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A New Alternating Ferro-Antiferromagnetic One-Dimensional Azido-Bridged
(Arylazoimidazole)manganese(11), [Mn(TaiEt)(N5),], [TaiEt = 1-Ethyl-2-(p-
tolylazo)imidazole], Exhibiting Bulk Weak Ferromagnetic Long-Range
Ordering
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1-Ethyl-2-(p-tolylazo)imidazole [p-Me—-CgH,—N=N-C3;H,N,—
Et-1; TaiEt], an unsymmetrical N,N’-blocker, and azide (N37),
a versatile intermediary, coordinate to manganese(i) forming
an alternating chain with the formula [Mn(TaiEt)(N3),], (1).
The compound crystallizes in the triclinic P1 space group
with a = 7.9297(7) A, b = 9.5883(9) A, ¢ = 11.8366(11) A, o =
103.555(2)°, B = 105.811(2)°, vy = 104.280(2)°, and Z = 2. The
structure consists of neutral chains in which each mangan-
ese(1) center is alternately bridged by two end-on and two
end-to-end azide ligands. The unsymmetrical arylazo hetero-
cycle chelator creates a strong distortion around the metal
center [N-Mn-N' bite 67.7°; Mn-N’'(azo) distance 2.562 A].
The magnetic properties of 1 have been investigated over
the temperature range 2-300 K. Magnetic data are analyzed

on the basis of an alternating ferro- and antiferromagnetic
Heisenberg chain of the manganese(11) ions, described by the
spin Hamiltonian H = —J1X85;S5;,1—J22S2;,152i12. The J ex-
change parameters are 2.65 + 0.12 cm™ and -14.5 + 0.15
cm™!, respectively. Magnetic studies at low temperatures in-
dicate long-range ordering (canting) with a remnant magnet-
ism that vanishes above 40 K. The canting phenomenon has
been studied by various techniques including an EPR spec-
troscopic investigation at different temperatures and appears
to be due to the local distortion around each metal center
and the n-r stacking in the 3-D network.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The preparation of inorganic-organic hybrid functional
materials based on covalent bonds with malleable coordi-
nation spheres and non-covalent forces involving hydrogen-
bonding X—H--1 and 77 interactions is a field of current
interest in coordination chemistry.l! ¢ Self-assembly!”! is
the most efficient approach in this regard. Covalent systems
are particularly useful in magnetochemistry as they can
provide high magnetic ordering and afford different vari-
eties of magnetic materials.'-?! A judicious choice of a suit-
able transition metal template, appropriate organic blocker
and efficient magnetic coupler can lead to different molecu-
lar architectures with tunable magnetic properties. The
pseudohalides, especially azide,®! are versatile bridging li-
gands and allow p-1,1 (end-on, EO), p-1,3 (end-to-end,
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EE),”1 pn-1,1,31% and other!!-'? modes of interactions. It is
established that the p-1,1 (EO) mode gives ferromagnetic
(F) and p-1,3 (EE) gives antiferromagnetic (AF)
interactions® 2l with few exceptions.['3~ !¢l Different com-
binations of azide-bridging modes have resulted in some
unusual structures which consequently changes the
magnetism.[° 3%

To date the maximum number of reports on azide-bridg-
ing coordination polymers with various organic blockers
and investigations of their structure and magnetism have
appeared for copper(i1) and nickel(i). 2! In this regard,
analogues studies of other 3d ions like manganese, iron, co-
balt are less familiar. The manganese—azido system is cur-
rently attracting the attention of magnetochemists, since it
enables work to be done with a greater local spin value.[!
The use of different heterocyclic N-donor ligands such as
pyridine, polypyridine and their substituted derivatives,
pyridine Schiff bases, are well documented.®-?>73% But no
such work has been initiated with unsymmetrical ligands
having azo-N and heterocyclic-N donor centers. Arylazo
heterocycles with the azoimine (—N=N-C=N-) function
are unsymmetrical N,N'-end-capping chelators. For the last
few years our group has been engaged®! 34 in exploring
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the chemistry of such ligand systems with transition and
non-transition metal ions. Ligands have been anchored on
a surface to synthesize a solid-phase extractant®* that has
been used in the separation of different d” ions from ores,
alloys, medicinal samples, etc.

With this background we are interested in preparing and
characterizing new polynuclear azidomanganese(i) com-
plexes with a bidentate azoimidazole ligand, 1-ethyl-2-(p-
tolylazo)imidazole (TaiEt). The ligand system plays a sub-
stantial role in chemistry®! ~33 involving stabilizing low oxi-
dation states of transition metal ions. We have used metal/
bidentate ligands in I:1 ratios in such a way that the four
coordination vacancies around the six-coordinate manga-
nese(11) ion should be completed by the excess azide ligands.
According to this principle, we are able to prepare a new
alternating double-bridged p-1,1 (EO) and p-1,3 (EE) azi-
domanganese(11) complex of TaiEt with a one-dimensional
(1-D) chain along with noncovalent C—H-n and p-*7 in-
ter-chain interactions leading to a 3-D geometry, which has
been characterized by X-ray diffraction and spectroscopic
studies. Magnetic measurements indicate global AF be-
havior with the presence of a weak F component intrinsic
to the sample. The most interesting feature is the weak
long-range ferromagnetic ordering likely to occur due to a
canting phenomenon originating from the local distortion
around the manganese(i) centers and the m-m stacking in
the 3-D network.

N/’:\N
CH,CHy” \f
Nx

N
Me

Results and Discussion

Synthesis and Formulation

The preparation of 1 can be achieved in high yield by the
reaction of Mn(OAc),4H,O with TaiEt and NaNj in dry
MeOH at room temperature. The procedure is summarized
in Equation (1).

The organic blocker belongs to the unsymmetrical N,N’-
chelating ligand, where N and N’ are the N(imidazole) and
N(azo) donor centers, respectively. The air-stable moisture-
insensitive red-brown compound is insoluble in common
organic solvents. In the IR spectrum the asymmetrical az-
ido stretch, v,.ym(N3) appears as strong bands between
2095 and 2050 cm ! which suggests the simultaneous exist-
ence of EE and EO bridging modes in the complex.[®-3!

MeOH
—
25°C

1 Mn(OAc),*4H,0 + n TaiEt + 2n NaNj3
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The azide symmetric stretch vg,,(N3) corresponding to the
EO bridging mode can be observed as a band of medium
intensity at 1330 cm~'. This mode is not active for the sym-
metrical EE coordination. Finally, the band assignable to
the deformation mode of the azido group, 8(N3), found at
610, 600 cm™!, is in good agreement with that observed
for all polynuclear azido compounds.®**! Furthermore, the
pertinent bands characteristic of the bound TaiEt ligand
appear at 1590 [v(C=N)] and 1395 [v(N=N)] cm!. The
diffused reflectance spectrum of [Mn(TaiEt)(N3),], exhibits
an intraligand charge transfer transition at 380 nm and
weak spin-forbidden d-d bands at 525 (sh) and 455 nm cor-
responding to an octahedral symmetry.(]

Description of the Structure

The structure of [Mn(TaiEt)(N3),],, was revealed by a sin-
gle-crystal X-ray diffraction study [Figure 1, (a) and (b)].
Selected bond lengths and angles are given in Table 1. Each
manganese center exhibits a distorted octahedral MnNg co-
ordination sphere linked by two EO and two EE azide
groups as well as two N-centers from N,N'-chelator (TaiEt),
respectively, forming four-membered, eight-membered and
five-membered loops around each metal center. The chelate
angle =N—Mn—N" is 67.7(1)° which is smaller than those
reported values for other transition metal arylazo
complexes3! 3337381 [76.5° for a ruthenium(ir) complex>”]
and 77.8° for an osmium(ir) compound].[*¥ This may have
a major influence on distortion from idealized O}, sym-
metry. The Mn—N(azo) bond [Mn—N(1), 2.562(2) A] is
elongated by 0.34 A compared to the Mn—N(imidazole)
distance [Mn—N(3), 2.221(2) A]; however, it is well below
the sum of the van der Waals radii of Mn'" and N(azo).**!
The N=N bond [N(1)—N(2), 1.267(3) A] is longer than
that of the free ligand [1.252(1) AL.14% This increment may
refer to a dn(Mn)—n*(azo) charge transition.[??]

The atomic arrangements Mn, oNl, N2, C8, N3 constitute
a plane (mean deviation < 0.07 A) and the pendant phenyl
ring makes a dihedral 16.83(2)° with the plane. The manga-
nese(1) ions are alternately linked by two EO [Mn—N(8)
2.217(2) A, Mn—N(8a) 2.214(3) A] and two EE [Mn—N(5)
2.204(3) A, Mn—N(7b) 2.215(3) A] azido bridges. The
Mn—N(8)—Mn(a) angle in the EO mode is 103.53(9)° and
lies within the range (100—105°)P! for this kind of bridge.
The bridging arrangement Mn—N(8)—Mn(a)—N(8a) is
planar but the azide ligands do not reside within the plane.
The Mn—N(5)—N(6) and Mn—N(7b)—N(6b) angles are
135.3(2)° and 130.1(2)°, respectively. The dihedral angle be-
tween the mean plane of Mn—N(5)—N(6)—N(7) and
Mn—N(7b)—N(6b)—N(5b) with a chair configuration is
3.5°. The dihedral angle between the least-squares plane
formed by the six N atoms of the EE double-bridging azide
ligands and the N(5)—Mn—N(7b) system is 1.82(13)°. The

[Mn(TaiEt)(N3)z], + 21 NaOAc + 4n H,0 )
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Figurel. (a; top) ORTEP view of the enchainment in [Mn(TaiEt)(N3),], with atom numbering scheme; (b; bottom) section of the packing
arrangement due to noncovalent interactions of [Mn(TaiEt)(N3),], (1)

N—N distances of the azide ligand ranges from 1.144(4) to
1.194(3) A and reflects typical double-bond character. In
the EO mode, the N—N distance of terminal and bridging
types exhibit usual distortion (ca. 0.05 A) compared to the
symmetrical bond lengths in the EE motif; but the results

252 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

show that in the EE motif the azide ligand is slightly dis-
torted from linearity [N(5)—N(6)—N(7) 177.1(3)°] com-
pared to the EO azide form [IN(8)—N(9)—N(10) 179.4(4)°].
One [N(5)] of the EE azide N atom is trans with that of
the EO azide N atom [N(8a)] and the mutual inclination is

www.eurjic.org Eur. J. Inorg. Chem. 2004, 250—259
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Mn—N(1) 2.562(2)
Mn—N(5) 2.204(3)
Mn—N(8a) 2.214(3)
N(1)—N(2) 1.267(3)
N(5)—N(6) 1.162(4)
N(8)—N(9) 1.194(3)
Mn—Mn a 3.461
N(3)—Mn—N(5) 97.59(9
N(3)—Mn—N(7b) 87.46(10)
N(3)—Mn—N(1) 67.75(7)
N(5)—Mn—N(7b) 91.72(11)
N(5)—Mn—N8 89.15(9)
N(8)—Mn—N(7b) 103.25(11)
Mn—N(3)—C(8) 116.29(16)
Mn—N(5)—N(6) 135.3(2)
Mn(b)—N(7)—N(6) 130.1(2)
Mn—N(8)—Mn(a) 103.53(9)
N(8)—N(9)—N(10) 179.4(4)

Mn—N(3)
Mn—N(8)
Mn—N(7b)
N(2)—C(8)
N(6)—N(7)
N(9)—N(10)
Mn—Mn b
N(@B)—Mn—N(8)
N(3)—Mn—N(8a)
N(5)—Mn—N(8a)
N(5)—Mn—N(1)
N(8)—Mn—N(8a)
N(8a)—Mn—N(7b)
N(1)—N(2)—C(8)
N(5)—N(6)—N(7)
Mn—N(8)—N(9)
Mn(a)—N(8)—N(9)

2.221(2)
2.217(2)
2.215(3)
1.386(3)
1.164(4)
1.144(4)
5.400

167.22(10)

95.86(9)
165.16(9)
79.61(9)
76.47(9)
95.11(11)

112.3(2)

177.1(3)

127.0(2)

128.0(2)

Non-covalent interactions:
C—H-n/n-+*1t (coordinates)

He+Cy/Cyr++Cy [A]

Dihedral angle [°]

C(7)—H(TC)Cy(1) (=x, 1 — 3, 1 — 2) 2.758(4) 146.20
CID)=H(11b)~Cy2) (1 = x, T — 3, 1 — 2) 2.707(3) 143.90
Co(1)+Cy(1) (=x, =3, 1 — 2) 3.416(2) 0.03
Co(1)Co2) (=X, 1 = 3, 1 = 2) 3.525(2) 12.60
Co@Co() (1 = x, 1 = 3, 1 = 2) 3.136(2) 12.60
Co(2)Co?) (=X, 1 =y, 1 = 2) 3.545(2) 0.00

C,(1): N(3)—C(8)—N(4)—C(9)—C(10)
C4(2): C(1)~C(2)~C(3)—C(4)—C(5)~C(6)

165.16(9)°. The imidazole N center [N(3)] of TaiEt is trans
to the EO azide N atom [N(8)] while the azo N atom [N(1)]
is trans to the EE azide N atom [N(7b)]. This reveals a 1-D
chain structure of the molecule, which is being supported
by EO and EE Mn—Nj; motifs.

The C—H-n and 77 interactions are two noncovalent
forces operating among the molecules to generate a three-
dimensional network.[*! =43 Each molecular unit shows two
C—H-n bonding interactions [C(7)—H(7C)--Cy(1) and
C(11)—H(11b)--Cy(2)] with imidazole [Co(1)] (—x, 1 — y, 1
— z) and p-tolyl [Co(2)] (1 — x, 1 — », 1 — z) rings of
neighboring molecules [Table I, Figurel (b)]. The
C(7)—H(7¢) bond is from the methyl group of (C¢H4)—CH3
(p), and C(11)—H(11b) is part of the methylene moiety of
the N(4)—CH,—(CH3) group. Their interactions with Cy(1)
and C,(2), respectively, may provide inter-chain rigidity and
is the operating force of a 3-D network. The p---m interac-
tions Cy(1)Cy(1) [3.416(2) A, Cy(1)-C, (2) [3.525(2) A,
Cy(1)Cy(2) [3.136(2) A] and Cy(2)+Cy(2) [3.545(2) A] en-
hance the inter-chain networking strength. These noncoval-
ent interactions among 1-D parallel units are ideal in for-
ming a 3-D supramolecular continuum.

Magnetic Properties

The temperature dependence of the magnetic suscepti-
bility is shown in Figure2. The g\ value is 0.0123
cm?mol ! at 300 K and increases smoothly with decreasing

Eur. J. Inorg. Chem. 2004, 250—259 www.eurjic.org
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Figure 2. Plots of yy vs. T for 1; the solid line represents the best
fit (see text for the parameters calculated)

temperature (0.025 cm*mol~! at 50 K), and finally in-
creases abruptly to a maximum value of 0.0465 cm*mol ™!
at 1.95 K. This reflects global antiferromagnetic coupling
with the presence of a weak ferromagnetic long-range or-
dering down to 40 K presumably due to a canting phenom-
enon.*¥ Thus, unusual y,; values at low temperatures re-
strict us in fitting all of the magnetic data: it is only possible
to fit the data to the temperature where the canting arises
(40 K) (see below). To avoid any misleading interpretation
we have carried out the fitting from 300—50 K.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 253
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(a) High-Temperature Zone (300—50 K) — Calculation of
the Coupling Parameters

The structural findings demand an alternating chain of
exchange interactions with nearest neighbors that have been
described by the spin Hamiltonian where J; and J, stand
for the alternating exchange constants, and “classical’’ spin
operators are expressed by S are.

H = —J 1288511 =228+ 18242

This approximation is justified for manganese(i) ion,
which exhibits a large spin (S = 5/2). The fit of experimen-
tal data for such a manganese(1) 1-D system has been car-
ried out using the reported relation®! derived from the
above Hamiltonian, in Equation (2), in which u; = coth(J,/
kT) — kTIJy, u, = coth(Jo/kT) — kT/J, with the scaling
factors J; = J»S(S + 1) and g; = g,[S(S + 1)]V/2.[29

:Ng2B2(1+u1+u2+u1u2J

3kT L l=uquy ®)

The best J parameters obtained are: 2.7 = 0.10 cm ™' and

—14.6 £ 0.15cm™ ', g =2.0l and R = 2.56 X 10 °. If g is
kept at 2.00, which is the expected value for Mn", J; and

J> do not differ significantly: 2.65 = 0.12 cm™ ! and —14.5
+0.15cm ' and R = 1.75 X 10~ 8. A negative J value (AF)
can be attributed to the EE azido bridge whereas the posi-
tive J value (F) corresponds to the EO mode.”! The main
structural and magnetic parameters of the reported alter-
nating manganese(11) 1-D azido systems along with 1 are
collected in Table 2 for a comparison of the magnetic be-
havior. Assuming that the Mn—N distances do not vary
considerably, the main factor controlling the intensity of the
ferromagnetic interactions in the EO bridge appears to be
the bridging Mn—N(azido)—Mn angle (). Density func-
tional calculations™>*®1 on some model compounds of
manganese(l1) show a parabolic dependence of J on this
bridging angle (0): for 0 lower than 98°, AF coupling is
expected; for 0 greater than 98°, F coupling should re-
sult.*1 A crossover from F to AF is predicted at 6 = 98°.
The angles (see Table 2) are close to 100° and J values vary
from 9.6 to 1.8 cm~!'. 1 has a very large angle (0 = 103.5°);
thus, its J value should be one of the largest. However, it is
one of the lowest J values (2.65 cm™!) indicating that the
correlation of J with 6 may be complicated and a more
accurate pragmatic theory is needed to systematize this be-
havior.

Now assuming that the Mn—N distances do not vary
considerably, the most useful structural parameter for ex-
amining the magnitude of the AF coupling via EE bridges

Table 2. Main magnetostructural parameters for alternating EE—EO one-dimensional Mn—azido systems [3-bzpy = 3-benzoylpyridine;
3-Et,4-Mepy = 3-ethyl-4-methylpyridine; bpy = 2,2'-bipyridine; bpm = bis(pyrazol-1-yl)methane; dpa = 2,2’-dipyridylamine; 3-ampy =
3-aminopyridine; L! = N-phenyl-2-carbaldimine; L? = N-(p-tolyl)-2-carbaldimine; L* = N-(m-tolyl)-2-carbaldimine; L* = N-(p-chloro-
phenyl)-2-carbaldimine; L3 = N-(m-chlorophenyl)-2-carbaldimine; TaiEt = 1-ethyl-2-(p-tolylazo)imidazole)]

Complex 0l [°] 51 0] J (ferro) [em ] J (antiferro) [cm™] Ref.
Double EE/double EO

trans geometry of non-azido ligands

[Mn(3-bzpy)»(N3)a], 100.4 26.6 3.5 —-12.3 22]
[Mn(3-Et,4-Mepy)(N3)a], 99.7 31.7 2.4 —13.7 23]
Double EE/double EO

cis geometry of non-azido ligands

[Mn(bpy)(N3)a], 101.0 22.7 9.6 —-11.9 26]
[Mn(bpm)(N3)-],, 102.9 20.5 15.7 (1.80)! —63.7(—7.28)1l 271
[Mn(dpa)(N3),], 102.9 35.1 45 (5.14) —53 (—6.05)[! [24]
[Mn(L")(N3).], 99.6 9.8 3.8 154 [25]
[Mn(L?)(N3)], 101.6 - 5.2 —11.8 [25]
[Mn(L3*)(N3),], 103.9 19.5 7.2 —13.7 [23]
[Mn(L*)(N3)o], 100.6 9.8 4.1 -13.3 (25]
[Mn(L*)(N3)a], 104.0 12.0 8.0 —14.4 25]
[Mn(TaiEt)(N3),], 103.5 1.82 2.65(12) —14.5 (15) this work
Single EE/double EO

[Mn(3-Et,4-Mepy)3(N3)1,2](PF6) 101 4 - 33 —5.2 [28]
[Mn(3-ampy)»(N3)(H,0)], 99.6 - 2.3 —6.0 (281

[21 § corresponds to the Mn—N(azido)—Mn angle. ! § is defined in Scheme 1. [l The J values reported in refs.?*27] have been simulated
by us because they seemed to be too large. Effectively, the simulation using the same formula indicated in the text (ref.?°l) does not agree
at all with the figures of y,, vs. 7. On the contrary, dividing by S(S + 1) = 5/2 X 7/2 = 8.75 the recalculated J values (indicated in
parentheses in bold) perfectly agree with the figures given in refs.>*?71 This error may be due to the meaning of J given in ref.?4; the
scaling factor is J; = J;S(S + 1) used by us, which has not been used in these two papers.
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is the dihedral angle (&) (Scheme 1). EHMO calcu-
lations>*#2¢l show that the AF coupling should decrease for
larger values indicating that the loss of overlap due to the
increase in the torsion angle becomes the driving parameter
controlling the magnitude of the exchange interaction. For
1, the 3 value is the lowest reported so far (1.82°) (Table 2).
Thus, the AF coupling should be greater. In fact, it is the
highest |J] value (14.5 cm™!) reported to date. At this stage
it is very difficult to draw a general conclusion. Other com-
plexes with high & values (close to 30°, for example, in the
two complexes??>23! with a trans blocker) have similar J val-
ues (Table 2) when, theoretically, this should be very small.
So new compounds and more accurate calculations are
necessary to systematize these kinds of magnetostructural
correlations in the manganese(11) systems.

Scheme 1

(b) Low-Temperature Zone (50—2 K) — Origin of the
Weak Ferromagnetism

The increase in susceptibility down to ca. 45—50 K indi-
cates the presence of a weak intrinsic ferromagnetic contri-
bution, possibly due to a spin canting effect.**] A cursory
report of a similar feature is found in only one of the alter-
nating EE and EO azido-bridged 1-D manganese com-
plexes (Table 2).*1 In the present case, extensive experi-
ments have been performed to substantiate the long-range
ordering as pointed below.

(1) An abrupt break in s and y\ 7 occurs at 40 K when
lower fields are employed (Figure 3). This transition at
40 K, when the magnetic field changes, is indicative of the
onset of long-range magnetic ordering.[*”]

(2) The field-cooled magnetization (FCM) obtained on
cooling within the field (50 Oe) shows the typical feature
[Figure 4 (a)] of a ferromagnetic transition, i.e. a rapid in-
crease in yp; occurs when 7' decreases below 40 K and, then,
appears at the beginning of saturation. If the field is
switched off below 40 K, a remnant magnetization is ob-
served. The zero-field-cooled magnetization (ZFCM) is ob-
tained by cooling in zero-field and then applying the field
and heating. At any temperature below 7. the ZFCM is
smaller than the FCM, due to the fact that in this tempera-
ture range the applied field is too weak to move the domain
walls. The remnant magnetization (RM) [Figure 4 (b)] indi-
cates the presence of magnetization from 2 to 40 K. Thus,
the critical temperature for the long-range magnetic or-
dering is 40 K.

(3) The magnetization study (from —5 T to +5 T at 2 K)
shows (Figure 5) the M/NP value to be 0.3 e~, which is
clearly indicative of the global antiferromagnetic interac-
tion. An isolated manganese(11) ion would give 5 e~. At the

Eur. J. Inorg. Chem. 2004, 250—259 www.eurjic.org

0,07 T T T T T
. (@
0,06 J
. . 200G
M A 5006
ko 4 ® v 10006 | .
S 0.05 "/ * 50006
E %y %o + 10000 G
5 N
S 0,04' 0"‘:“.\\ p
= N/
3 : "v' ...
*
003] e “'! 1
144 R
(b) o, o
1 2 1 ‘. < -1
' o am X
o A‘Avv' o*
1,01 o A“'V' +* -
“x o.. “Av"
ot v
2 08 1
E R D
° 0.6 .‘3::' :ﬁ' v 10006 | |
[ o * 50006
3 04 .o:gt;,' + 100006 |
o’iﬁ:"
0,2 i
0,0 T T T T T
0 10 20 30 40 50
T/IK

Figure 3. Plots of (a) ya vs. T and (b) xm7 vs. T at different fields
in the temperature range (2—50 K); at lower fields abrupt breaks
are seen (see text)
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Figure 4. (a) Field-cooled magnetization (FCM) and zero-field-co-
oled magnetization (ZFCM) for 1; (b) remnant magnetization as a
difference of FCM and ZFCM, from 50—2 K
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Figure 5. Reduced magnetization curve for 1, at 2 K; (inset) central
part of the magnetization curve for 1, showing a very small hyster-
esis loop

bottom of the figure (from —0.5 T to +0.5 T) a weak
hysteresis loop is seen. The coercive field is difficult to cal-
culate, as it is too large, but the remnant magnetization at
0 K is 6.7 cm?® Gauss'mol ™!, which is typical of a soft ferro-
magnet.

(4) The ac susceptibility measurements are definitely the
best proof of the long-range order. The real part of the ac
magnetic susceptibility (y..") has a maximum at ca. 40 K,
accompanied by the occurrence of non-zero field-indepen-
dent y,."" (Figure 6) suggesting that the 7, of 1 is close to
40 K. The small y values indicate weak ferromagnetic
character (in accordance with the hysteresis loop values).

(5) EPR spectroscopic measurements at room tempera-
ture (298 K) show a very intense isotropic signal centered
at g = 2.00 (without hyperfine splitting) which is typical for
the manganese(11) ion. The peak-to-peak band-width in-
creases on lowering the temperature (at 298 K and 77 K it
is ca. 150 Gauss; at 40 K it is ca. 400 Gauss) (Figure 7) and
its intensity strongly diminishes. Finally, at 4 K the peak-
to-peak band-width is > 2000 Gauss and 1600 times less
intense than that at room temperature, which is in accord-
ance with the behavior of long-range ordered compounds
at low temperature.f*®! It is worth mentioning that this fea-
ture in the EPR spectra indicates that the magnetic ordering
cannot be attributed to ferromagnetic impurities and the
canting phenomenon must be inherent to the sample.
Canted one-dimensional (1-D)“°~3 and/or discretel? sys-
tems are reported in the literature though very scarce. In-
stead, canting is more frequent in two-dimensional (2-D)
and three-dimensional (3-D) systems®3! because the cant-
ing, per se, is a three-dimensional long-range ordering. To
interpret this behavior in 1-D, it is necessary to have some
linkages in 1, though weak, resulting in a 3-D network. This
may be attributed to the m---mw stacking (Figure 1, b) and
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Figure 6. In-phase (a) and out-of-phase (imaginary) (b) parts of the
ac susceptibility curves for 1 at two different frequencies (1 and
1000 Hertz)

other weak interactions. The spin canted structure is not
compatible with the crystal structure of 1 because of the
presence of an inversion center (space group P1). Thus, the
existence of the possible canting effect must be due to a
distortion in the crystal net at low temperatures, that sup-
presses the inversion center. It is well known that two
mechanisms lead to spin canting: (i) magnetic anisotropy
(D and E) and (ii) antisymmetric exchange, di[S;xS].[*+-54
In both cases, the total energy is minimized through a
compromise in which the spins are tilted away from the
antiparallel towards a position in which they are perpen-
dicular (Scheme 2). The D parameter is, in principle, non-
zero because the ground state is S = 5/2 and there is a great
distortion in the manganese(i1) ion as is evident from the
N—Mn—N" angle of 67.7° created by the chelator and from
lengthening of the Mn—N(azo) bond (2.56 A) over the
other five Mn—N bonds (ca. 2.2 A). The Mn—N(azo) dis-
tance is anomalously long creating greater distortion and
anisotropy. Such a coordination environment plays a major
role for the canting behavior in this case and as also found
in some manganese(11)>>-3¢ (S = 2) and nickel(m)P%71 (S =
1) systems. The other possible origin of the canting, the
antisymmetric part of the spin Hamiltonian, is proportional
to [(g — 2)/g]J, where the intermolecular coupling, J is an
average between —14.5 and 2.65 cm™~!. The average g value
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is close to 2.00. Thus, although very small, this term could
not be nullified. Such an explanation is found in the litera-
ture for several non-distorted iron(m),”¥ manga-
nese(11)%% and copper(i) canted complexes.[®!-°? In the
present case, the magnetization curve allows us to calculate
the (possible) canting angle. According to the literature,
there are several approaches to calculate the canting an-
gle.?>44 The most useful is sin ™ '(Lr m/Hsatq.) OF Sin~ ' (Mgpm/
M,q) being pg, = S for manganese(ir) ions. In complex 1,
Mg 1s 0.3, thus the angle is very small (0.34°) and results
in a very small ferromagnetic ordering.
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Conclusion

We have presented here the synthesis, single-crystal X-ray
structure, and magneto-structural correlation of a new 1-
D azido-bridged manganese(1) coordination polymer. The
structural characterization shows an alternating bis(-
bridged) EE and EO azido network with a very unsym-
metrical organic blocker as a cis chelate. The presence of
C—H:---m and n---7 interactions leads to the generation of a
three-dimensional network. From the magnetic point of
view the complex shows a long-range magnetic order aris-
ing due to a canting phenomenon originated most likely
from the distortion created by the low bite of the chelator
resulting a very strong distortion in the Mn—N(azo) dis-
tance (2.56 A) and 3-D structural evolution. The use of an
arylazo heterocycle ligand system over pyridine or polypyri-
dine systems!?>7 3% provides ample scope for such long-
range magnetic ordering. We are currently working with
this azo heterocycle having varied substituents on its net-
work to prepare different molecular architectures with
other 3d transition metal ions using pseudohalide inter-
mediaries and to study their magnetic behavior towards the
preparation of molecule-based magnets.

Experimental Section

Materials: Manganese(i1) acetate tetrahydrate (SRL, India) and so-
dium azide (SRL, India) were purchased and used without further
purification. 1-Ethyl-2-(p-tolylazo)imidazole (TaiEt) was prepared
according to a reported procedure.*!! All other chemicals and sol-
vents for preparative and spectroscopic work were of reagent grade
and were used as received.

CAUTION! Azido complexes of transition metal ions containing
organic ligands are potentially explosive. Only a small amount of
material should be prepared, and it should be handled with care.

Physical Measurements: IR spectra (KBr discs, 4000—300 cm™")
were recorded with a JASCO FTIR model 420 spectrophotometer.
Microanalyses (C, H and N) were done with a Perkin—Elmer 2400
CHNS/O elemental analyzer. The diffuse reflectance spectrum was
run at room temperature with a JASCO UV/Vis/NIR V-570 spec-
trophotometer in the 200—1000 nm range. A Bruker ES 200 spec-
trometer (X-band frequency) was used to record the EPR of po-
lycrystalline samples at room (298 K) and low temperatures (77 K,
30 K, 4 K). Magnetic measurements on powdered samples were
performed over the temperature range 2—300 K using a Quantum
Design MPMS-7 SQUID magnetometer in a magnetic field of 0.1
T. The experimental susceptibilities were corrected for the diamag-
netism of the constituent atoms (Pascal tables).

Synthesis of the Complex [Mn(TaiEt)(N3),], (1): 1 was synthesized
from Mn(OAc),4H,O (0.100 g, 0.408 mmol), TaiEt (0.087 g,
0.408 mmol) and NaN; (0.053 g, 0.816 mmol) in dry methanol
solution (25 mL). The resulting intense red solution was filtered
and left to stand at room temperature. After several days, prismatic
dark-red single crystals were obtained. They were separated by fil-
tration, washed with Et,O and dried in vacuo over indicator silica
gel. Yield: 0.124 g (75%). C1;H14MnN, (353.27): caled. C 40.8, H
4.0, N 39.7; found C 40.6, H 3.9, N 39.5.
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X-ray Structure Determination: A suitable single crystal of the title
complex for X-ray analysis was mounted on a Siemens SMART
CCD diffractometer equipped with a graphite monochromator and
Mo-K, (A = 0.71073 /o\) radiation. Data were collected at 295 K.
The crystal size was 0.08 X 0.10 X 0.18 mm. The intensity data
were corrected for Lorentz and polarization effects and an empiri-
cal absorption correction was also employed using the SAINTI®3]
program. A summary of the crystallographic data and structure
refinement parameters is given in Table 3. A total of 7947 reflec-
tions (unique reflections, 3546, R;,, = 0.029) were collected in the
range 1.9° < 0 < 28.1° and 2683 were assumed applying the con-
dition 7 > 2o(I). The structure was solved by the Patterson method
using SHELXS-971%4 followed by Fourier and difference Fourier
synthesis. Full-matrix least-squares refinements on I were carried
out using SHELXL-97 with anisotropic displacement parameters
for all non-hydrogen atoms. The hydrogen atoms were fixed geo-
metrically and refined using a riding model. In the final difference
Fourier map the residual maxima and minima were 0.52 and —0.38
e*A=3. All calculations were carried out using the SHELXL-97,
ORTEP-32931, PLATONI® programs. CCDC-193975 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccde.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Table 3. Crystal data and details of the structure determination
for 1

Empirical formula C;,H sMnN;,
Formula mass 353.27
Temperature [K] 295

Radiation A [A] 0.71073
Crystal system triclinic
Space group Pl

a[A] 7.9297(7)

b [A] 9.5883(9)
c[A] 11.8366(11)
o [°] 103.555(2)
B[] 105.811(2)
v[] 104.280(2)
V [A3] 794.05(13)
V4 2

dcalch [g,cm73] 1.478

g [mm~1 0.847
F(000) 362

Crystal size [mm] 0.08 X 0.10 X 0.18
No. of reflections collected 7947
®(min., max.) [°] 1.9, 28.1
Observed data [I > 2.0 o(/)] 2683
Refinement

Nref, Npar 3546, 208
R, wR2[E S R 0.0406, 0.1197, 1.10
Residual densitiy (min., max.) [e/A3] —0.38, 0.52

[l = 1/[s*(F,») + (0.0640P)> + 0.0109P] where P = (F,> +
2F2)/3.
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