-Mn1-N3 92.89(14)
N1#1-Mn1-N3 87.11(14) N5-N4-N3 179.2(4)
O3-Mn2-N5 89.10(15) O3-Mn2-N2#2 90.09(13)
O3#2-Mn2-N2 90.09(13) O3-Mn2-N2 89.91(13)
N2-Mn2-N5 87.08(14) N2#2-Mn2-N5 92.92(14)
O3-Mn2-N5#2 90.90(15) N4-N3-Mn1 120.5(3)
N2-Mn2-N5#2 92.92(14) O3#2-Mn2-N5 90.90(15)

aSymmetry operation: #1 -x þ 1, -y, -z þ 1. #2 -x þ 1, -y, -z.
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Complex 3 crystallizes in the triclinic space group P21/n,
and the structure is presented in Table 1. The molecular
structure is presented in Figure 3. Selected bond lengths
and angles are given in Table 4. The geometry around the
manganese centers could also be described as a distorted

octahedral with the basal planes defined by two nitrogen
atoms and two oxygen atoms of the coordinated ligands
and two terminal nitrogen atoms of the bridging dca
ligand. The coordinated nitrogen atoms of the dca ligands
occupy the apical positions (N2 and N2a; symmetry
operation: -x, -y þ 1, -z þ 1) with 2.276(6) Å for
Mn1-N2 (Mn1-N2a). The equatorial N2O2 plane ori-
ginating from the ligand exhibits an average Mn-N(O)
distance of 1.93(9) Å. The crystal structure is character-
ized by [Mn(Etphox)2(μ1,5-dca)] units linked into 1D
polymeric chains where the dca anion connects the
manganese(III) ion of the symmetry related unit in an
end-to-end bridging mode. The chains propagate parallel
to the crystallographic a axis. The shortest intra- and inter-
chain Mn-Mn distances are 8.792(7) and 8.567(9) Å,
respectively, which are rather long to have effectivemagnetic
coupling. The dicyanamide ligands are bent, with the
C13-N3-C13#1 angle around 125� and two straight linear
units with angles —N2-C13-N3 = 174.1� and —N3-
C13a-N2a = 173.6�. The dihedral angel of Mn1-C2N3-
Mn2 is 0.87(9)�, which is the smallest one among the three
complexes. No clear π-π interactions are found in complex
3. But the compound forms a supramolecular 2D sheet by
C-H 3 3 3π interactions [C10-H10B to the ring R (R=C1,
C2,C3,C4,C5,C6)] with aH 3 3 3Rdistanceof 2.740 Å anda
C-H 3 3 3π angle of 162�.
The phenomena above may be explained by the fact

that packing arrangements of aromatic hydrocarbons
depend on the number and positioning of C and H atoms
in a molecule.39 The lack of substituents, which strongly
affect electron distribution or enable strong hydrogen-
bond formation, makes possible the prediction of crystal
packing of simple aromatic hydrocarbons. And in some
situations, substitution(s) of the aromatic system may
exclude stacking completely.40

Magnetic Measurements

The magnetic susceptibilities of complexes 1 and 3, shown
in Figure 4, were measured at 0.1 T in the temperature range
5.0-300 K for 1 and 2.0-300 K for 3. They exhibit similar
magnetic properties. The χMT value of 2.76 cm3 Kmol-1 for
1 at 300 K is slightly smaller than the expected value for

Figure 3. (a) Molecular structure (30% thermal probability ellipsoids)
of complex 3 showing the atom numbering (hydrogen atoms are omitted
for clarity).Only one position of disorder atomC13 is shown.The chain is
running along the a axis. (b) Formation of a sheet by the locking of 1D
[Mn(Etphox)2(C2N3)]n chains through C-H 3 3 3π interactions (dotted
magenta lines). H atoms (except the CH- forming C-H 3 3 3π inter-
actions) are omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for Compound 3a

Mn1-O1#1 1.860(2) Mn1-O1 1.860(2)
Mn1-N1 2.019(3) Mn1-N1#1 2.019(3)
Mn1-N2#1 2.276(3) Mn1-N2 2.276(3)
O1-Mn1-N1 89.60(11) O1-Mn1-N2 87.33(13)
O1-Mn1-N1#1 90.40(11) O1#1-Mn1-N1 90.40(11)
O1#1-Mn1-N2 92.67(13) O1-Mn1-N2#1 92.67(13)
N1-Mn1-N2#1 92.02(12) N1-Mn1-N2 87.98(12)
N1#1-Mn1-N2 92.02(12)

aSymmetry operation: #1:-x, -y þ 1, -z þ 1. #2 -x þ 1, -y þ 1,
-z þ 1.

(39) (a) Desiraju, G. R.; Gavezzotti, A. Acta Crystallogr. 1989, B45, 473.
(b) Desiraju, G. R.; Gavezzotti, A. J. ChemSoc., Chem. Commun. 1989, 10, 621.
(c) Gavezzotti, A.; Desiraju, G. R. Acta Crystallogr., Sect. B 1988, 44, 427. (d)
Gavezzotti, A. Chem. Phys. Lett. 1989, 161, 427.

(40) Gz�owka, M. L.; Martynowski, D.; Kozzowska, K. J. Mol. Struct.
1999, 474, 81.

(41) Wagner, G. R.; Friendberg, S. A. Phys. Lett. 1964, 9, 11.
(42) (a) Hyun Hee, K; Jeong Hak, L; Hyoung Chan, K; Chang Seop, H.

Inorg. Chem. 2006, 45, 8847. (b) Rajender Reddy, K.; Rajasekharan, M. V.;
Tuchagues, J.-P. Inorg. Chem. 1998, 37, 5978. (c) Kennedy, B. J.; Murray, K. S.
Inorg. Chem. 1985, 24, 1552.
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noninteracting Mn(III) ions, and the χMT value of
3.08 cm3 K mol-1 for 3 is slightly higher than the expected
value.As the temperature is lowered, theχMTvalueundergoes a
gradual decrease down to 0.11 cm3 K mol-1 at 5 K for 1 and
1.16 cm3 K mol-1 at 2 K for 3, indicating antiferromagnetic
couplings between the magnetic centers. The molar susceptib-
lities of 1 obey the Curie-Weiss law in the high-temperature
region 100-300 K, yielding C = 3.25 cm3 K mol-1 and θ =
-48.93 K. The magnetic susceptibility of 3 obeys the Curie-
Weiss lawperfectly, as shown,withC=3.37 cm3Kmol-1 and
θ = -3.71 K. On the basis of the 1D model, the magnetic
susceptibilities can be fitted accordingly by the Fisher infinite-
chain model derived from the exchange spin Hamiltonian 1D
chain:43,44

χM ¼ Nβ2g2

3kT
SðSþ 1Þ 1þU

1-U

� �

where

U ¼ coth
- 2JSðSþ 1Þ

kT
-

- 2JSðSþ 1Þ
kT

Fitting of the observed data gave best-fit parameters of
g=2.06 and J=-3.42 cm-1 with R=7.46� 10-5 (R=P

[(χM)obs - (χM)calc]
2/
P

[(χM)obs]
2) for 1 and g = 2.03 and

J=-0.196 cm-1 with R= 4.916 � 10-5 for 3. The negative
J values demonstrate thatMn(III) spins bridged by end-to-end
azides in the chains are coupled antiferromagnetically, which
are consistent with azide-bridged Mn(III) systems.42

It is of great interest to study the magnetic properties of 2
and make a comparison with those of 1 and 3. The χM

-1 and
χMT versus T curves for complex 2 are shown inFigure 5.The
magnetic susceptibility was also measured at 0.1 T in the
temperature range 2.0-300 K. The χMT value of 2.98 cm3 K
mol-1 at room temperature is still slightly smaller than the
spin-only value. As the temperature is lowered, χMT under-
goes a gradual decrease down to 1.13 cm3 K mol-1 at 10 K,
indicating antiferromagnetic couplings.
At low temperatures (<10 K), the χMT product experi-

ences an upturn, arriving at a maximum 3.77 cm3Kmol-1 at
4.9 K, suggesting a long-range ordering due to the spin-
canting below10K.Upon further cooling, χMTdrops sharply,
suggesting AF interactions between the chains or the satura-
tion effect. The cryomagnetic behavior of 2 obeys the Curie-
Weiss law in the high-temperature region 100-300K, yielding
C=3.15 cm3Kmol-1 and θ=-21.01K. Themagnetic data
above 20 K can be analyzed using an infinite-chain model
derived by Fisher.43,44 A best fit gives parameters of g= 2.02
and J = -1.35 cm-1 with R = 2.01 � 10-4. The negative
J value demonstrates that Mn(III) spins bridged by an end-
to-end azide in a chain are coupled antiferromagnetically.
To further clarify the magnetic behavior, the temperature

dependencies of acmagnetic susceptibility underHdc= 0Oe
andHac= 3Oewere carried out, with frequencies of 10, 100,
and 1000 Hz from 2 to 8 K (Figure S1, Supporting In-
formation). The in-phase ac signal presents a peak at 5.6 K,
confirming the occurrence of a phase transition, consistent
with the temperature dependency data of dc susceptibility.
The occurrence of the nonzero out-of-phase signal also
indicates the existence of the phase transition. No frequency
dependence of the ac signals was observed.
The magnetization versus applied field variations below

the transition temperatures are shown in Figure 6. The field-
dependent magnetization of complex 2 exhibits a sigmoid
shape, which is characteristic of a magnetic transition in-
duced by the external field. The initial increase of magnetiza-
tion is relatively rapid, and then it becomes almost linear with
a smaller slope up to 1.09 per Mn3þ at 50 kOe, far from the
experimental saturation value of the Mn3þ ion, suggesting
the overall AF coupling between Mn3þ ions. The hysteresis
loop for 2measured at 2 K reveals a two-stepmagnetic phase

Figure 4. (a) Plot of χM
-1 vs T (0) and χMT vs T (O) for 1. (b) Plot of

χM
-1 vsT (0) and χMT vsT (O) for 3. The solid line represents the best fit

of the experimental data.

Figure 5. Plot of χM
-1 vs T (0) and χMT vs T (O) for 2. The solid line

shows the best theoretical fit.

(43) Fisher, M. E. Am. J. Phys. 1964, 32, 343.
(44) (a) Dzyaloshinsky, I. J. Phys. Chem. Solids 1958, 4, 241. (b) Moriya, T.

Phys. Rev. 1960, 117, 635; 1960, 120, 91. (c) Wang, X.-T.; Wang, X.-H.; Wang,
Z. -M.; Gao, S. Inorg. Chem. 2009, 48, 1301.
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transition with a field up to 50 kOe (inset of Figure 6)
including the central loop (step I) around zero and the step
at about 4 kOe (step II).Ahysteresis loop (inset ofFigure 6) is
observed clearly when the field is less than 2 kOe, giving a
coercive field of 100 Oe and a remnant magnetization of
0.0102 Nβ. And the other loop (step II) can also be observed
(Figure S3, Supporting Information).
The low-temperaturemagnetic phenomena (T<10K) for

2 were further scrutinized by applying various magnetic
fields, as depicted in Figure 7. The peaks in χM vs T plots
are observed in fields below 4000 Oe and disappear above
6000 Oe. The χM value decreases with the increase of the
magnetic fields above 5.6K, which is associatedwith the spin
canting behavior. Below5.6K, the 200Oe curve lays out in an

AF interaction. The first spin-canting (step I) takes place in
the range of 400-2000 Oe, and the second spin-canting (step
II) occurs around 4000 Oe.
From the above study, it can be concluded that compound

2 is a spin-canted weak ferromagnet. As we know, the spin-
canting behavior is due to the single-ion magnetic anisotropy
or antisymmetric interactions.4b,44 The magnetic behavior
of compound 2may originate from the single-ion anisotropy
of Mn(III) and possible structural phase transition at
low temperatures, since the occurrence of an antisymmetric
or D-M interaction is forbidden because of the presence
of an inversion center between Mn ions with space group
P1.42a,44c,45

Conclusion

In conclusion, three 1D Mn(III) coordination polymers
have been synthesized and characterized structurally and
magnetically. Due to the stability of the auxiliary ligands, a
series of different chain structures with similar structures was
obtained. They are all bridged by the end-to-end mode and
connected by weak interacions, which lead to the formation
of supramolecular 2D sheet structures. By the introduction of
the chiral atoms and substituents, the complexes display
different magnetic properties. In complexes 1 and 3, overall
AF exchange interactions are observed, and no long-range
ordering exists above 2.0 K. Compound 2 behaves as a rare
two-step spin-canted weak ferromagnet with TN = 5.6 K.
This work demonstrates that the introduction of substituents
could result in varied lower dimensional structures, which is
expected to provide more novel model compounds to in-
vestigate fascinating magnetic behaviors.
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Figure 6. Field dependence of the magnetization of 2. The inset gives a
blown-up view of the hysteresis loop below 2 kOe.

Figure 7. Plot of the χM vs T for 2 at various fields.
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