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Manganese Azides Based on Co-Ligands with a Flexible Tail: Diverse
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Three azido-bridged coordination polymers, namely [Mn(L')-
(N3)2], (1), [Mn(L?)(N3)s], (2), and [Mn(L%)(Na).], (3) [L' = N-
(2-pyridylmethylene)methylamine, L? = N-(2-pyridylmethyl-
ene)ethylamine, and L® = N-(2-pyridylmethylene)octyl-
amine], have been synthesized with Schiff-base co-ligands
with flexible tails, and their structures and magnetic proper-
ties characterized. Complex 1 is composed of one-dimen-
sional, uniform chains with double end-on (EO) azido brid-
ges, complex 2 consists of (6,3) net layers in which double

EO azido-bridged dimers are interlinked by single end-to-
end (EE) azido bridges, and complex 3 contains chains of
Mn' ions bridged by alternating double EO and double EE
azido bridges. Magnetically, 1 is a metamagnet built of ferro-
magnetic chains, 2 exhibits weak ferromagnetism due to spin
canting, and 3 shows alternate ferro- and antiferromagnetic
intrachain interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Magnetic coordination polymers have attracted intense
interest due not only to fundamental research into magnetic
interactions but also the need for new molecule-based mate-
rials. Their magnetic properties depend on the nature of the
interacting metal ions, and can be tuned by the nature of
the bridging ligand and by the whole structural arrange-
ment.[' In recent years, an increasing number of azidoman-
ganese(11) coordination polymers with different co-ligands
have been reported that present a remarkable diversity in
bridging topology, polymeric dimensionality, and bulk mag-
netic properties.”-® The main factors causing such diversity
are the extreme versatilities of the azido ligating mode in
bridging metal ions and in transmitting magnetic interac-
tions. The azido bridge transmits mainly ferromagnetic
(FM) interactions for the end-on (EO) binding mode and
antiferromagnetic (AFM) interactions for the end-to-end
(EE) mode.

Despite the large number of manganese azide complexes,
no general correlation has been found so far between the
properties of the co-ligand and the coordination mode of
the azido bridge. Recently, we have reported a series of azi-
domanganese(11) complexes with didentate Schiff bases de-
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rived from 2-pyridylaldehyde and aniline derivatives, which
exhibit similar one-dimensional (1D) structures with alter-
nating double EO and double EE azido bridges despite the
different substituents on the aniline moiety.’l Along this
line, we decided to extend this study to similar didentate
Schiff bases derived from aliphatic amines to investigate the
correlation between the polymeric structures and the co-
ligands. Here, we report the structural and magnetic proper-
ties of three new azidomanganese(11) complexes with diden-
tate Schiff-base co-ligands derived from methylamine, ethyl-
amine, and octylamine (Scheme 1). As will be shown, al-
though they have the same [Mn(L")(N3),], stoichiometry,
the structures vary from a 1D uniform chain with double
EO azido bridges {{Mn(L')(N3)],, 1}, through a two-di-
mensional (2D) layer with double EO, and single EE azido
bridges {{Mn(L?)(N3),],., 2}, to a 1D chain with alternating
double EO and double EE azido bridges {{Mn(L*)(N5)a],,,
3} with increasing steric demand of the co-ligands L', L2,
and L3, respectively. Consequently, these complexes exhibit
different magnetic properties.
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Scheme 1.
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Results and Discussion

Complex 1 was prepared as crystals by slow interdif-
fusion between a methanol solution containing Mn(ClOy)*
6H,0 and L! and a methanol solution of NaNj. Crystals
of 2 and 3 were obtained by slow concentration of methanol
solutions containing Mn(ClO,),-6H,0, NaNs, and the ap-
propriate Schiff-base ligands.

IR Spectra

The IR spectra of the three complexes display character-
istic bands for the azido bridges and the C=N group. A
sharp and strong band at 2067 cm™! in the spectrum of
complex 1 is attributed to v,(N3) in the EO mode. For
complex 2, a very strong band at 2067 cm™! with a small
shoulder at the higher-frequency side indicates the presence
of two different azido groups. Two sharp and strong bands
at 2064 and 2095 cm! indicate the presence of two different
azido groups in complex 3.3%7 The characteristic v(C=N)
absorption of the Schiff-base ligands in these complexes ap-
pears at around 1595 cm™! as a medium-intensity band.

X-ray Structures

Selected bond lengths and bond angles for the three com-
plexes are summarized in Table 1. The three crystal struc-
tures exhibit different hydrogen-bonding patterns, and all
the hydrogen-bonding parameters are given in Table 2.

Table 1. Selected bond lengths [A] and angles [°] for complexes
1-3.

Complex 18
Mn(1)-N(1) 22842)  Mn(2-NQ3) 2.294(2)
Mn(1)-N(2) 22722)  Mn(2)-N@) 2.276(2)
Mn(1)-N(5) 22252)  Mn(2)-N(5) 2212(2)
Mn(1)-N(8) 21992)  Mn(2)-N(@) 2.192(2)
Mn(1)-N(11) 22042)  Mn(2)-N(14) 2.2302)
Mn(1)-N(11A) 22212)  Mn(2)-N(14B) 2.198(2)
N(8)-Mn(1)-N(5) 78.06(8)  Mn(1)-N(11)-Mn(1A)  103.96(9)
N(8)-Mn(2)-N(5) 78.498)  Mn(2)-N(5)-Mn(1) 100.85(9)
N(11)-Mn(1)-N(11A) 76.0409)  Mn(2)-N(8)-Mn(1) 102.33(9)
N(14)-Mn(2)-N(14B)  77.5(1) Mn(2)-N(14-Mn(2B)  102.5(1)

Complex 2!
Mn(1)-N(1) 22994)  Mn(1)-N(6) 2.1723)
Mn(1)-N(2) 22764)  Mn(1)-NGA) 22133)
Mn(1)-N(3) 2256(3)  Mn(1)-N(8B) 2.209(4)
N(1)-Mn(1)-N(2) 72.5(1) N(6)-Mn(1)-N(8B) 90.9(2)
NG)-Mn(1)-NGA)  76.5(1) Mn(1)-NG)-Mn(1A)  103.5(1)

Complex 3¢
Mn(1)-N(1) 2287(1)  Mn(1)-N(6) 2.190(1)
Mn(1)-N(2) 2277(1)  Mn(1)-N(5A) 2221(2)
Mn(1)-N(3) 22001)  Mn(1)-N(6B) 2.245(1)
N(1)-Mn(1)-N(2) 72.66(5)  N(6)-Mn(1)-N(6B) 78.29(5)
NG)-Mn(1)-N(5A)  88.75(5)  Mn(1)-N(6)-Mn(1B) 101.71(5)

[a] Symmetry codes: A: —x, -y, 2 — z; B: 1 — x, =y, 2 — z. [b] Sym-
metry codes: A: —x,2 -y, 1 -2z B: 0.5+ x, 1.5y, 1 -z [c] Sym-
metry codes: A: 1 — x, -y, —z; B: —x, -y, —z.
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Table 2. Hydrogen-bonding distances [A] and angles [°] for com-
plexes 1-3.

Complex D-H-AR D-H DA H-A /D-H+A

1 C8-H-N7B 0.93 3.301 2.62 131
C3-H-+N16C 0.93 3.326 2.51 146
C6-H-*NI13D 0.93 3.439 2.62 147
C13-H-*NI0E 0.93 3.277 243 152

2 C7-H-+N7A 0.97 3.418 2.47 164
C6-H-+N5C 0.93 3.352 2.56 143

3 C7-H-+N3B 0.97 3.477 2.56 157
C6-H-+N8C 0.93 3.392 2.52 157

[a] Symmetry codes for 1: B: 1 — x, -y, 2 — z; C: —x, -y, 1 — z; Dt
xX,05-y-05+zE x,-05-»05+z For2: At —x,2-y,1-
z;C:05+x,9 05~z For3: B: —x, -y, —z; C: x, -1 + y, z.

Complex 1 contains neutral 1D chains constructed by
double EO azido bridges linking Mn'! ions along the a di-
rection. The asymmetric unit consists of a binuclear unit
involving two independent Mn'! ions, each of which is octa-
hedrally coordinated by six N atoms from a chelating L'
and four azido ligands in the EO mode [Figure 1(a)]. The
binuclear unit is further linked to its two neighbors through
two pairs of double EO azido bridges, giving rise to a 1D
chain with a Mn(2B)-Mn(2)-Mn(1)-Mn(1A) sequence
with three different pairs of bridges between them [Fig-
ure 1(b)]. The Mn—N-Mn bridging angles in the centrosym-
metric Mn(2B)*Mn(2) and Mn(1)-*Mn(1A) pairs are
102.5(1)° and 103.96(9)°, respectively, and those for the
noncentrosymmetric Mn(2)---Mn(1) pair are 100.85(9)° and
102.33(9)°. The three different Mn---Mn distances spanned
by double EO azido bridges are in the range of 3.420 to
3.486 A. All the azido ligands are essentially linear, with
asymmetric N-N distances. In the lattice, a weak intrachain
C-H-N hydrogen bond (Table 2) is formed between the
pyridyl group (C8—H) of L' and the uncoordinated terminal
nitrogen (N7) of the bridging EO azido ligands. Weak in-
terchain C-H-N hydrogen bonds also exist between the
azomethine and pyridyl C-H in L! and the uncoordinated
terminal N atom of the bridging azido ligands [Figure 1(c)].
Neighboring pyridine rings from different chains are paral-
lel to and overlap each other with an interplanar distance
of 3.54 A and a centroid—centroid distance of 4.00 A; the
displacement angle, as defined by Janiak, is about 27.7°.81
These features indicate a weak n—m stacking interaction be-
tween neighboring chains. The nearest interchain Mn---Mn
distance is 9.267 A.

Complex 2 has a 2D layer structure constructed by binu-
clear units interconnected through single EE azido bridges.
A perspective view of the binuclear unit of complex 2 is
shown in Figure 2(a). Each Mn'! ion is ligated by two N
atoms from a chelating L? ligand and four azido N atoms,
with Mn—N distances ranging from 2.172(3) to 2.299(4) A.
Two neighboring Mn!! ions related by an inversion center
are linked by double EO azido bridges, the Mn—N-Mn an-
gle and the Mn*+Mn distance being 103.5(1)° and 3.509 A,
respectively. Each binuclear unit is linked to four neighbor-
ing equivalent units through four single EE azido bridges
to form a neutral 2D layer with a pseudo-honeycomb (6,3)

Eur. J. Inorg. Chem. 2006, 407-415
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Figure 1. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), chain plot (b),
and packing of the chains along the « direction (c) in 1.

topology [Figure 2(b)]. The neighboring Mn,N, units are
interrelated by a 2; screw operation, with an acute dihedral
angle (a) between their Mn,N, planar rings (79.5°).

Just like the structures we reported previously,*! the
structure can also be described as a layer consisting of EE
azido-bridged Mn—Nj5 helical chains interlinked by double
EO azido bridges. The helical chain runs around a twofold
screw axis along the « direction, and neighboring chains are
related by inversion centers and hence have opposite chiral-
ity. Within the chain, the Mn—N-N angles are 146.0(3)° and

Eur. J. Inorg. Chem. 2006, 407-415
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Figure 2. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), 2D (6,3) net
layer (b), and interactions of neighboring layers (c) in 2.

136.2(3)°, the N-Mn—N angle is 90.9(2)°, and the Mn—N;—
Mn torsion angle (z) is 7.1°. The Mn---Mn distance spanned
by the EE azido bridge is 6.332 A, and the helical pitch is
10.672 A.

In the crystal packing, a weak intralayer C—H-**N hydro-
gen bond (Table 2) is formed between the methylene C7-H

www.eurjic.org 409
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of L? and the N7 atom of the bridging EE azido ligand.
Weak interlayer C-H-*N hydrogen bonds also exist be-
tween the azomethine C-H of L? and the uncoordinated
terminal nitrogen of the bridging EO azido ligand from
neighboring layers [Figure 2(c)]. The 2D layers are stacked
down the ¢ direction, with the minimum interlayer Mn--*Mn
distance being 9.257 A, which is significantly shorter than
the distances found in most 2D Mn-azido systems. This
short interlayer separation in 2 may be a consequence of
deep complementary interdigitation between the consecu-
tive layers. As can be seen from Figure 2(c), the pyridine
groups of the L? ligands on each side of a layer extend
deeply into the “empty” space of neighboring layers.

Figure 3. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), chain plot (b)
and packing of the chains along the a direction (c) in 3.
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In complex 3, each Mn!! center exhibits a distorted octa-
hedral MnNg coordination sphere and is bonded by two
EO and two EE azides with two N atoms from the chelate
Schiff-base L? (Figure 3). Neighboring Mn!! ions are linked
alternately by double EO and double EE azido bridges to
form an alternate chain running along the a direction. All
the Mn-N distances are in the range of 2.190(1) to
2.287(1) A. The small chelate angle [N1-Mnl-N2 =
72.66(5)°] indicates the severe distortion of the Mn" coordi-
nation geometry. The EO azido bridges possess asymmetric
N-N distances, while the EE bridges are essentially sym-
metric. In the EO bridging moiety, the Mn1-N6-Mn1B an-
gle and the Mn---Mn distance are 101.71(5)° and 3.440 A,
respectively. In the EE bridging moiety, the Mn-N-N
angles are 126.1(1)° and 141.3(1)° and the Mn-N;-Mn
torsion angle is 15.9°. The dihedral angle between the
(EE-N3), plane and the N5-Mn1-N3A plane is only 7.6°,
thereby indicating a slight chair conformation for the
Mn—(N3),~Mn ring. The Mn--Mn distance separated by
EE bridges is 5.466 A.

In the crystal packing, a weak intrachain C-H-+*N hydro-
gen bond (Table 2) exists between the methylene C7-H of
L3 and the coordinated nitrogen (N3) of the bridging EE
azido ligand. The azomethine C-H group of the L* also
forms a weak interchain C-H---N hydrogen bond with the
uncoordinated terminal N atom of the bridging EO azido
ligands from neighboring chains along the b direction [Fig-
ure 3(c)]. The long tails of the L3 ligands from neighboring
chains interdigitate one another and separate the chains by
12.007 A. Neighboring pyridine rings from different chains
parallel and overlap each other with an interplanar distance
of 3.52 A and a centroid—centroid distance of 3.80 A; the
displacement angle is about 22.0°.18] These features indicate
weak - stacking interactions between neighboring chains.
The minimum interchain Mn-+Mn distance is 8.556 A
along the b direction.

Magnetic Properties

Complex 1

The magnetic susceptibility of 1 was measured at a field
of 5kOe in the temperature range 2-300 K [Figure 4(a)].
The temperature dependence of yy,~' above 21 K obeys the
Curie—Weiss law with a positive Weiss constant (6 =
15.91 K), indicating an intrachain ferromagnetic interac-
tion, as expected for the azido bridges in the double EO
mode. The room-temperature yy7 value is around
4.41 emuKmol™! per Mn'"! ion, which is close to the spin-
only value (4.38 emuKmol!) for a high-spin Mn!! ion.
Upon cooling, ym7 increases smoothly to a maximum at
about 6 K, and then decreases rapidly. This may indicate an
overall intrachain ferromagnetic interaction and an in-
terchain antiferromagnetic interaction. The magnetic be-
havior of 1 was analyzed by fitting the experimental suscep-
tibility to Fisher’s calculation®! for a classical or infinite
spin chain, scaled to a real spin of 5/2.1'% The expression for

Eur. J. Inorg. Chem. 2006, 407-415
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Figure 4. (a) ym 7T vs. T plot of 1. The solid line was plotted accord-
ing to the fit parameters given in the text. Inset: fc magnetization
curves at 500 and 2000 Oe. (b) Temperature-dependence of the ac
magnetic susceptibility at zero applied dc field and an ac field of
2 Oe and 277 Hz. (c) Field dependence of the magnetization. The
solid line was plotted according to the Brillouin function for an S
= 5/2 system with g = 2. The inset is the hysteresis loop at 1.8 K.

the magnetic susceptibility is given by Equation (1), where u
= (T/T,) — coth(T,/T) with T, = JS(S + 1)/k.

ehain = [Ng?B2S(S + D/GEDI(1 — w)/(1 + w)] M

The J parameter is based on the spin-Hamiltonian H =
—J2S;S;+1. The interchain interaction (zJ') was accounted
for by the molecular-field approximation [Equation (2)].['4]

Eur. J. Inorg. Chem. 2006, 407-415
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M= Zchain/[l - (ZJI/Ngzﬁz)Zchain] (2)

The best fit leads to J = 2.54(2) cm™! and zJ' = —0.41(5)
cm !, with the g-value fixed at 2.0.

Although double EO azido bridges have been found in
many metal azide complexes, chains with exclusive double
EO azido bridges are still rare. One such compound, [Mn(2-
bzpy)(N3),], (2-bzpy = 2-benzoylpyridine), which also exhi-
bits ferromagnetic intrachain interactions, has been re-
ported previously.*d Compared with EO azido-bridged
complexes with similar structures, it has been suggested that
the M—IN-M bridging angle () is the main factor that con-
trols the magnetic interaction between metal ions. The fer-
romagnetic intrachain interaction (J = 2.54 cm™") for 1, in
which the bridging angles average to 102.4°, is stronger than
that (J/ = 0.8 cm™!) for [Mn(2-bzpy)(N3),],, in which the
average bridging angle (100.5°) is smaller. This trend is con-
sistent with the density functional calculations on model
Mn"' compounds performed by Ruiz et al.l'?! This calcula-
tion predicts that a crossover between ferro- and antiferro-
magnetic interactions occurs at @ = 98°, and that the ferro-
magnetic interaction increases when the Mn—-N-Mn bridg-
ing angle increases above 98°.[1%

To investigate further the magnetic behavior of 1, field-
cooled (fc) magnetization at different fields was measured
and the plot is given in Figure 4(a, inset). At 500 Oe, the
magnetization presents a maximum at around 3.7 K, sug-
gesting the onset of 3D antiferromagnetic ordering among
the ferromagnetic chains. However, the magnetization at
2 kOe shows no maximum and tends to saturate at lower
temperature, thus indicating that the interchain antiferro-
magnetic interaction is overcome by the external field.
These features are indicative of a metamagnet built of ferro-
magnetic chains. The temperature dependence of the ac
magnetic susceptibility was also measured at zero dc field
and confirmed the occurrence of the magnetic ordering,
with Ty = 3.9 K, at which both y’ (the in-phase compo-
nent) and y'’ (the out-of-phase component) reach maxi-
mum values [Figure 4(b)].

The metamagnetic behavior was confirmed by the field
dependence of the magnetization, as shown in Figure 4(c).
The sigmoid shape of the M vs. H curve at 1.8 K clearly
indicates a field-induced transition from an antiferromag-
netic to a ferromagnetic state, which is characteristic of a
metamagnet. The critical field is about 2 kOe, estimated as
the field at which a maximum dM/JH value is reached.
Upon increasing the field, the magnetization increases
rapidly and saturates at 5.0 Nf, and the saturation is much
more rapid than that predicted by the Brillouin function.
This definitely confirms the presence of ferromagnetic inter-
actions. Hysteresis loop measurements revealed that 1 is a
metamagnet with a typical crossover magnetic hysteresis
[Figure 4(c, inset)].

In contrast to 1, the previous compound [Mn(2-
bzpy)(N3),], does not exhibit long-range magnetic ordering
above 2 K. This may be due to its longer interchain
Mn-+Mn distance of 9.931 A than that of 1 (9.267 A),
which weakens the interchain interactions.

www.eurjic.org 411
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Complex 2

The magnetic susceptibility of 2 was measured in the
range 2-300 K at 5 kOe and is shown as yy vs. 7 and yy 7T
vs. T plots in Figure 5(a). The y 7T value at 300 K is about
3.91 emuK mol!. Upon cooling, ymT decreases monotoni-
cally and vanishes when T approaches zero, indicating an
overall antiferromagnetic interaction. As the temperature is
lowered, y value increases first to a rounded maximum of
0.045 emumol ™! at about 36 K, then decreases to a mini-
mum value of 0.044 emumol ! at 21 K, and finally increases
to 0.045 emumol! at 2 K. The behaviors above 20 K are
typical of 1D and 2D Mn" complexes with dominant anti-
ferromagnetic interactions, and the increase of yy; below
20 K may be due to the presence of a spin-canted structure
(see below).

To evaluate the magnetic interactions via the azido brid-
ges in 2, we used an approximate approach that has been
used for similar compounds.*>#l This approach treats the
2D layer as EE azido-bridged antiferromagnetic chains in-
teracting ferromagnetically through the double EO azido
bridges. Consequently, Equations (1) and (2) are applicable,
where J is the interaction through the EE azido bridge and
zJ' is the interaction through the double EO azido bridges.
The least-squares fit of the experimental data above 26 K
to the above expressions led to J = —4.85(4) cm™! and zJ’ =
2.5(4) cm™! with g = 2.0. These values are comparable to
those for related compounds and confirm that the interac-
tions mediated by the single EE and the double EO bridges
are antiferro- and ferromagnetic, respectively. Selected
structural and magnetic parameters for 2 and similar 2D
Mn""-azido complexes are collected in Table 3 for compari-
son. EHMO calculations have shown that the antiferromag-
netic interactions through the single EE azido bridge should
maximize as the Mn—N-N bond angle approaches 110° and
the Mn—N3-Mn torsion angle (z) approaches 0 or 180°.[4P
The data listed in Table 3 suggest that the influence of the
torsion angle dominates in these systems: the strongest in-
teraction is observed for compound I, in which the torsion
angle is 180°, although the compound has the largest Mn—
N-N angles. On the other hand, compound III, which has
a torsion angle close to 90°, exhibits the lowest |J| value,
although the Mn—N-N angles are the closest to 110°. Other
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Figure 5. (a) ym and ymT vs. T plots for 2. The solid line was
plotted according to the fit parameters given in the text. (b) zfc
and fc magnetization at 200 Oe.

compounds, including 2, have in-between angles (the tor-
sion angles are between 90 and 180 or 0°) and J values. The
interaction parameters of the double azido bridges for these
complexes fall in the range 1.1-3.1 cm™!, with the Mn-N-
Mn angles in the narrow range of 100.8-103.5°. Apparently,
the general trend whereby the ferromagnetic interaction in-
creases with increasing bridging angle is not well followed:
the largest J value is obtained for the compound that has a
relatively small angle (compound II, 101.9°), and the com-
pound that has the largest angle exhibits a relatively small
J value (compound 2, 2.5 cm™). This may be due to the

Table 3. Structural and magnetic parameters for double EO and single EE 2D Mn''-azido complexes containing a (6,3) network.

Complex™! [Mn(dmbpy)(N3)a],s I [Mn(2-bphz)(N3)a,, IT [Mn(mpei)(Ns)al,, I [Mn(4-Etpy)(Na)],, IV [Mn(L>)(N3)s],,, 2
Jee [em™] -5.4 -5.1 -4.6 =53 -4.85

M-N-N [°]®] 163.8, 153.9 158.1, 150.9 131.7, 132.3 150.3, 143.9 136.2(3), 146.0(3)
7 [°]e 180 21.5 92.4 17.6 7.1

M:--M(EE) [A] 6.611, 6.537 6.496 5.810 6.083 6.332

Jeo [em ] 1.7 31 1.1 2.9 2.5

M-N-M [l 102.2 101.9 100.8 102.2 103.5(1)
M:M(EO) [A] 3.533 3.459 3.426 3.523 3.509

a [°]e! 0 78.9 83.7 86.7 79.5

Canting no yes yes yes yes

Ref. (4el 4] 4] 4¢l this work

[a] Dmbpy = 4,4'-dimethyl-2,2’-bipyridine; 2-bphz = 2-benzoylpyridine hydrazone; mpci = methyl pyrazinecarboximidate; 4-Etpy = 4-
ethylpyridine; L? = N-(2-pyridylmethylene)ethylamine. [b] For the EE azido bridging moiety. [c] The M-N-N-N-M torsion angle. [d] For
the EO azido bridging moiety. [e] The dihedral angle between the neighboring planar Mn,N, rings.
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operation of other factors such as Mn—N bond lengths and
coordination environments, which should influence the
magnetic orbitals around the metal center.

It has been shown that, except for compound I in
Table 3, all the previous layered compounds with double
EO and single EE bridges exhibit spin-canting behavior,
which is consistent with the structural observation that the
coordination polyhedra (or the double EO bridged Mn,N,
moieties) linked by the single EE azido bridges are slanted
with respect to each other.[*®-4d-4¢41] The absence of spin-
canting in I has been related to the crystallographic centro-
symmetry of the single EE azido bridges.***! According to
the structural data, 2 should exhibit a spin-canted structure.
To confirm this point, the field-cooled and zero-field-cooled
(zfc) magnetizations were measured at an applied field of
200 Oe [Figure 5(b)]. It is evident that the complex exhibits
weak spontaneous magnetization below 22 K, which is
characteristic of weak ferromagnets due to the spin-canting.
Field-dependent magnetizations at 2 K were also measured,
and the magnetization at 50 kOe is 0.46 Nf, far below the
saturation value expected for an S = 5/2 system (5.0 Nf
with g = 2.0). No hysteresis was detected.

Complex 3

The magnetic susceptibility of 3 was measured in the
temperature range 2-300 K at 20 kOe. The yy; and yp 7 vs.
T plots are shown in Figure 6. The experimental yy,7 value
at 300 K is 3.63 emu K mol'. Upon cooling, the yu7 prod-
uct decreases monotonically, indicating a dominant antifer-
romagnetic interaction. The y\; value increases monotoni-
cally, and a rapid increase below 17 K may be caused by
the presence of a small amount of paramagnetic impurities.
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Figure 6. yy and ¢y T vs. T plots of 3. The solid line was plotted
according to the fit parameters given in the text.

According to the structural data, complex 3 should pos-
sess alternating ferro- and antiferromagnetic interactions
mediated by double EO and double EE azido bridges,
respectively.323931 To simulate the experimental magnetic
behavior, we used a theoretical model proposed by Cortés
et al. for alternating S = 5/2 chains.*¥ The nearest-neighbor
exchange interactions are described by the spin-Hamilto-
nian given in Equation (3). The expression of the molar
susceptibility is given by Equation (4).

H = =J1285,85 +1 = J2Z85 + 182 + 2 (3)

am = [Ng?BS(S + DIBKTHI(L + wy + uy + wqun)/(1 — wyun))(1 — p)
+ p} C)

where u; = coth[J:S(S + 1)/kT] - kT/J;S(S + 1)] (i =1, 2).
In this expression we have included a p parameter, which is
related to the amount of paramagnetic impurities (presum-
ably a monomeric Mn'" complex), to account for the in-

Table 4. Structural and magnetic parameters for alternating double EE and double EO 1D Mn!'-azido complexes.

Complex!?] Mn-N-Mn [°] Jr [em™] 4[] Jar [cm ] Ref.
[Mn(bipy)(Na)a], 101.0 9.6 27 119 [3a]
[Mn(3-bzpy)a(N3)s], 100.4 3.5 26.6 _12.3 3]
[Mn(3-Et.4-Mepy)a(N3)a, 99.7 2.4 317 137 [3¢]
[Mn(bpm)(N3),], 102.9 1.8 20.5 73 [3¢]
(15.7)! (~63.7)b1 [3¢]
[Mn(dpa)(N3)s], 102.9 52 35.1 6.1 [3h]
(45.3)! (=53.3)bl [3h]
[Mn(L1)(N3),], 99.6 3.8 9.8 _15.4 131
[Mn(L2)(N3)s], 101.6 52 - 118 131
101.1 131l
[Mn(L3)(N3)a], 103.9 7.2 19.5 137 31
[Mn(L4)(N3),], 100.6 4.1 9.8 133 31
[Mn(L5)(N3)s], 104.0 8.0 12.0 _14.4 31
[Mn(L)(N3)s], 102.0 5.6 19.6 119 13
[Mn(TaiEt)(Na).], 103.5 2.7 18 145 (3]
{IMn(N3)>(3-Clpy)s]3-Clpy)o s}, 100.5 6.0 9.8 16.7 [3n]
[{Mn(N3),},L'], 772 3.8 2.9 8.1 [6e]
[Mn(L3)(Na).], (3) 101.7 1.6 7.6 _13.9 this work

[a] Bipy = 2,2'-bipyridine; 3-bzpy = 3-benzoylpyridine; 3-Et,4-Mepy = 3-ethyl-4-methylpyridine; bpm = bis(pyrazol-1-yl)methane; dpa
= 2,2'-dipyridylamine; L1 = N-phenyl-2-carbaldimine; L2 = N-(p-tolyl)-2-carbaldimine; L3 = N-(m-tolyl)-2-carbaldimine; L4 = N-(p-
chlorophenyl)-2-carbaldimine; L5 = N-(m-chlorophenyl)-2-carbaldimine; L = 2-(pyrazol-1-ylmethyl)pyridine; TaiEt = 1-ethyl-2-(p-tol-
ylazo)imidazole; 3-Clpy = 3-chloropyridine; L’ = 4,5-diazafluoren-9-one azine; L = N-(2-pyridylmethylene)octylamine. [b] The recalcul-
ated values are indicated in bold and the values in parentheses are those reported in the references. After checking the data carefully, we
believe that the J values reported in refs.’>3 are actually for JS(S + 1).
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crease of yy below 17 K. The best fit of the experimental
data led to J; = 1.6(2)ecm™!, J, = -13.9(1)cm™!, and p =
0.01 with g fixed at 2.0. The J; and J, parameters verify the
alternating ferro- and antiferromagnetic interactions, with
the antiferromagnetic one dominating.

A chain structure with alternating double EO and double
EE azido bridges is the most frequently encountered Mn—
azido motif. In our previous work,*! this class of Mn!!
compounds follows the general trend that the ferromagnetic
interaction through the double EO bridge increases with
the Mn—N-Mn angle, and that the antiferromagnetic inter-
action through the double EE bridge decreases with the in-
crease of the dihedral angle (J) between the (N3), plane and
the N(EE azido)-Mn-N(EE azido) plane. Since then, se-
veral new compounds have been characterized structurally
and magnetically. Relevant structural and magnetic data for
the known compounds, along with 3, are collected in
Table 4 for comparison. As can be seen, the general trends,
which have also been demonstrated by theoretical stud-
ies,13121 are followed by most compounds, but it should be
noted that there are some evident deviations. The most re-
markable example is [{Mn(N3),},L’],, in which Mn'! chains
with alternating double EO and double EE azido bridges
are linked into a 3D network by 4,5-diazafluoren-9-one az-
ine (L):1%] the double EO bridge with a much smaller Mn—
N-Mn angle (77°) than the AF-F crossover angle (98°) pre-
dicted by density functionl calculations mediates a ferro-
magnetic interaction, instead of antiferromagnetic interac-
tion, and the double EE bridge with a very small § angle
(2.9°) mediates a relatively weak antiferromagnetic interac-
tion. For 3 and [Mn(TaiEt)(N5),],,*" the Jpo values seem
to be too small for their medium and large M—N-M angles,
respectively. These deviations may be due to the influence
of other structural parameters. Further pragmatic but la-
borious studies are therefore needed to get more accurate
magneto-structural correlations.

Conclusions

We have presented the syntheses, structures, and mag-
netic properties of three new azido-bridged Mn'" coordina-
tion polymers with flexible tail co-ligands. With increasing
steric demand of the co-ligands L!, L%, and L3, the struc-
tures vary from a double EO azido-bridged uniform chain
(1), through a double EO and single EE azido-bridged 2D
layer (2), to a double EO and double EE azido-bridged
alternate chain (3), respectively. Magnetically, 1 is a meta-
magnet built of ferromagnetic chains, 2 exhibits a weak
ferromagnetism due to spin-canting, and 3 shows alternate
ferro- and antiferromagnetic intrachain interactions. We are
currently working with other flexible tail co-ligands by
varying their substituents to get more information about
the relationship between the final structures and the co-li-
gands and to study their magnetic behaviors towards the
preparation of molecule-based magnetic materials.
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Experimental Section

Materials and Physical Measurements: All the starting chemicals
were of A.R. grade and were used as received. The Schiff-base li-
gands L', L2 and L3 were prepared according to literature pro-
cedures.I'3! Elemental analyses (C,H,N) were performed on an Ele-
mentar Vario EL analyzer. IR spectra were recorded with a Nicolet
Magna-IR 750 spectrometer equipped with a Nic-Plan Microscope.
Temperature- and field-dependent magnetic measurements were
carried out on an Oxford MaglLab 2000 magnetometer. Diamag-
netic corrections were made with Pascal’s constants.['4]

Caution! Azide and perchlorate complexes of metal ions are poten-
tially explosive. Only a small amount of the materials should be pre-
pared, and it should be handled with care.

[Mn(L")(N3),l, (1): A methanol solution (10 mL) containing
Mn(ClO,4),*6H,0 (0.181 g, 0.5 mmol) and L' (0.061 g, 0.5 mmol),
and a methanol solution (10 mL) of NaNj; (0.065 g, 1.0 mmol) were
added respectively to the two arms of an H-tube, then methanol
was carefully added to both arms until the bridge of the tube was
filled. Slow interdiffusion of the two solutions afforded yellow crys-
tals of 1 after two weeks. Yield: 0.042 g (32%). Ci4H sMn,N 4
(518.31): caled. C 32.45, H 3.11, N 43.24; found C 32.48, H 3.30,
N 43.50. IR: ¥ = 2067 vs, 1595 m, 1441 m, 1334 m, 1305 m, 1283 m,
1014 m, 775 m cm .

[Mn(L?)(N3),l, (2): A methanol solution (10 mL) of Mn(CIOy)*
6H,0 (0.181 g, 0.5 mmol) was added to a solution of L? (0.068 g,
0.5 mmol) in the same solvent. The mixture was stirred for 5 min,
then a methanol (10 mL) solution of NaNj; (0.065 g, 1 mmol) was
added with continuous stirring. Slow evaporation of the resulting
orange solution at room temperature yielded yellow crystals after
two weeks. Yield: 0.080 g (59%). CgH;(MnNg (273.18): calcd. C
35.18, H 3.69, N 41.02; found C 35.14, H 3.85, N 41.42. IR: ¥ =
2067 s, 1595 m, 1479 m, 1475 m, 1443 m, 1339 m, 1305 m, 1156 m,
1106 m, 1013 m, 779 m cm .

[Mn(L3)(N3),l, (3): This complex was prepared in the same way as
2, using L3 instead of L2 Yield: 0.043 g (24%). C,4H,,MnNjg
(357.34): caled. C 47.06, H 6.21, N 31.36; found C 47.07, H 6.27,
N 31.79. IR: ¥ = 2095 vs, 2064 vs, 1595 m, 1467 m, 1442 m, 1334 m,
1013 m, 775 m cm .

X-ray Crystallographic Study: Diffraction intensity data for single
crystals of 1, 2, and 3 were collected at room temperature on a
Nonius Kappa CCD area detector equipped with graphite-mono-

Table 5. Summary of crystallographic data for complexes 1-3.

1 2 3
Empirical formula C14H15Mn2N15 CngoMnNg C14H22MHN8
Formula mass 518.31 273.18 357.34
Crystal system monoclinic orthorhombic  triclinic
Space group P2,/c Pbca Pl
a[A] 12.016(2) 10.6725(2) 8.1436(2)
b [A] 16.589(3) 12.6390(3) 9.4498(2)
c[A] 11.867(2) 17.6030(5) 12.3898(4)
a[°] 90 90 72.8132(9)
£ 103.51(3) 90 76.3392(9)
v [°] 90 90 82.161(1)
VA3 2300.0(8) 2374.5(1) 882.84(4)
V4 4 8 2
Deareq. [gem 3] 1.497 1.528 1.344
1 [mm!] 1.135 1.103 0.759
Ry [I > 20(D)] 0.0352 0.0529 0.0328
wR, (all data) 0.0822 0.1663 0.0795
GOF 0.880 0.947 0.990
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chromated Mo-K,, radiation (1 = 0.71073 A). Empirical absorption
corrections were applied using the Sortav program.!'> The struc-
tures were solved by direct methods and refined by full-matrix le-
ast-squares on F2 with anisotropic thermal parameters for all non-
hydrogen atoms.!''! Hydrogen atoms were placed geometrically and
refined isotropically. Pertinent crystallographic data and structure
refinement parameters are summarized in Table 5.

CCDC-279815 (for 1), -279816 (for 2), and -279817 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccde.cam.ac.uk/data_request/cif.
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