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An azido-bridged chain with formula [Mn(Menic)(N3)2]n, where Menic is methylnicotinate, was prepared and
studied from the magnetic point-of-view. This compound crystallizes in the monoclinic system, space group
P21/a, with a = 15.556(2), b = 16.831(2), c = 17.595(2) Å, b = 110.80(1)1 and Z = 10. The structure
consist of a one-dimensional system in which each manganese atom is bridged by two azido ligands in a
trans arrangement. Along the chain there are four double end-on azido bridges followed by one double
end-to-end azido bridge. This unusual kind of alternation leads to a new one-dimensional magnetic behavior,
which has been studied by means of susceptibility and single crystal ESR measurements. The magnetic
response has been reproduced by Monte Carlo simulations and exact laws following the classical approach.
The characteristic signature of the magnetic behavior has allowed us to determine the three different
magnetic coupling constants present in this system. These results have been analyzed in the framework
of a theoretical and experimental magneto-structural correlation.

Introduction

Research on the magnetic properties of azido-bridged systems
is a growing field that in recent years has provided a large
number of uncommon magnetic systems.1 The ability of the
azido bridge to coordinate in the end-to-end mode (EE, gen-
erally associated with antiferromagnetic coupling) or end-on
mode (EO, generally associated to ferromagnetic coupling) is
the key of the versatility of this ligand. In addition, the azido
bridge allows molecular compounds with a wide range of
nuclearities1,2 but easily tends to give extended systems having
1D to 3D dimensionalities.1,3 Besides the large number of
magnetic topologies obtained, the compounds in which the
two kinds of coordination modes are simultaneously present
deserve particular attention, as they give alternating systems
with unusual or in some cases, unprecedented, magnetic beha-
vior. As an example, a few 3D networks1,4 containing both EE
and EO azido ligands have been characterized, together with
several 2D systems1 that often exhibit long-range order at
moderately low temperatures. Focusing our attention on the
1D derivatives, the compounds having the general formula
[Mn(R-py)2(N3)2]n in which R-py is a pyridinic ligand with an
R group attached generally in the meta or para positions, form
the most complete series reported to date, with gradual changes
in the topology of the system (see Scheme 1). This series of
compounds goes from compounds containing only EO
bridges5 to compounds containing only EE bridges3d,5a,6 with
F or AF magnetic response, respectively (topologies I and VI in

Scheme 1), though systems in which the ratio of EE : EO
bridges is 2 : 1 (V),7 1 : 1 (III, IV)1,3e,5a,8 or 1 : 4 (II)7a are also
known. This gradual increase of the AF/F interactions along
the chain provides interesting material to study unusual mag-
netic properties such as the ferrimagnetic response of type V
compounds,7 the EPR of chains with a gradual change of the
superexchange and dipolar interactions5a or to develop theo-
retical studies to explain the new properties.5a,6,7b

In this work we present the full magnetic characterization by
means of susceptibility and single-crystal ESR measurements
of the [Mn(Menic)2(N3)2]n one-dimensional system (1), in
which Menic is the methylnicotinate ligand. This compound
represents the only known example of a type II system.7a In
this paper, we try to analyze the magnetic behavior of this
family of compounds. However, we know that the explanation
of the macroscopic properties of matter resulting from the
interplay of a large number of atoms is very complex. Most
problems in statistical physics are too complicated to permit
exact solutions and, frequently, the accuracy of the results is
very uncertain due to the use of uncontrolled approximations.
Monte Carlo simulation is an important technique used to
tackle this problem.
In recent years, the study of one-dimensional spin-Heisen-

berg Hamiltonians has received considerable attention by
chemists and physicists. One reason for this is that these
systems provide excellent examples for the development of
suitable theoretical models that afford a better understanding
of the magnetic behavior in extended lattices. In this way, new
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classes of low dimensional magnetic materials have been
obtained, which require the development of new theoretical
models in order to describe correctly their magnetic proper-
ties.9 In this case, studies of antiferromagnetic chains have been
particularly fruitful.

Antiferromagnetic interactions are far more usual in nature
than ferromagnetic ones. Some bimetallic chains, in which a
non-compensation of the local spins occurs, are able to present
a magnetic behavior quite similar to that of ferromagnetic
chains.10 These are the reasons for the great interest developed
during the last decades in these compounds. From a theoretical
point of view, these systems are not easy to study. The first
studies on this subject date from the 1980s.11,12 Other studies
using more powerful methods, such as quantum Monte Carlo
(QMC) and density matrix group renormalization (DMRG),
were not published until the late 1990s.13,14 Only regular one-
dimensional systems had been studied so far, but recently,
Ovchinnikov et al. have studied more complex one-dimen-
sional interaction topologies.15 Although all these studies have
been performed on hetero-bimetallic chains, this phenomenon
can also be present in homo-metallic chains with special
interaction topologies.7b

Fischer,16 considering that quantum effects are negligible in
S = 5/2 systems, estimated analytically the dependence of the
magnetic susceptibility with temperature. In a similar way,
Abu-Youssef et al.7b and Cortés et al.17 have studied several
S = 5/2 alternating chains. The application of the same
technique on the higher dimensionality systems was shown to
be very complicated, which is reflected in the fact that there are
only exact laws for square and honeycomb planes.18 Even these
laws do not reproduce very well the magnetic properties of the
systems having these topologies.19

Recently, other types of techniques have been applied to
analyze the magnetic properties of extended systems, such as
the QMC simulations15,20–28 and the DMRG approach,29–34

allowing quantum results on large systems to be obtained,
which is not possible by an exact diagonalization of the energy
matrix obtained from the microstate basis.

In this work, we have deduced analytical expressions for the
AF/F/F/F/F and AF/F/F0/F0/F alternating one-dimensional
models using the classical spin approach. These laws have
allowed us to analyze the magnetic susceptibility vs. tempera-
ture curves for compound 1. The results have been checked
by a Monte Carlo simulation based on the Metropolis algo-
rithm27,35 and compared with the predictions from DFT
calculations.36

Experimental

Infrared spectra (4000–200 cm�1) were recorded from KBr
pellets on a Nicolet 520 FTIR spectrophotometer. Magnetic
measurements were performed with a Quantum Desing instru-
ment with a SQUID detector, working in the temperature
range of 300–2 K under an external magnetic field of 0.01 T.
Diamagnetic corrections were estimated from Pascal’s Tables.
ESR spectra were recorded at the X-band frequency with a
Bruker ES200 spectrometer equipped with an Oxford liquid-
helium cryostat for variable temperature work and automatic
goniometer for single-crystal measurements.

Synthesis

[Mn(Menic)2(N3)2]n (1) was synthesized by mixing a methano-
lic solution (30 mL) of manganese(II) chloride tetrahydrate
(0.99 g, 5 mmol) and 1.21 g (10 mmol) of methylnicotinate
dissolved in 20 mL methanol, followed by dropwise addition of
a saturated aqueous solution of sodium azide (0.65 g, 10
mmol). The final solution was filtered off and then was left to
stand in the dark for 2 weeks, which led to the growth of
needle-shaped colorless crystals of 1. Yield ca. 60%. Anal.
calcd for C14H14MnN8O4: C, 40.7; H, 3.4; N, 27.1; Mn, 13.3;
found: C, 40.6; H, 3.5; N, 27.1; Mn, 13.3
The IR spectrum of the solid complex shows bands attribu-

table to the methylnicotinate ligand at normal frequencies. In
the 2000–2150 cm�1 region the complex shows two very strong
and split bands assigned to the asymmetric stretching vibra-
tions (nas N3) centered at 2100 (vs) and 2073 (vs) cm�1. No
band could be attributed to the (ns N3) mode in the 1280–1360
cm�1 region, while the two bands at 2100 and 2073 cm�1

indicate the presence of two different symmetric and asym-
metric azido groups. In the far-infrared region a few bands
were observed at 216, 244, 342, 362 and 431 cm�1 and could be
tentatively assigned to the M–Nligand and M–NN3

vibrations.

X-Ray crystallography

A colorless crystal (0.30 � 0.60 � 1.00 mm3) was mounted on a
STOE-IPDS diffractometer equipped with graphite-mono-
chromated MoKa radiation (l = 0.71073 Å). Intensity data
were corrected for Lorentz and polarization effects. Data
reduction and a numerical absorption (X-SHAPE: min/max
transmission: 0.604/0.803) correction were performed with the
STOE-IPDS software37 and structure solution and refinements

Scheme 1
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conducted with SHELXTL/PC38 and SHELXL-97,39 respec-
tively. Of the 17574 reflections collected, 6593 were observed
with I 4 2s(I), Rint = 0.0671; twin ratio = 0.244/0.756(1);
twin matrix: {0.19 0 �0.81, 0 �1 0, �1.19 0 �0.19}; 612 refined
parameters; rmin/max = �1.94/1.80 e Å�3. All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were
included by a riding model. Further crystallographic data are
given in Table 1.w Selected bond parameters are summarized
in Table 2.

Monte Carlo calculation methodology

In the canonical ensemble the average magnetization hMi is
defined as:

Mh i ¼

P1
i¼1

Mie
�Ei=T

P1
i¼1

e�Ei=T

ð1Þ

As mentioned before, it is generally not possible to compute
exactly this parameter due to the infinite number of configura-
tions. The basic idea of the Monte Carlo technique is to
approximate eqn. (1), where the sum runs over all states, by
a partial sum over a subset of characteristic configurations N.

In the limit of N - N, the resulting equation is identical to
eqn. (1). One possibility is to choose randomly the configura-
tions for the subset. This is the simple sampling variant of the
Monte Carlo simulation. But due to the rapidly varying
exponential function in the Boltzmann distribution, most of
the chosen configurations make a negligible contribution to the
sum since Ei is relatively large and consequently biases
the calculation of the average quantities. Therefore, the Monte
Carlo simulations were performed using the Metropolis algo-
rithm,35 which generates a sampling of states following the
Boltzmann distribution that preferentially contains configura-
tions that make an important contribution at the given tem-
perature T. The magnetic susceptibility, wM, is related to the
fluctuations of the magnetization40 (see eqn. (2))

wMT = Nb2/KT(hM2i � hMi2) (2)

where hMi and hM2i are the mean values of M and M2,
respectively, M being the magnetization.

All the simulations are done on a finite sample, which
introduces systematic errors. First, to minimize the edge per-
turbation and to speed up the convergence toward the infinite
lattice limit, periodic boundary conditions have been used.27 In

order to obtain reliable results, the optimal size of the samples
has been determined by performing simulations at different
system sizes. Finally, a 200 site sample has been used. This
sample is eight times larger than the minimum size that did not
present any finitesize effects for the reduced temperature range
T/|J| studied.
We performed 5 � 105 Monte Carlo steps per site and the

first 5 � 104 were discarded as the initial transient stage.27 To
avoid freezing of the spin configuration27 we have used a low
cooling rate according to the following equation:

Ti + 1 = 0.98 � Ti (3)

where T is the temperature.

Results and discussion

Description of the structure

The structure, which has been published previously,7a consists
of one dimensional arrangement of MnII ions linked by double
azido bridges. The coordination sphere of the manganese
atoms contains two trans-pyridinic ligands and four N atoms
from four different azido ligands. The azido ligands show end-
on coordination mode between Mn(1) and Mn(2) and also
between Mn(2) and Mn(3), whereas between Mn(3) and
Mn(30) they show the end-to-end mode (Fig. 1).
Bond parameters for the EO azido bridges are quite similar

and agree with the typical values reported to date in related
systems: Mn(1)–N(11)–Mn(2) and Mn(1)–N(21)–Mn(2) are
101.1(1)1 and Mn(2)–N(31)–Mn(3) and Mn(2)–N(41)–Mn(3)
are 100.5(1)1 and 100.7(2)1, respectively. Bond angles in the
Mn(3)� � �Mn(30) region are 130.6(4)1 for Mn(3)–N(51)–N(52)
and 127.6(4)1 for Mn(3)–N(53)–N(520). The fragment
Mn(NNN)2Mn shows a small chair distortion evaluated as
8.21 between the plane defined by the two azido ligands and the
N(53)–Mn(3)–N(51) plane. The singular arrangement of the
azido coordination modes gives a system with four EO brid-
ging units followed by one EE, which repeats along the chain.
The reason for this uncommon alternation may be envisaged
from the values of the N–Mn–N bond angles determined by the
pyridinic ligands: the N(1)–Mn(1)–N(10) bond angle is 1801,
but due to steric hindrance N(2)–Mn(2)–N(3) has a value of
176.0(1)1 and the next N(4)–Mn(3)–N(5) bond angle distorts,
having a value of only 168.0(1)1. This distortion cannot con-
tinue indefinitely and the chain relaxes the steric hindrance by
means of an EE fragment.
The Mn� � �Mn distances in the EO units are 3.426(1) and

3.450(1) Å whereas they reach 5.166(2) Å in the EE unit. The
chains are well isolated by the large pyridinic ligands, the
minimum Mn� � �Mn interchain distance being 10.767(1) Å.

Table 1 Crystal data and structure refinement details for 1

Chemical formula C14H14MnN8O4

Formula weight 413.27

Space group P21/a (No. 14)

a/Å 15.556(2)

b/Å 16.831(2)

c/Å 17.595(2)

b/deg 110.80(1)

U/Å3 4306.7(9)

Z 10

Dcalcd/g cm
�3 1.592

T/1C 20

v/Å 0.71073

m/mm�1 0.807

R(F)a 0.0641

wR(F2)a 0.1917

a R(Fo) = SFo�Fc/SFo; oR(Fo)
2 = {S[o((Fo)

2�(Fc)
2)2]/S[o(Fo)

4]}1/2.

Table 2 Selected bond lengths (Å) and angles (1) for 1

Manganese environment

Mn1–N1 2.302(3) Mn2–N11a 2.232(3)

Mn1–N11 2.236(3) Mn3–N4 2.298(4)

Mn1–N21 2.243(3) Mn3–N5 2.321(3)

Mn2–N2 2.308(3) Mn3–N31 2.219(3)

Mn2–N3 2.316(3) Mn3–N41 2.215(5)

Mn2–N21 2.224(3) Mn3–N51 2.201(5)

Mn2–N31 2.231(3) Mn3–N53 2.224(5)

Mn2–N41 2.239(3)

Mn2N2 rings

N11–Mn1–N21a 78.6(1) Mn1–N11–Mn2 101.1(1)

N11a–Mn1–N21 78.6(1) Mn1–N21–Mn2 101.1(1)

N21–Mn2–N11a 79.1(1) Mn2–N31–Mn3 100.7(1)

N31–Mn2–N41 79.0(1) Mn2–N41–Mn3 100.5(2)

N31–Mn3–N41 79.8(1)

w CCDC reference numbers 136998. See http://www.rsc.org/suppdata/
nj/b4/b404622f/ for crystallographic data in .cif or other electronic
format.
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Susceptibility measurements and powder ESR spectra

The plot of the magnetic data over 300–2 K is shown in Fig. 2.
The general behavior is quite uncommon, with a room tem-
perature wMT value of 4.27 cm3 K mol�1, which decreases
continuously down to a minimum of 3.77 cm3 K mol�1 at
60 K, reaches a sharp maximum at 10 K (4.47 cm3 K mol�1)
and below this temperature tends to zero. Magnetization
measurements performed at 2 K indicate that the compound
tends to a surprising saturation value equivalent to three
electrons for each manganese atom.7a The magnetic behavior
at low temperatures can be due to dipolar interactions between
large spins (intra and interchain) or to the special interaction

topology shown by 1. In the Monte Carlo simulations we have
analyzed these possibilities.
The room temperature polycrystalline powder X-band EPR

spectrum shows a broad band with a peak-to-peak width
DHpp = 422 G centered at g = 2.031. The linewidth of the
spectra of one-dimensional compounds is the result of two
opposing contributions: intrachain superexchange interactions,
which tend to narrow the lines, and dipolar interactions, which
tend to broaden them.41 In similar one-dimensional systems,
the value of the coupling constant is much greater for the end-
to-end bridges than for the end-on ones and the dipolar
interactions are mainly determined by the Mn� � �Mn distance:
the shorter the distance the stronger the interaction. In quali-
tative terms exchange narrowing becomes dominant for the
title compound, which shows very short Mn� � �Mn distances of
3.426 and 3.450 Å and only one end-to-end bridge for every
four end-on bridges.
The comparison of the linewidth for the different topological

possibilities pointed out in Scheme 1, in the comparable series
of [Mn(R-py)(N3)2] 1D derivatives, is interesting: for the
compound with only double end-on bridges, topology I, the
room temperature linewidth is 750 G and g = 2.05; for
topology II with one double EE bridge for every four EO
bridges the linewidth is 422 G and g = 2.03; for topologies III
and IV with alternating double EE and EO bridges the line-
width is 220 G and g = 2.02; for topology V with two double
EE for each EO bridge the linewidth lies between 124–154 G
and g = 2.00; lastly, for compounds with only double EE
bridges (topology VI) the linewidth reduces to a value close to
50 G and g = 2.00. These results correlate with a gradual
increase of the superexchange interaction with a simultaneous
decrease in dipolar interactions for the different kinds of
chains. On cooling, the linewidth of the signal increases slightly
down to 150 K; below this temperature both linewidth and g
factor increases gradually to reach 743 G and 2.076, respec-
tively (Fig. 3).

Single-crystal ESR experiments

ESR properties of quasi-ideal Heisenberg 1-D manganese
antiferromagnets have been studied for several systems, mainly
for [(CH3)4N)][MnCl3] (TMMC).19 Recently, we have reported
a single-crystal study for several chains with formula [Mn
(R-py)2(N3)2]n having topologies I, III and VI (F homoge-
neous, alternating F/AF and homogeneous AF systems, re-
spectively). On the basis of the structural data and of the
variation of the linewidth observed in the powder EPR spectra
for the title compound, single-crystal measurements were
performed, in order to characterize in more detail the spin
dynamics of this new system and to complete the ESR study in
a large series of related chains.

Fig. 1 Top: atom numbering scheme of the asymmetric unit of
compound 1. Bottom: view of the complete sequence of EE-EO azido
bridges along the chain.

Fig. 2 wMT vs. T plot for 1. The circles corresponds to the experi-
mental data, the bold lines and dashed lines to the theoretical (eqns.
(10) and (13)) and Monte Carlo simulations for the parameters that
provide the best agreement with the magnetic data for the Hamil-
tonians expressed in eqns. (4) (plots 3, 4) and (11) (plots 1, 2).

Fig. 3 Thermal dependence of the g value (solid circles) and the peak-
to-peak linewidth DHpp (open squares) for [Mn(Menic)2(N3)2]n (1) at
room temperature and at the X-band frequency
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For the single-crystal experiment a well-formed needle in
which the chain direction corresponds to the elongation axis of
the prism was used. The spectra were recorded by rotating 1801
in steps of 51 in an arbitrary plane containing the parallel and
perpendicular chain directions. A second rotation around the
perpendicular chain direction was also performed. The angular
dependence of the peak-to-peak width (DHpp) for the first
rotation is shown in Fig. 4.

Maximum broadening was found in the parallel direction,
DHpp = 1628 G, a well-defined minimum in the linewidth was
found at the magic angle y= 54.71, DHpp = 320 G, and a local
maximum along the direction perpendicular to the chain,
DHpp = 640 G. This is the expected behavior for one-dimen-
sional magnets in which spin diffusion determines a large
secular enhancement.42 The angular variation of the linewidth
is consistent with the DHpp = a + b (3cos2y � 1)4/3 depen-
dence as expected.41 The best fit values were a = 185 G, b =
577 G. Further confirmation of the one-dimensional behavior
comes from the analysis of the lineshape, which is Lorentzian
at the magic angle. Some deviation from the Lorentzian shape
is observed at y = 901 and it is diffusive at y = 01 (Fig. 5).

The second rotation around the chain axis shows only a
minor variation in the linewidth in the 1801 rotation (100 G
approximately). The important information that emerges from
the ESR spectra is linked to the fact that the lineshape,
following the characteristic one dimensional behavior, pro-
vides an upper limit43 to the interchain exchange interaction,

J0, which would restore the Lorentzian lineshape as
J0/J r 10�3.
The previously studied [Mn(2-bzpy)2(N3)2]n chain with only

EO double azido bridges shows extreme angular variations of
the g parameter and from topological similitude and the 2.03
powder value observed for [Mn(2-bzpy)2(N3)2]n, the angular g
dependence was also checked in the parallel-perpendicular
rotation. The g dependence vs. y is plotted in Fig. 6, which
shows a maximum of g = 2.095 at y = 901, g = 2.038 for y =
01 and a minimum value of 1.925 around y = 251, in good
agreement with the angular dependence of g pointed out by
Benner et al. for TMMC.44 These authors suggested that at low
symmetry and in the presence of broad lines, the transverse
dynamic susceptibility wxx(o) cannot be efficiently described by
the circular polarized susceptibility w++(o), which is generally
used in theoretical treatments. They showed that in some cases
the non-diagonal contributions, w+�(o) and w�+(o), must be
taken into account. When this is done, dynamic shifts may be
observed in the lines. In fact, small shifts were observed in
TMMC and CsMnF3.

44

Monte Carlo calculations

From the viewpoint of magnetism, compound 1 is an alternat-
ing one-dimensional system, where the alternation is due to the
presence of different coordination modes of the azido bridging
ligands. In the chain we found a 1 : 4 ratio for the m-1,3-azido
and m-1,1-azido ligands connecting the manganese(II) ions.
So, for simplicity, neglecting the small differences in the

structural parameters that play an important role in the control
of the exchange interaction magnitude [the Mn–N(azido)–Mn
angle, in this case], the following interaction topology was
chosen to simulate the magnetic behavior of compound1 (see
Scheme 2, topology B). Therefore, the spin Hamiltonian was
simplified, giving:

H ¼
X1
i¼0
�ðJ1S5iþ1�S5iþ2 þ J2S5iþ2 � S5iþ3

þ J2S5iþ3 � S5iþ4 þ J2S5iþ4 � S5iþ5 þ J2S5iþ5 � S5iþ6Þ
ð4Þ

where N spins Si at a lattice site i interact with their nearest
neighbors with the exchange coupling constant Jn. To our
knowledge, there are no laws for this interaction topology.
In the same way as in the Monte Carlo simulation, to

perform a quantitative comparison with the quantum systems,
the classical spin has been scaled according to the factor:16

Si )
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Si Si þ 1ð Þ

p
ð5Þ

Fig. 4 Angular dependence of the peak-to-peak linewidth DHpp of
[Mn(Menic)2(N3)2]n (1) at room temperature and at the X-band
frequency. Dotted lines show the angular dependence [3cos2y � 1]4/3

for the chain. The solid line is a guide for the eye.

Fig. 5 Lineshape for compound 1, corresponding to the magic angle
and the parallel and perpendicular chain directions. Solid lines show
the ideal Gaussian and Lorentzian limits.

Fig. 6 Angular dependence of the g value for [Mn(Menic)(N3)2]n (1)
at room temperature and X-band frequency.
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Fisher16 has shown that the spin pair correlation function
between two interacting neighboring spins, for a finite system
in zero field, is given by the Langevin function:

hSiSi + 1i = Coth(x) � 1/x (6)

with x = JSi(Si + 1)/T, where J and T the exchange coupling
constant and the temperature, respectively.

So, in this case, the pair correlation function between the
spin operators located at sites i and i + j is:

hSiSi + ji = u1u2u2u2u2u1u2u2u2u2. . . (7)

where u1 and u2 represent to the Langevin functions for the
J1 and J2 exchange coupling constants, respectively.

On the other hand, the general wave-vector-dependent sus-
ceptibility45 is given by

S qð Þ ¼ 1

NkT

X
i;j

SiSiþj
� �

exp iqjð Þ ð8Þ

which, in our particular case and in the q = 0 limit, is written
as follows:

S qð Þ ¼1=NkT 5þ½
X1
r¼0

2 urþ11 u4r2 þ 4ur1u
4rþ1
2

��
þ 2urþ11 u4rþ12

þ 3ur1u
4rþ2
2 þ 3urþ11 u4rþ22 þ 2ur1u

4rþ3
2 þ 4urþ11 u4rþ32

þ ur1u
4rþ4
2 þ 5urþ11 u4rþ42

��

ð9Þ

r being an integer number that allows one to consider the
different pair correlation functions generated for the topo-
logy B.

The integration of this series allows us to deduce the
expression for the bulk susceptibility per site (corresponding
to the q = 0 limit):

wMT ¼ Ng2SðS þ 1Þ
15k

� D

1� u1u
4
2

� � ð10Þ

where

D ¼ 5þ 2u1 þ 8u2 þ 4u1u2 þ 6u22 þ 6u1u
2
2 þ 4u32 þ 8u1u

3
2

þ 2u42 þ 5u1u
4
2

It is important to stress that this expression reduces to the
classical expressions for a dinuclear species and three isolated
ions or a uniform pentanuclear chain when u2 = 0, u1 = 0
or u1 = u2, respectively.

In a recent paper,7b Abu-Youssef et al. concluded that some
alternating ferro-antiferromagnetic homometallic one-dimen-
sional systems present similar magnetic behavior as the ferri-
magnetic chain, defined by Verdaguer et al.11 as a system that
contains two different magnetic ions with near-neighboring
antiferromagnetic exchange coupling. Thus, with a topology
type A (see Scheme 2) with ferromagnetic interactions weaker

than the antiferromagnetic interactions, the curve wMT vs. T
shows a minimum that is a typical signature of a ferrimagnetic
1D system.7b For stronger ferromagnetic interactions, this
minimum appears after reaching a maximum at higher tem-
peratures.
Abu-Youssef et al.7b also proposed several pseudoferromag-

netic systems with the azido as bridging ligand, profiting from
its capability to coordinate in different ways (m-1,3-azido and
m-1,1-azido). One of these is an J1/J2/J2/J2/J2 alternating chain
with two possible magnetic interactions (topologies B1 and B2,
Scheme 2), which can serve as an interaction model for
compound 1. As found by Abu-Youssef et al.7b for topology
B1, we have also found a minimum in wMT (see Fig. 7).
The magnetic behavior can be understood in the light of the

spin configurations present at each temperature (see Fig. 8). (a)
A constant value for wMT is expected at high temperature
because the influence of the interactions is negligible and full
thermal disorder is obtained, corresponding to the free beha-
vior of the spins. (b) For weak ferromagnetic interactions, since
the stronger antiferromagnetic coupling promotes the antipar-
allel spin configuration, the wMT product decreases when
cooling (see Fig. 8). (c) A minimum is reached due to the
parallel alignment promoted by the weaker ferromagnetic
interactions, which are effective at low temperature (see Fig.
8). The stronger antiferromagnetic interaction leads to a para-
magnetic ground state S = 5/2 for a pentanuclear unity. The
weaker ferromagnetic interaction connects this units in a
ferromagnetic way, leading to a divergence of wMT.
On the other hand, the magnetic behavior in the topology

type B2 is not so simple as in type A or B1. We have found a
maximum at lower temperatures (Fig. 9). This apparently

Scheme 2

Fig. 7 Thermal variation of the product wMT (wM being the magnetic
susceptibility per one local spin moment Si = 5/2) of a system with
interaction topology type B1 (J1 4 0 and J2 o 0), for different values
of the a parameter: 0, 0.05, 0.1, 0.2, 0.5 and 1.0, a being the ratio J1/|J2|.

Fig. 8 Thermal variation of the spin configuration for a topology type
B1. The antiferro- and ferromagnetic interactions are represented by
solid and dashed lines, respectively.
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anomalous magnetic behavior is explained in the following
ways. (a) In the same way as in topology B1, the stronger
antiferromagnetic coupling promotes the antiparallel spin con-
figuration, so the wMT product decreases when cooling (see Fig.
10). (b) At lower temperatures, in spite of the weak character of
the ferromagnetic interactions, the ferromagnetic alignment of
the resulting spins becomes efficient (see Fig. 10) since these are
present in a greater proportion (4 : 1). (c) Finally, the stronger
interaction dominates the magnetic behavior, such that wMT
increases to reach a maximum and decreases subsequently to a
zero value at 0 K. In this interval of temperature the ferro-
magnetic correlation tries to populate the spin ground state for
a ferromagnetic pentanuclear S = 25/2. However, at the same
time, the antiferromagnetic interaction tries to annihilate this
effect into a pentanuclear unit opposing the neighboring units.
So, a ground state ST and a wMT = 0 value are expected (see
Fig. 10). Since the ratio between the ferro- and antiferromag-
netic interactions is 4 : 1, a minimum of wMT is not observed for
a values greater than 0.25.

This theoretical behavior is observed for 1. The wMT curve as
a function of temperature [see Fig. 2 (plots 3, 4)] exhibits a
minimum and a maximum at 55 and 10 K, respectively. The
best agreement between the magnetic data and eqn. (10) in the
temperature range of 300–30 K is obtained with the following
parameters: g = 2.042 � 0.003, J1 = �17.7 � 0.4 cm�1 and
J2 = 1.669 � 0.020 cm�1. The agreement factor F, defined as:

F ¼
X

wMTð Þobsd� wMTð Þcalcd
� �2.X wMTð Þobsd

� �2

is equal to 1.1 � 10�5.

A Monte Carlo simulation of wMT as a function of T has
been done using the parameters obtained in the previous fit. A
perfect agreement is found between the two simulations. Fig. 2
(plots 3 and 4) shows that eqn. (10) is not able to describe
properly the maximum in wMT. A fit including the intermole-
cular interactions (y parameter) has been done in the tempera-
ture range of 300–4 K and a quite fair description of the curve
is obtained (g=2.077� 0.010, J1 =�19.1� 1.3 cm�1 and J2 =
1.144 � 0.024 cm�1, y = �0.61 � 0.04 cm�1 and F = 3.0 �
10�4). However, the crystal structure shows that the manga-
nese(II) chains are isolated chains (shortest interchain
Mn� � �Mn distances: 10.857 and 11.723 Å) in opposition to
the very large value obtained for y. In the same way, the single-
crystal ESR study shows that the interchain exchange coupling
is one thousand times smaller than that of the intrachain
coupling. Moreover, the g factor obtained from the fit is too
high for the known manganese(II) complexes. On the other
hand, we can consider different g factors for each one of the
independent manganese(II) ions. In this case, we cannot com-
pensate the spin moments and the one-dimensional system will
not show a diamagnetic behavior at 0 K. Moreover, slight
shifts in the position of the minimum of wMT could be
observed. Nevertheless, the manganese(II) ions present g fac-
tors very close to 2.0 and possible slight deviations from this
value cannot be observed in the wMT vs. T curve.
As we have seen in the structural description, a more detailed

structural analysis shows that the Mn–N [(m-1,1-azido)–Mn
angles (a angles)] are not equivalent throughout the chain. In
fact, a J1/J2/J2/J3/J3 topology (C in Scheme 3; the dashed box
represents the translational unit) is more correct to describe the
magnetic properties of 1. However, the experimental a angles
in 1 are not very different between them and similar values for
the exchange coupling constants should be consistent with
structural data.
In the same way as for topology B1, we have obtained for

topology C a law able to relate the wMT product to tempera-
ture. To do so, we have used the following Hamiltonian and
general wave-vector-dependent susceptibility:

H ¼
X1
i¼0
� J1S5iþ1 � S5iþ2 þ J2S5iþ2ð J2S5iþ3 � S5iþ4

þJ3S5iþ4 � S5iþ5 þ J3S5iþ5 � S5iþ6Þ
ð11Þ

S qð Þ ¼1=NkT 5þ½
X1
r¼0

2 urþ11 u2r2 u
2r
3 þ 2ur1u

2rþ1
2 u2r3

��

þ 2ur1u
2r
2 u

2rþ1
3 þ ur1u

2r
2 u

2rþ2
3 þ 2urþ11 u2rþ12 u2r3

þ 2ur1u
2rþ1
2 u2rþ13 þ 2ur1u

2rþ1
2 u2rþ23 þ urþ11 u2rþ22 u2r3

þ 2urþ11 u2rþ12 u2rþ13 þ ur1u
2rþ2
2 u2rþ23 þ 2urþ11 u2rþ12 u2rþ23

þ 2urþ11 u2rþ22 u2rþ13 þ5urþ11 u2rþ22 u2rþ23

���

ð12Þ

in which u1, u2 and u3 are the Langevin functions for the J1, J2
and J3 exchange constants, to give the following expression for
the wMT product for topology C:

wMT ¼ Ng2SðS þ 1Þ
15k

� D

1� u1u
2
2u

2
3

� � ð13Þ

Fig. 9 Thermal variation of the product wMT (wM being the magnetic
susceptibility per one local spin moment Si = 5/2) of a system with
interaction topology type B2 (J1 o 0 and J2 4 0), for different values
of the a parameter: 0, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5, a being the
ratio J2/|J1|.

Fig. 10 Thermal variation of the spin configuration for a topology
type B2. The antiferro- and ferromagnetic interactions are represented
by solid and dashed lines, respectively. Scheme 3
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where

D ¼5þ 2u1 þ 4u2 þ 4u3 þ 4u1u2 þ 4u2u3 þ 2u23

þ 2u1u
2
2 þ 4u2u

2
3 þ 4u1u2u3 þ 4u1u2u

2
3

þ 4u1u
2
2u3 þ 2u22u

2
3 þ 5u1u

2
2u

2
3

In order to check the validity of eqn. (13) we have verified that
this reduces to eqn. (10) when u2 = u3.

The least-square analysis (300–8 K) of the wMT data for 1

using the eqn. (13) leads to g = 2.036 � 0.004, J1 = �15.6 �
0.5 cm�1, J2 = 1.059 � 0.014 cm�1, J3 = 1.556 � 0.016 cm�1

and F = 3.0 � 10�5 (see Fig. 2, plots 1, 2). The Monte Carlo
simulation using these parameters is in agreement with the
simulation using the theoretical law in eqn. (13). Now, the full
curve of wMT vs. T is correctly described by the theoretical law.
However, this might be a mathematical artifice because
we have added a new parameter, giving more flexibility to
the analytical expression. In order to check the validity of the
model we have done an analysis of the values of the exchange
coupling constants. The interactions through the m-1,1 and
m-1,3-azido bridges are similar to those found in simpler
systems. There are few examples in the literature of mangane-
se(II) complexes with a double m-1,3-azido group as bridging li-
gand,5a,6,46–50 and for all of them, exchange coupling constants
lie in the �7 to �15 cm�1 range. The value of J1 obtained by us
is in agreement with these values found in the literature.

For the double m-1,1-azido bridge, we have obtained similar
(but not identical) J values (1.06 and 1.56 cm�1). This is
in agreement with our idea that the small structural differences
(a angle, 100.61 and 101.11) imply small changes in the J values.
A few compounds with the [Mn–(m-1,1-N3)2–Mn] structural
motif are known. They present several topologies: three-dimen-
sional stacked honeycomb,46 bi-dimensional honey-
comb,19,51,52 double chain,46 one-dimensional7b,19,48,53 and
dinuclear.50 The J and a values are found in the ranges 0.76–
4.9 cm�1 and 99.2–104.61, respectively. In Fig. 11 is shown the
magnetic-structural correlation between the J values an the a
angle. It can be observed that the J value is smaller for small
a values, in agreement with the DFT calculations performed by
Ruiz et al.,36 who proposed a crossover from ferro- to anti-
ferromagnetic interactions at 98.51. The J values obtained by
us for 1 using eqn. (13) are in good agreement with this
correlation. So, the bigger J value corresponds to the bigger
a angle (see structural parameters and topology scheme),
giving validity to the model of interaction type C and showing
that the parameter has a physical meaning and is not a result of
a mathematical artifice. It is important to emphasize that small

exchanges in the J2 and J3 values are capable of promoting
large changes in the wMT vs. T plots.

Conclusions

The synthesis, structure, ESR and magnetic studies of a one-
dimensional manganese(II) compound are presented here. This
compound shows a peculiar interaction topology due to the
different coordination modes of the azide ligand. The theore-
tical studies of the magnetic properties show that these inter-
action topologies, where ferro- and antiferromagnetic
interactions coexist, allow the appearance of magnetic beha-
vior in a homopolynuclear system similar to the ferrimagnetic
behavior observed in heteropolynuclear systems. Exact laws
have been obtained to elucidate and analyze the magnetic
behavior. We have checked that Monte Carlo methods are
also efficient to describe the magnetic behavior; they can be
used whenever exact laws cannot be deduced
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