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The synthesis, crystal structure, and spectroscopic and mag-
netic properties of a new alternating ferro- and antiferromag-
netic, one-dimensional manganese(ll) azide complex,
[Mn(dpa)(N3),] (where dpa is the 2,2'-dipyridylamine li-
gand), are reported. The compound's crystal structure has
been resolved at room temperature. The complex crystallizes
in the monoclinic P2,/c space group, with a = 7.089(2), b =
19.090(4), and ¢ = 9.682(4) A, p = 104.61(2) °, and Z = 4. The
structure consists of neutral chains in which each Mn" cation
is alternatively bridged by two end-on and two end-to-end
azido bridges. The octahedral coordination of the metallic

cation is completed by two dpa ligand nitrogen atoms. Re-
flectance measurements confirm the hexacoordination of the
Mn" ions in the complex. The ESR spectra at room temper-
ature and at 4.2 K are isotropic, with a mean g-value of
2.010(1). Magnetic data were analyzed on the basis of an al-
ternating ferro- and antiferromagnetic Heisenberg chain of
Mn! ions. The J-exchange parameters found are 64.3 and
-75.7 K. A spin canting phenomenon has been observed in
this compound, with a remnant magnetization which van-
ishes above 15 K. Magnetostructural correlations in mangan-
ese(Il) systems of alternating magnetic sign are discussed.

Introduction

The synthesis and characterization of new low-dimen-
sional materials (one or two-dimensional) that may show
ferromagnetic long-range cooperative phenomena (molecu-
lar magnets)!! 61 have in recent years been the main focus
of interest in the molecular magnetism area. At present, the
field of molecular magnetism is addressing the synthesis
and study of discrete polynuclear molecules in an attempt
to improve our understanding of the mechanism involved
in magnetic coupling!”® and the production of new para-
magnetic clusters with high spin and strong anisotropy (su-
perparamagnetic molecules).l-1%

The azide-pseudohalide anion is an excellent ligand for
obtaining one-dimensional,l'!-'?l  two-dimensional,['*] or
three-dimensionall!¥l polynuclear systems with divalent
metal ions. From the magnetic point of view, the most inter-
esting characteristic of azido-bridged complexes is that the
azido ligand can act as a very effective superexchange path-
way, due to the different coordination modes. Normally, the
end-to-end (EE) bridge produces antiferromagnetic coup-
ling, whereas the end-on (EO) form gives ferromagnetic
coupling. Both the EE and EO structural bridges may coex-
ist within the same (one- or two-dimensional) system, ow-
ing to different distances and/or angles found in the struc-
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ture. These systems are globally antiferro- or ferromagnetic,
but they belong to the so-called “magnetic systems alternat-
ing in sign”. In compounds of this kind, two or more ex-
change coupling parameters (J) are necessary to fit the ex-
perimental results, in contrast to the “uniform magnetic
systems’” in which all azido bridges have both the same co-
ordination mode and the same structural parameters.

Taking the aspects mentioned above into account, this
work was focused on the preparation and characterization
of a new polynuclear azido complex. With this aim in mind,
we used the bidentate ligand 2,2’-dipyridylamine with a
metal/bidentate ligand 1:1 ratio, in such a way that the four
coordination vacancies around the six-coordinated man-
ganese(II) ion should be completed by the excess of the az-
ido ligands. Following this procedure, we have synthesized
a new alternating ferro/antiferromagnetic, one dimensional
manganese(11) azide complex, which has been characterized
by X-ray diffraction and spectroscopic techniques. Mag-
netic measurements indicate global antiferromagnetic be-
havior, with the presence of a weak ferromagnetic compon-
ent intrinsic to the sample.

Results and Discussion

Description of the Structure

Selected bond lengths and angles of [Mn(dpa)(Ns),] are
given in Table 1. The structure consists of linear neutral
chains extending along the [100] crystallographic direction
(Figure 1). The Mn'"" ions are alternatively linked by two EO
(end-on) azido bridges [Mn(1)—N(4),N(4)}; 2.231(2), 2.218(2)
A] and two EE (end-to-end) ones [Mn(1)—N(7),N(9)i;
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2.275(2), 2.274(2) A]. The Mn" ions exhibit octahedral coor-
dination, completed by the two N(1) and N(3) nitrogen atoms
of the 2,2-dipyridylamine ligand [Mn(1)—N(1),N(3);
2.253(2), 2.243(2) A]. The existence of an inversion center in-
duces the Mn(1)—N(4)—Mn(1)'—N(4)' bridging unit to form
a plane. The EO bridging azides are quasilinear
[N(4)—N(5)—N(6), 178.7(3)°]. The Mn(1)—N(4)—Mn(1)!
angle in the EO mode is 102.92(7)°, in good agreement with
the results obtained (100—105°) for this kind of bridging
ligand.['>"!7] For the EE bridges, the Mn(1)—N(7)—N(8)
angle is 125.0 (1)° and the Mn(1)"—N(9)—N(8) angle is
127.74(2)°. The torsion angle T between the mean plane of
Mn(1)—N(7)—N(8)—N(9) and Mn(1) —N(9)—N(8)—N(7)
for a chair configuration is 64.2(2)°. The dihedral angle &
between the least-squares plane defined by the six nitrogen
atoms of the EE bridging azides and the N(7)—Mn(1)—N(9)
system is 35.10(6)°. The intrachain Mn--Mn distances are
3.479(1) and 5.432(1)A in the EO and EE bridges, respect-
ively.

Table 1. Selected bond lengths [A] and angles [°] for
[Mn(C;oHyN3)(N3),], (e.s.d. in parentheses; Symmetry codes: i =
—x,—y—zii=—x+1,—y,—2)

Bond lengths (A)

Mn(1)—N(1) 2.253(2) N(5)—N(6) 1.141(3)
Mn(1)—N(3) 2.243(2) N(7)—N(8) 1.177(3)
Mn(1)—N(4) 2.231(2) N(8)—N(9) 1.166(3)
Mn(1)—N(7) 2.275(2) N(1)—-C(1) 1.359(3)
Mn(1)—N(4)! 2.218(2) N(1)—C(5) 1.333(3)
Mn(1)—N(9)! 2.274(2) N(2)—C(5) 1.378(3)
Mn(1)'—N(4) 2.218(2) N(2)—C(6) 1.378(3)
Mn(1)i-N(9) 2.274(2) N(3)—C(6) 1.335(3)
N(4)—N(5) 1.194(3) N(3)—C(10) 1.356(3)
Bond angles (°)

N(3)—Mn(1)-N@) 91.86(7) N@B)—Mn(1)—-N@)' 168.91(7)
N@G3)—Mn(1)=N(7) 99.07(7) N@#)—Mn(1)—N(7) 168.29(7)
NG3)—Mn(1)-N(1) 82.55(7) N(8)—N(9)—Mn(1)" 127.74(2)
NQ3)—Mn(1)-N@©)® 90.3(8) N(5)—N(#—-Mn(1)" 129.0(1)
N@)'—Mn(1)—N(1) 99.95(7) Mn(1)—N(7)—N(8)  125.0(1)
N@)'—Mn(1)-N@) 77.08(7) Mn(1)—N#H—-N(S)  127.3(1)
N@)'—Mn(1)—-N(7) 91.90(7) Mn(1)—N(#)—Mn(1)" 102.92(7)
N(4)'—Mn(1)—N(9)" 88.88(8) N(4)—N(5)—N(6) 178.7(3)
N(1)—Mn(1)-N@4) 99.87(7) N(7)—N(8)—N(9) 178.6(2)
N(1)—Mn(1)-N(7) 85.77(7) Mn(1)—N(1)—-C(5) 127.7(1)
N@)—Mn(1)—N(9)" 90.48(8) C(5)—N(2)—C(6) 134.4(2)
N(7)—Mn(1)—N(@9)" 85.31(8) Mn(1)—N(3)—C(6) 127.9(1)
N(1)=Mn(1)—N(@©9)" 167.64(7)

The bond lengths and angles for the 2,2'-dipyridylamine
molecule are in the range usually found in this kind of mo-
lecule. This ligand may be considered as nonplanar, since
the value of the dihedral angle between the pyridine rings
is 5.84(8)°.

IR and UV/Visible Spectroscopy

The points of interest in the IR spectrum of the
[Mn(dpa)(N3),] complex lie mainly in the bands due to the
azido groups. The asymmetrical stretch, v,sm(N3), appears
split as a strong band at ca. 2095 and 2050 cm ™!, in good
agreement with the simultaneous existence of EO and EE
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bridging modes in the complex.!'8! The azide symmetric
stretch vgym(N3), corresponding to the EO bridging mode,
can be observed as a band of medium intensity at about
1330 cm ™!, This mode is not active for the symmetrical EE
coordination. Finally, the band corresponding to the de-
formation mode of the azido group, 6(N3), is found at ca.
610, 600 cm™!, in good agreement with that observed for
all polynuclear azido compounds.!'8! Furthermore, the IR
spectrum of the title compound features the bands charac-
teristic of the 2,2'-dipyridylamine molecule, seen in the
stretching and bending modes of the C—C and C—N bonds
in the ranges between ca. 1645—1360 and 1270—750 cm L.

The diffuse reflectance spectrum of [Mn(dpa)(Ns),] ex-
hibits several very weak, spin-forbidden d-d bands, at ca.
17240, 21275, 22990, 25974, and 30770 cm™!, as would
correspond to a d® high spin cation of ideal octahedral
symmetry.[1°—21]

ESR and Magnetic Properties

ESR spectra of [Mn(dpa)(Ns),], at room temperature and
at 4.2 K, were performed on a powdered sample. The spec-
tra are isotropic, with a g-value of 2.010(1). The linewidths
are of 116.0 and 304.0 Gauss at 300 and 4.2 K, respectively.

The magnetic susceptibility of [Mn(dpa)(N5),] was meas-
ured, using a powdered sample, from 4.2 to 300 K at mag-
netic fields of 0.1 and 0.01 T. The plots of ¥, and ¥, T
vs. temperature, obtained when the magnetic measurements
were recorded at a magnetic field of 0.1 T, are shown in
Figure 2. The magnetic susceptibility increases with de-
creasing temperature down to about 27 K; after that it de-
creases down to ca. 18 K. An abrupt increase is then ob-
served at about 13.5 K, followed by a decrease down to
4.2 K. A plot of reciprocal molar magnetic susceptibility
vs. temperature shows classical Curie-Weiss behavior above
50 K. The calculated Curie and Curie—Weiss constants are
Cpn= 4.77 cm® K/mol and 0 = —27.5 K, respectively. The
magnetic susceptibility curve obtained using a magnetic
field of 0.01 T shows similar features, but the increase ob-
served after the magnetic ordering is more abrupt than that
observed at 0.1 T (see inset in Figure 2). The negative Weiss
temperature, together with the decrease in the effective mag-
netic moment observed when the temperature is lowered
(5.90 BM at 300 K and 1.46 BM at 4.2 K (see Figure 2), are
indicative of the existence of antiferromagnetic exchanges
as major interactions for the [Mn(dpa)(N3),] compound.
However, the increase in susceptibility at low temperatures
indicates the presence of a weak intrinsic ferromagnetic
contribution, possibly due to a spin canting effect in the
compound.

In order to corroborate this result and to calculate the
Neel temperature, magnetization measurements were car-
ried out. Figure 3 shows the zero-field magnetization curve
vs. temperature for the compound, previously cooled in a
magnetic field of 0.01 T. It can be observed that the rem-
nant magnetization decreases with increasing temperature
and vanishes above Ty = 15 K. This fact implies the exist-
ence of a small amount of ferromagnetic component in the
ordered state, which appears to be responsible for the steep
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Figure 1. ORTEP drawing (50% thermal ellipsoids) of the [Mn(dpa)(N5),] chain complex showing the alternating end-on and end-to-end
coordination of the azido ligands and atom-labeling scheme. The chain runs along the a-axis
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Figure 2. Thermal evolution of ¥, and y,T curves of
[Mn(dpa)(N3),]. The inset shows the y,, vs. T curve at 100 Gauss.
The solid lines show the fit of the y,, and y,,T experimental data
go the model for alternating ferromagnetic-antiferromagnetic S =
/> chain
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Figure 3. Remnant magnetization vs. temperature of [Mn(dpa)
(N3)2]

increase observed in y,, at temperatures lower than the or-
dering temperature.

The magnetic susceptibility data at 0.1 T have been inter-
preted on the basis of a theoretical model for the alternating
ferromagnetic-antiferromagnetic S = 3/, chain, using the
following expression for the susceptibility:[!8]

Y= [NGB>BET|1 + u; + us + ujun/1 — ujus]

Eur. J. Inorg. Chem. 2001, 1581—1586

where, u; = coth(Ji/kT) — (kT/J;) and u, = coth(J,/
kT) — (kTlJ,). In order to make a quantitative comparison
with the theoretical expression deduced in the classical
limit, we used the J; — J:S(S+1) and g — g[S(S+1)]"/? scal-
ing factors. Good agreement between the experimental
magnetic data and the theoretical model was obtained when
the two interactions, J; and J,, had opposite signs. Fixing
“g” to the value of 2.01 for manganese(Il) ion (from the
ESR spectra), the best agreement (solid lines in Figure 2)
corresponds to the following parameters: J; = 64.3 K
(453cm™ "), and J, = —75.7K (—53.3cm™"). The model
used appears to provide a very good description of the sus-
ceptibility between 18 and 300 K, as the discrepancy does
not exceed the experimental uncertainty. At very low tem-
perature, the agreement is less satisfactory, due probably to
the influence of small interchain interactions and the weak
ferromagnetic contribution present in this compound.

Magnetostructural Correlations

It is possible to carry out a study concerning magne-
tostructural correlations in compounds with alternating
double EO and EE azido bridges, as several complexes of
this kind have recently been reported (Table 2).

The main factor controlling the intensity of the exchange
ferromagnetic interactions in the EO bridge appears to be
the bridging angle. Here, the larger the bridging angle is, the
larger are the ferromagnetic interactions. For EE bridges,
however, more structural parameters have recently been
studied: namely & [dihedral angle between the plane defined
for the six N-azido atoms and the N(1)—Mn—N(3’) plane]
and T [angle between the mean planes
Mn—N(1)—N(2)—N(3) and N(1)—N(2)—N(3)—Mn’]. For
the d° EE azido-bridged compounds, the most useful para-
meter is the dihedral angle (3).

In order to analyze the magnetostructural correlations
between d, 1, and the superexchange J parameter, the
Hay—Thibeault—Hoffmann[®? relationship between XA?
and the antiferromagnetic component of J is useful. The
A values (difference in energy between MOs, derived from
magnetic orbitals, of the same symmetry) may easily be ob-
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Table 2. Magnetostructural Parameters for Several Related Azide 1D-Complexes
M..M (A) J (em™)
Compound M—-N—-M (deg) EO EE M—N-N (deg) rt(deg) o (deg) EE EO o ref.
[Mn(bipy)(N3),], 101.0 3.455  5.343 131.1 41.1 22.7 —11.9 10.0 1.2 18
127.3
[Mn(bpm)(N3),], 102.9 3.496 5.484 129.1 41.1 20.5 —63.7 15.7 4.2 24
134.2
[Mn(3-Bzpy)»(N3),], 100.4 3416  5.229 126.0 26.6 —12.3 35 3.5 25
126.1
[Mn(dpa)(N3),], 102.9 3479 5432 125.0 64.2 35.1 =53 45 1.2 this
127.7 work
[Mn(3-Et,4-Mepy)»(N3),], 99.7 3402 5.149 124.8 51.2 31.7 —13.7 2.4 5.7 26
123.2
EE bridges only
[Mn(3-Etpy)»(N3)a], 5.418 134.7 13.5 6.9 -11.7 - 27
131.7
5.463 134.8 232 11.6 —13.8 -
129.7
[Mn(pyOH)»(N3),], 123.8 63.1 38.0 =7.0 - 27
122.4

tained by means of MO extended Hiickel (EHMO) calcula-
tions. The CACAO 3 program was used on a modeled
fragment  possessing  double EE  bridges —
[(NH3)4sMn(NNN),—Mn(NH;),] (Scheme 1) — varying the
d and 1 parameters inside the limits 3 = 0°/60° (this range
is used because larger angles seem to be sterically hindered)
and equivalent T = 0°/95°. The manganese(II) ions were
positioned in a slightly distorted octahedral environment.
The N—Mn—N angle was taken as 90°, and the
Mn—N(NH3) and Mn—N(azide) bond lengths were 2.15
and 2.20 A, respectively, as observed from the structural
data. The atomic parameters used for Mn, N, and H were
the program standards.

y N/ NHg
N
N NHy 4
/s
/ N=—N=—=N / Mn N
N Mn N—N—N
/ / ‘
/ NH3 N
N N/
NH, /
N

Scheme 1

Ten molecular orbitals are generated from the five mag-
netic orbitals, with one electron each, corresponding to the
two Mn'! ions. The antiferromagnetic contribution should
be proportional to the sum: ZA?= A*(d,*_ %) + A%d.?) +
A*(d,.) + A*(d,,) + A*(d,.). However, priority was given in
each modeled system to the orbitals mainly implicated in
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the exchange pathway. The results of the calculations were
plotted as A2 vs. § or t (Figure 4). In the light of these
data, we can deduce that the antiferromagnetic coupling
should decrease for larger 6 values, indicating that the loss
of overlap due to the increase in the torsion angles becomes
the driving parameter controlling the magnitude of the anti-
ferromagnetic coupling.

T
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2.00

1.50+
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zA? (eV®)

0.50

0.00 T

—T T T
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Figure 4. Evolution of the A? parameter vs. 6 and 1 angles

Several conclusions can be drawn from the magnetostruc-
tural parameters of the complexes, shown in Table 2. With
respect to the EO bridges, it can be observed that the ex-
perimentally determined ferromagnetic J values increase
with increasing bridging angle. This demonstrates the gen-
eral validity of the proposed dependence of the experi-
mental J value on a (the |Jgg/Jeo| ratio) for this kind of
bridging. In the case of the EE bridges, there seems to be a
general tendency that the larger the torsion (9) is, the lower
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the antiferromagnetic interactions are. However, the title
compound does not follow this general tendency and shows
one of the largest antiferromagnetic interactions found ex-
perimentally for these alternating chains. For this kind of
bridging, other factors may influence the magnitude of the
antiferromagnetic exchange component. In fact, low values
of Mn—N—N bridging angles have been shown to increase
the antiferromagnetic interaction. In this sense, this may be
the explanation for the larger Jar value found in the
[Mn(dpa)(N3),] compound, as it shows a smaller average
bridging angle.

Conclusions

A new alternating ferro/antiferromagnetic, one-dimen-
sional manganese(Il) azide complex, [Mn(dpa)(Ns),], has
been synthesized and the crystal structure solved from
single-crystal X-ray diffraction data. The complex exhibits
a chain structure, extending along the a-axis with the azide
anions simultaneously coordinated to the manganese(II)
ions in both the end-on and the end-to-end modes. The
weak bands observed in the diffuse reflectance spectrum are
characteristic of the existence of manganese(Il) ions in ap-
proximately octahedral environments. Isotropic signals are
observed in the ESR spectra, with a mean g-value of
2.010(1). The linewidths of the spectra increase with de-
creasing temperature, probably due to the dipolar homo-
geneous broadening and a strong spin correlation. Mag-
netic measurements indicate the existence of a dominant
antiferromagnetic coupling. The magnetic data have been
analyzed on the basis of a model for alternating ferro- and
antiferromagnetic chains of S = 5.2, the obtained values
for the J-exchange parameters being of 64.3 and —75.7 K.
Furthermore, the complex displays magnetization at low
magnetic fields, probably due to the presence of a weak fer-
romagnetic component. From the magnetostructural cor-
relations, it was possible to explain the high value obtained
for the Jor parameter in the [Mn(dpa)(N3),] complex on
the basis of the low observed value of the Mn—N—N
bridge angle in this compound.

Experimental Section

Syntheses: [Mn(dpa)(Ns),] was synthesized from Mn(NOs),-4H,0
(0.110 g, 0.438 mmol), 2,2'-dipyridylamine (0.075 g, 0.438 mmol),
and NaNj (0.142 g, 2.190 mmol) in a water-methanol solution
(1:1). The resulting light yellow solution was filtered off and left to
stand at room temperature. After several days, prismatic, light pink,
single crystals were obtained. They were separated by filtration,
washed with diethyl ether, and dried over P,Os for 1 h. Yield: ca.
80%. The results of CHN elemental analysis and the ICP-AES (in-
ductively coupled plasma atomic emission spectroscopy) technique
were: found C 38.4, H 2.7, N 40.3, Mn 17.5; calcd. for C;oHoMnNg
(310.2): C 38.7, H 2.9, N 40.6, Mn 17.7%. The density, measured
by the flotation method in a mixture of CHBr3/CCly, was 1.63(1)
gem ™3,
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Crystal Structure Determination: A suitable single crystal of
[Mn(dpa)(Ns),] was carefully selected under a polarizing micro-
scope and mounted on a glass fiber. Diffraction data were collected
at room temperature on an Enraf—Nonius CAD4 automated dif-
fractometer, using graphite-monochromated Mo-K, radiation. De-
tails of crystal data, intensity collection, and some features of the
structure refinement are reported in Table 3. Lattice constants were
obtained by a least-squares refinement of the setting angles of 25
reflections in the range 6° < 6 < 11°. Intensities and angular posi-
tions of two standard reflections were measured each hour, and
these showed neither decrease nor misalignment during data collec-
tion.

Table 3. Crystal data, details of data collection, and structure re-
finement for [Mn(C;oHoN3)(N3),]

Formula C,0HoMnN,
Molecular mass [g'mol~!] 310.2
Formula C,o0HoMnN,
Crystal system Monoclinic
Space group P2,/c (no. 14)
a[A] 7.089(2)

b [A] 19.090(4)
c [A] 9.682(4)
BI] 104.61(2)
VA3 1267.9(7)
zZ 4
Pecaled. [ng73] 1.625
F(000) 628

T [K] 293(2)
w(Mo-Ko) [mm™1] . 1.046
Radiation, A(Mo-Ka) [A] 0.71070

0<h<9, 0<k<26, —13</<13
R1= 0.039, wR2= 0.096la]
1.065

Limiting indices
R [I> 20(])]
Goodness of fit on F?

BORL = [E(F| — [FDVEIF wR2 = [Zw(Fl — |FP)?%
Zw(F 1% w = U[o?Fol? + (x p)’) where p = [IF* + 2[FP13;
x = 0.0605.

3944 reflections were measured, in the range 2.1° = 6 = 30.0°. A
total of 2664 were independent, applying the criterion 7 > 2o([).
Correction for Lorentz and polarization effects, and also for ab-
sorption with the empirical y scan method,?!! was performed by
using the XRAYACS program.?*! Direct methods (SHELXS 97)13]
were employed to solve the structure. The metal ion was located
first. The nitrogen and carbon atoms were found in difference
Fourier maps. The structure was refined by the full-matrix, least-
squares method based on F?, using the SHELXL 97 computer pro-
gram.P!! The scattering factors were taken from ref.3? All non-
hydrogen atoms were assigned anisotropic thermal parameters. The
coordinates of the hydrogen atoms of the 2,2'-dipyridylamine li-
gand were obtained from difference Fourier maps. The final R fac-
tors were R1 = 0.039 [wR2 = 0.096]. Maximum and minimum
peaks in final difference synthesis were 0.488, —0.397 eA3. The
atomic coordinates and structure factors have been deposited at the
Cambridge Crystallographic Data Centre (CCDC 146293). Draw-
ing was made using ORTEP.13

Physical Measurements: CHN elemental analysis was carried out
with a Perkin—Elmer Model 240 automatic analyzer. ICP-AES
analysis was performed with an ARL Fisons 3410 spectrometer.
The IR spectrum (KBr pellet) was obtained with a Nicolet FT-IR
740 spectrophotometer in the 400—4000 cm™' range. The diffuse
reflectance spectrum was recorded at room temperature on a Cary
2415 spectrometer in the 5000—47500 cm™~! range. A Bruker ESP
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300 spectrometer was used to record the ESR polycrystalline spec-
tra at room temperature and at 4.2 K. The temperature was stabil-
ized by an Oxford Instrument (ITC 4) regulator. The magnetic field
was measured with a Bruker BNM 200 gaussmeter and the fre-
quency inside the cavity was determined using a Hewlett—Packard
5352B microwave frequency counter. Magnetic measurements of
powdered sample were performed in the temperature range
4.2—300 K, using a Quantum Design MPMS-7 SQUID magneto-
meter. The magnetic field was approximately 0.1 T, a value in the
range of linear dependence of magnetization vs. magnetic field even
at 4.2 K.
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