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Different topologies in three manganese-p-azido
1D compounds: magnetic behavior and
DFT-quantum Monte Carlo calculations¥

Franz A. Mautner,? Christian Berger,? Michael Scherzer,? Roland C. Fischer,®
Lindley Maxwell,© Eliseo Ruiz® and Ramon Vicente*®

The syntheses and structural characterization of three new monodimensional azido-bridged manganese(i)
complexes with empirical formulae [Mn(Nz),(@minopyz)al, (1), [Mn(Nsz)2(4-azpy)al, (2) and [Mn(Ns),-
(4-Bzpy)al, (3) (pyz = pyrazine (1,4-diazine)), 4-azpy = 4-azidopyridine and 4-Bzpy = 4-benzoylpyridine) are
reported. 1 is a monodimensional compound with double EO azido bridges, 2 is an alternating mono-
dimensional compound with double end-on and double end-to-end azido bridges in the sequence di-EO-
di-EE and 3 is a monodimensional compound with double end-on and double end-to-end azido bridges
in the sequence di-EO-di-EO-diEO-di-EO-di-EE. The magnetic properties of 1-3 are reported. Periodic
DFT calculations were performed to estimate the J values and quantum Monte Carlo simulations were
carried out using the calculated J values to check their accuracy in comparison with the experimental
magnetic measurements. From this theoretical analysis, two appealing features of the di-EO Mn(i) com-
pounds can be extracted: first, the exchange coupling becomes more ferromagnetic when the Mn—-N-
Mn bridging angle becomes larger and the spin density of the bridging nitrogen atoms has an opposite

www.rsc.org/dalton sign to that of the Mn(il) centers.

Introduction

In the last few years a plethora of polynuclear Mn(u)-azido
bridging compounds have been prepared with the aim to
expand the borders of the molecular magnetism field. One of
the usual synthetic strategies mixes the S = 5/2 Mn(u) cation
with the potentially bridging azido ligand and a terminal
L ligand to obtain a large number of compounds with the
general formula [Mn(N;),(L),]. L are usually R-pyridine mono-
dentate ligands or (L), a bidentate aromatic N-donor ligand.
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These [Mn(N;),(L),] compounds show the entire range of
dimensionalities: from molecular to 3D systems.'™* Further-
more, the azido bridging ligand can show several coordination
modes as the p, ; (end-to-end, EE) or p, , (end-on, EO) modes,
which can be present simultaneously in the same compound,
generating a great variety of topologies in 1D-3D compounds.
Taking into account that the EE coordination mode typically
promotes antiferromagnetic, AF, interactions and the EO
coordination mode promotes ferromagnetic, F, interactions,
the great diversity of dimensionalities and topologies found in
the Mn(u)-azido bridging compounds has as a consequence a
great diversity in their magnetic behaviour: for example, in the
1D compound with the bulk formula [Mn(N;),(3-Mepy),],
(3-Mepy = 3-methylpyridine) the sequence of the azido bridges is
(EE-EE-EO),, which implies an (AF-AF-F), interaction pattern
and a ferrimagnetic behaviour in a homometallic chain.'* This
topological ferrimagnetism is found also in the 2D compound
[Mn(4-N3py)2(N3)2]. (4-N;zpy = 4-azidopyridine) with the same
(EE-EE-EO) alternance pattern in two dimensions."** As a con-
sequence of their rich magnetic and structural variety, the
polynuclear Mn(u)-azido bridging compounds have also been
extensively used in magneto-structural correlations and theore-
tical studies." We present in this work three monodimensional
compounds which are new good examples of the wide

This journal is © The Royal Society of Chemistry 2015
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structural and magnetic diversity found in the [Mn(Nj3),(L),]
compounds: [Mn(N3),(aminopyz),], (1), [Mn(N3),(4-azpy),]. (2)
and [Mn(N;),(4-Bzpy).]. (3) (pyz = pyrazine (1,4-diazine)),
4-azpy = 4-azidopyridine and 4-Bzpy = 4-benzoylpyridine. 1 is a
monodimensional compound with double EO azido bridges,
2 is an alternating monodimensional compound with double
end-on and double end-to-end azido bridges in the sequence
di-EO-di-EE and 3 is a monodimensional compound with
double end-on and double end-to-end azido bridges in the
sequence di-EO-di-EO-diEO-di-EO-di-EE. A preliminary crystal
structure of 2 was published recently'®” but for this work
we have obtained new crystals of the compound and the
quality of X-ray data is improved. The magnetic properties of
1-3 are reported. The plot of y\T vs. T for 1 can be fitted as a
homogeneous 1D system with J = 1.4(1) ecm™" and the plot
of ymT vs. T for 2 can be fitted as an alternating F-AF 1D
system with J; = —12.8(1) em™ and J, = 0.7(1) em™’. The
exchange coupling constants J/ have also been calculated for
1-3 by using periodic DFT calculations. In order to check the
accuracy of the calculated J values, Quantum Monte Carlo
(QMC) simulations were performed to extract susceptibility
curves that can be compared with the experimental ones.
In general, such a theoretical approach combining periodic
calculations and QMC simulations is an accurate procedure
to study the exchange interactions in extended structures
due to the limitations of the fitting procedures of the experi-
mental data.

Experimental section
Starting materials

Manganese(i1) salts, organic N-donor ligands and sodium
azide (Aldrich) were used as obtained. Aqueous hydrazoic acid
is obtained with a modified Kipp’s generator by decompo-
sition of NaNj; in H,SO4/H,O (1: 3, v:v) and subsequent trans-
fer of HN; into H,O with the aid of an inert gas stream."® The
use of diluted hydrazoic acid allows the formation of an acidic
medium with pH value < 5.5 without introducing a foreign
salt, thus avoiding impurities. The synthesis of 4-azidopyridine
was performed according to the literature."”

Caution! Azide compounds and hydrazoic acid (HNj;) are
potentially explosive! Only a small amount of material should
be prepared and it should be handled with care.

Spectral and magnetic measurements

Infrared spectra (4000-400 cm™') were recorded from KBr
pellets on a Perkin-Elmer 380-B spectrophotometer. Magnetic
susceptibility measurements under several magnetic fields in
the temperature range of 2-300 K and magnetization measure-
ments in the field range of 0-5 T were performed with a
Quantum Design MPMS-XL SQUID magnetometer at the
Magnetic Measurements Unit of the University of Barcelona.
All measurements were performed on polycrystalline
samples. Pascal’s constants were used to estimate the diamag-
netic corrections, which were subtracted from the experi-
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mental susceptibilities to give the corrected molar magnetic
susceptibilities.

Synthesis

[Mn(N;),(ampyz),], (1). Manganese(u) nitrate tetrahydrate
(0.50 g, 2.0 mmol), sodium azide (0.26 g, 4.0 mmol) and
aminopyrazine (0.19 g, 2.0 mmol) were dissolved in 3.5 mL
aqueous hydrazoic acid. A clear solution was obtained after
warming to 60 °C. Slow cooling of the solution to 4 °C gave
after several days compound 1 as yellow crystals. Yield: 70%.
Anal.: Found: C 29.0; H 3.0; N 51.3%. Calcd for CgH;,MnNj,:
C29.2; H 3.1; N 51.1%.

[Mn(N;),(4-azpy),]. (2). Manganese(un) chloride dihydrate
(0.161 g, 1.0 mmol) and 4-azidopyridine (0.240 g, 2.0 mmol)
were added to 10.0 mL dist. H,O. NaN; aqueous solution (1 M,
5 mL) was then slowly added with stirring. The solution was
then put into a compartment dryer (50 °C) for four days. After-
wards the solution was stored at room temperature. Yellow
crystals of 2 were obtained after some days. Yield: 84%. Anal.:
Found: C 31.7; H 2.4; N 51.5%. Calcd for C;(HgMnN,,: C 31.7;
H 2.1; N 51.7%.

[Mn(N;),(4-Bzpy),]. (3). To an aqueous solution (4 mL) of
manganese(n) nitrate tetrahydrate (0.50 g, 2.0 mmol) and
sodium azide (0.26 g, 4.0 mmol) 20 mL of methanolic solution
of 4-benzoylpyridine (0.37 g, 2.0 mmol) were added. The
mixture was warmed to 60 °C to obtain a clear solution and
subsequently allowed to stand in an open beaker at room
temperature. After two weeks yellow needle-shaped crystals of
compound 3 were separated. Yield: 60%. Anal.: Found: C 56.9;
H 3.5; N 22.4%. Calcd for C,;H;sMnNgO,: C 57.0; H 3.6;
N 22.2%.

IR spectra

In addition to the vibrations of the aromatic N-donor ligands,
very strong absorption bands corresponding to the v, of the
azido ligands appeared at 2100 cm™ ' for 1, at 2093 and
2054 cm ™! for 2, and at 2105 and 2059 cm ™ for 3.

X-ray crystallography

The X-ray single-crystal data of compounds 1-3 were collected
on a Bruker SMART APEX CCD diffractometer with graphite-
monochromated Mo Ko radiation (4 = 0.71073 A). The crystallo-
graphic data, the conditions retained for the intensity data
collection and some features of the structure refinements are
listed in Table 1. Data processing, Lorentz-polarization and
absorption corrections were performed using SMART, APEX,
SAINT, and SADABS'® computer programs. The structures were
solved by direct methods and refined by full-matrix least-
squares methods, using the SHELXTL program package."® All
non-hydrogen atoms were refined anisotropically. The hydro-
gen atoms were located from difference Fourier maps,
assigned with isotropic displacement parameters and included
in the refinements by the use of HFIX (parent C atoms) or
DFIX (parent N atoms) utilities of the SHELXTL program
package. Molecular plots were performed using the Mercury”’
program.
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Table 1 Crystal data and structure refinement for complexes 1-3
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Compound 1 2 3

Empirical formula CgH;oMnN;, C10HgMnN 4 C120HooMnsN,4004¢

Formula weight 329.22 379.24 2527.03

Crystal system Triclinic Triclinic Monoclinic

Space group P1 P1 C2/c

a(A) 3.4751(5) 8.2450(3) 37.0077(13)

b (A) 7.7427(7) 8.3050(3) 19.0045(7)
c(A) 12.4280(14) 11.9444(5) 17.0615(6)
a(°) 101.48(2) 82.612(2) 90

£ 96.04(2) 69.905(2) 112.212(2)

7 (©) 96.73(2) 80.754(2) 90

V(A% 322.60(7) 755.74(5) 11109.1(7)

V4 1 2 4

T (K) 100(2) 100(2) 100(2)

Peatea (g M) 1.695 1.667 1.511

# (mm™) 1.040 0.904 0.635

Crystal size (mm) 0.35 % 0.18 x 0.08 0.38 x 0.22 x 0.17 0.48 x 0.14 x 0.11

Omax (©) 26.35 31.70 25.30

Reflections collected 2589 23052 62737

R(int) 0.0219 0.0274 0.0523

Data 1298 4813 10123

Parameters 107 226 791

R*[I> 20(1)] 0.0452 0.0291 0.0455

R*o” (all data) 0.1107 0.0688 0.1656

¢ R(F,) =

SlIFo| = |Fel [/ Z|Fo. * Ro(Fo) = {Z[o((Fo)* -

Computational methods

The computer code employed for all the calculations is the
program SIESTA*>'?* (Spanish Initiative for Electronic Simu-
lations with Thousands of Atoms) that allows handling peri-
odic systems like those reported in this study. We have
employed the generalized-gradient functional proposed by
Perdew, Burke and Erzernhof>! using the DFT+U option®® with
a U value of 4.0 eV. Only valence electrons are included in the
calculations, with the core being replaced by norm-conserving
scalar relativistic pseudopotentials factorized in the Klein-
man-Bylander form.>® The pseudopotentials are generated
according to the procedure of Trouiller and Martins.>” For the
Mn atoms we have employed a pseudopotential including the
3s and 3p orbitals in the basis set that we have previously
tested to give accurate J values.”® We have also employed a
numerical basis set of triple-{ quality with polarization func-
tions for the manganese atoms and a double-{ one with polari-
zation functions for the main group elements. Previously, we
have studied the influence of two main parameters of the
SIESTA code, the energy shift and the mesh cut-off, in the cal-
culated J value for transition metal systems.?® Thus, the values
of 50 meV for the energy shift and 250 Ry for the mesh cut-off
provide a good compromise between accuracy and computer
time to estimate exchange coupling constants. The calcu-
lated j values are obtained with the non-spin projected
approach®*™* and using the following Heisenberg-Dirac-van
Vleck Hamiltonian:

AHDW
= JiSi

i>j

(1)
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A detailed description of how to calculate the J values of
periodic systems was previously reported by some of us.*>* For
compound 1, two calculations were performed to extract the
unique J value as the energy difference between the high spin
solution (both metal atoms in the unit cell with spin up) and
the low spin solution (with the spin inversion of one of the
paramagnetic centers). For compounds 2 and 3, three and six
spin configurations were employed to calculate the J values.
A supercell duplicating the length in the direction of the chain
must be created to calculate the exchange constants; thus, for
compounds 1, 2 and 3 in the periodic calculations the system
has 62, 132 and 1060 atoms, respectively. Sets of 462, 12 and 1
k-points were employed, respectively, for 1, 2 and 3 to integrate
the k-dependent properties.

The usual procedure to check the accuracy of the calculated
J values is by the generation of the T curves for comparison
with the experimental data. The best procedure for obtaining
such curves is to perform exact diagonalization of the Hamil-
tonian. However, such an approach cannot be applied for peri-
odic systems and it is thus necessary to use approximate
methods in order to make a comparison with the experimental
data. Quantum Monte Carlo methods represent a good alterna-
tive. Quantum Monte Carlo simulations based on the directed
loop algorithm method developed by Sandvik et al.*®
formed using the ALPS 2.0 library (dirloop_sse package).
For the susceptibility vs. temperature curve, usually we set 107

were per-
36,37

steps for simulations between 2 and 300 K and a whole simu-
lation must be performed at each temperature. The initial 10%
of the steps was employed for thermalization of the system in
all calculations. However, 10° steps were employed below in

This journal is © The Royal Society of Chemistry 2015
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order to reach the convergence of the simulations using the
DFT calculated J values.

Results and discussion
Description of the structures

Description of the structure of [Mn(N;),(aminopyrazine),],
(1). Compound 1 crystallizes in the triclinic space group P1.
Relevant bond lengths and bond angles are listed in Table 2.
Fig. 1a illustrates the structure. Each Mn is coordinated by six
N atoms in octahedral geometry. Four coordination sites are
occupied by azido groups which double-bridge the Mn atoms
in end-on only coordination mode to give 1-D chains along the
a-axis of the unit cell [Mn---Mn = 3.4751(5) A]. The octahedron
is completed by two ¢rans coordinated N atoms provided by
two aminopyrazine ligands bonded via the aromatic nitrogen
in the meta position to the amino sidegroup. Mn(1) and the
center of the Mn(1)-N(11)-Mn(1b)-N(11b) rhomboid are
located at centers of inversions. The azido group is out of the
Mn,N, plane with an angle of 159.5(2)° for N(11b)---N(11)-N
(12). Both hydrogen atoms of the -NH, group establish hydro-
gen bonds to N atoms in adjacent chains giving rise to a 2-D
supramolecular network (Fig. 1b). Hydrogen acceptors are the
terminal N atom of the azido groups and the non-coordinated
aromatic N atom of the aminopyrazine ligands. Along
the chain direction the pyrazine rings form n-n stacking
interactions.

Description of the structure of [Mn(N;),(4-azpy),], (2). The
atom numbering scheme for complex 2 is given in Fig. 2a, and
selected bond parameters are given in Table 3. The structure
consists of octahedrally coordinated manganese atoms in
which the coordination sites are occupied by two N atoms of
the 4-azidopyridine ligands in trans arrangement and four
azido ligands from double bridges between neighboring
manganese atoms. The Mn-N bond lengths are in the range
from 2.2156(11) to 2.2701(12) A. The azido groups in the
double bridges are alternatively in the EE and EO modes
generating an alternating chain oriented along the b-axis of the

Table 2 Selected bond lengths (A) and angles (°) for (1)

Mn(1)---Mn(1b) 3.4751(5)  Mn(1)-N(11a) 2.232(2)
Mn(1)-N(11c¢) 2.250(2) Mn(1)-N(1a) 2.272(2)
N(11)-N(12) 1.212(3) N(12)-N(13) 1.148(3)
N(3)-H(5) 0.79 H(5)-+-N(13d) 2.36
N(3)---N(13d) 3.121(4) N(3)-H(6) 0.84
H(6)---N(2e) 2.20 N(3)-+-N(2€) 3.037(3)
N(11a)-Mn(1)-N(11)  180.0 N(11a)-Mn(1)-N(11b)  101.53(5)
N(11)-Mn(1)-N(11b)  78.47(5) N(11b)-Mn(1)-N(11¢) 180.0
N(11a)-Mn(1)-N(1a) 91.07(9) N(11c)-Mn(1)-N(1a)  92.58(9)
N(11b)-Mn(1)-N(1a)  87.42(9) N(11a)-Mn(1)-N(1) 88.93(9)
N(1a)-Mn(1)-N(1) 180.0 N(12)-N(11)-Mn(1) 132.26(19)
N(12)-N(11)-Mn(1b) 120.74(19) Mn(1)-N(11)-Mn(1b) 101.67(9)
N(13)-N(12)-N(11) 179.4(3) N(11b)--N(11)-N(12)  159.5(2)
N(3)-H(5)---N(13d) 162 N(3)-H(6)---N(2¢) 174

Symmetry codes: (a) —x +1, =y + 1, —z; (b) —x + 2, =y + 1, —z; (¢) x — 1,
»5[dx-1,y+1,z()—x+1,-y+2,-z+1

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Perspective view of 1 showing the atom-numbering scheme.
Symmetry codes: (@) —x + 1, -y +1, -z, (b) -x+ 2, -y + 1, -z; (c) x + 1, y, z.
(b) Packing view of 1. Broken bonds indicate hydrogen bonds.

triclinic unit cell (Fig. 2b). The end-on azido bridges show
asymmetric N-N distances of 1.2041(16)/1.1497(17) A, whereas
the end-to-end bridges are more symmetric: 1.1794(15)/1.1754
(15) A. The bond parameters within the Mn, (1, 5-N3), ring are:
N(4)-Mn(1)-N(5) = 99.31(4)°, Mn(1)-N(5)-N(6) = 123.85(10)°,
Mn(1)-N(4)-N(6b) = 119.91(9)°, torsion angle: Mn(1b)-N(5b)
-:N(4)-Mn(1) = 50.9°. This eight-membered ring Mn,(j; 3-N3),
shows a distortion from the planar to a “chair”-like confor-
mation with a 5-angle [defined as the dihedral angle between
the plane defined for the six N-azido atoms and the N(4)-Mn
(1)-N(5) plane] of 34.0°, whereas the four-membered Mn,(p4 ;-
N3), ring is planar. The intra-chain Mn---Mn distance within
the four-membered ring is 3.6344(3) A, and that within the
eight-membered ring is 5.0301(3) A, whereas the shortest inter-
chain metal---metal separation is 8.2450(5) A. The bond para-
meters of the di-EO azido bridge are: N(1)-Mn(1)-N(1a) =
81.25(5)°, Mn(1)-N(1a)-Mn(1a) = 98.75(5)°, Mn(1)-N(1)-N(2) =
126.07(9)°, Mn(1a)-N(1)-N(2) = 126.32(9)°, N(1a)---N(1)-N(2)
“out-of plane angle” = 155.1(2)°. The azido ligands have

Dalton Trans., 2015, 44, 18632-18642 | 18635
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Fig. 2 (a) A section of the chain structure of 2 showing the atom-
numbering scheme. Symmetry codes: (a) —x + 2, -y, —z; (b) -x + 1, -y, —z;
(c) x + 1, y, z. (b) Packing view of 2.

Table 3 Selected bond lengths (A) and angles (°) for (2)

Mn(1a)-N(1) 2.2156(11)  Mn(1)-N(1) 2.2172(11)
Mn(1)-N(11) 2.2369(12)  Mn(1)-N(4) 2.2400(12)
Mn(1)-N(5) 2.2450(12)  Mn(1)-N(7) 2.2701(12)
N(1)-N(2) 1.2041(16)  N(2)-N(3) 1.1497(17)
N(5)-N(6) 1.1754(15)  N(6)-N(4b) 1.1794(15)
N(4b)-N(6) 1.1795(15)  N(11)-C(6) 1.3384(18)
N(11)-C(10) 1.3403(18)  N(12)-N(13) 1.2536(17)
N(12)-C(8) 1.4113(18)  N(13)-N(14) 1.1181(17)
N(7)-C(5) 1.3379(18)  N(7)-C(1) 1.3411(17)
N(8)-N(9) 1.2465(17)  N(8)-C(3) 1.4139(18)
N(9)-N(10) 1.1243(17)
N(1a)-Mn(1)-N(1) 81.25(5) N(1a)-Mn(1)-N(11)  94.13(4)
N(1)-Mn(1)-N(11) 93.82(4) N(1a)-Mn(1)-N(4) 170.27(4)
N(1)- Mn(1) N(4) 89.33(4) N(11)-Mn(1)-N(4) 88.93(4)
N(1a)-Mn(1)-N(5) 90.09(4) N(1)-Mn(1)-N(5) 171.34(4)
N(11)- Mn(1) N(5) 86.79(4) N(4)-Mn(1)-N(5) 99.31(4)
N(1a)-Mn(1)-N(7) 91.85(4) N(1)-Mn(1)-N(7) 93.60(4)
N(11)-Mn(1)-N(7) 171.10(4) N(4)-Mn(1)-N(7) 86.25(4)
N(5)-Mn(1)-N(7) 86.62(4) N(2)-N(1)-Mn(1a) 126.32(9)
N(2)-N(1)-Mn(1) 126.07(9) Mn(1a)-N(1)-Mn(1)  98.75(5)
N(3)-N(2)-N(1) 179.48(14)  N(6)-N(5)-Mn(1) 123.85(10)
N(5)-N(6)-N(4b) 178.74(14)  N(6)-N(4)-Mn(1b) 119.91(9)
C(6)-N(11)-C(10) 116.87(12)  C(6)-N(11)-Mn(1) 120.85(9)
C(10)-N(11)-Mn(1)  122.28(10)  N(13)-N(12)-C(8) 116.50(12)
N(14)-N(13)-N(12) 170.95(15)

Symmetry codes: (a) —x, 1 —y, 1 — z; (b) —x, =y, 1 — 2.
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N-N-N bond angles of 179.48(14)° and 178.74(14)°, respect-
ively. The two axially bound 4-azidopyridine ligands show an
angle of N(11)-Mn(1)-N(7) of 171.10(4)°. The reason for this
deviation from 180° is due to the moving of the axial ligands
away from the Mn,N, ring. The covalent azido groups in the
para-position (from 4-azidopyridine) are highly asymmetric,
with Ad(N-N) (difference of N-N bond lengths within the
azide group) of 0.1355(18) A and 0.1222(18) A. The according
bond angle for N(14)-N(13)-N(12) is 170.95(15)° and for
N(10)-N(9)-N(8) is 171.14(15)°.

Description of the structure of [Mn(N;),(4-Bzpy),]., (3). A
perspective view of a section of the neutral polymeric [Mn(4-
Bzpy),(N3),], chain of 3 together with the atom numbering
scheme is given in Fig. 3a, and selected bond parameters are
given in Table 4. The Mn(u) centers are octahedrally co-
ordinated by two N donor atoms of the 4-Bzpy ligands in trans-
arrangement and four N atoms of azido bridges. The Mn-N
(N;) bond distances are in the range from 2.221(4) to 2.248(4)
A, and the Mn-N(4-Bzpy) bond distances vary from 2.283(3) to
2.293(3) A. The azido bridges show an alternating Mn(5)-
(EO),-Mn(2)-(EO),-Mn(1)-(EO),-Mn(3)-(EO),-Mn(4)—(EE),~
sequence giving rise to the 1D system, which is oriented along
the b-axis of the monoclinic unit cell (Fig. 3b). The Mn(4)-
(EE),-Mn(5b) azido bridge has an almost planar arrangement
with a 5-angle of 3.6°. The Mn(4)---Mn(5b) intra-chain distance
is 5.1413(13) A, and the Mn(4)-N(51)---N(53b)-Mn(1b) torsion
angle is —15.9°. The four-membered Mn,N, rings formed by
the four consecutive di-EO azido bridges have intra-chain
metal---metal distances of 3.4693(12), 3.4735(12), 3.4634(12)
and 3.4571(12) A; and the Mn-N-Mn bond angles are in
the range from 101.14(15) to 101.42(15)°. The angles
N(X1a)---N(X1)-N(X2) (X = 1-4) are 175.0(4), 172.9(4), 176.1(4)
and 174.1(4)°, respectively. The azido bridges have Mn-N-N
and N-N-N bond angles varying from 123.6(3) to 135.3(3) and
from 177.7(5) to 179.5(4)°, respectively. The trans-pyridine
rings of the 4-Bzpy ligands are shifted towards the di-EE azido
bridges [N(py)-Mn-N(py) bond angles: 178.24(18)° for Mn(1),
177.40(17)° for Mn(2), 174.02(16)° for Mn(3), 165.18(19)° for
Mn(4) and 168.60(19)° for Mn(5), respectively]. Non-covalent
ring-ring interactions are observed along the chain direction
with separation of their centers of gravities in the range from
3.635 to 4.287 A for the pyridine rings and in the range from
3.770 to 3.870 A for the benzene rings of the 4-Bzpy ligands,
respectively.

Magnetic data for [Mn(N;),(aminopyrazine),], (1). The vari-
able temperature magnetic susceptibility data for the title
complex were recorded between 300 and 2 K. The plot of
amT versus T is shown in Fig. 4. Compound 1 shows a
mT value of 4.85 cm® mol™ K at room temperature, greater
than the expected value for an isolated manganese atom
(4.375 cm® mol™" K, g = 2.0), and increases gradually as the
temperature decreases to a maximum of 17.25 em® mol™" K at
5 K and then decreases quickly to 8.15 cm® mol™ K at 2 K.
The magnetic susceptibility behaviour of 1 indicates bulk
ferromagnetic coupling in good agreement with magnetiza-
tion experiments which show a quasi-saturated value of

This journal is © The Royal Society of Chemistry 2015
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(d) —x,1+y,1/2 - z; (e) —x, -1 + y, 1/2 — z. (b) Packing view of 3.

MJ/Np equivalent to five electrons (5.13) under an external field
of 5 T at 2 K. Taking into account the 1D structure of 1, the fit
of the magnetic data was done by using the appropriate
equation®® for homogeneous § = 5/2 chains derived from the
Hamiltonian H = —JS;S;, in the range 300-8 K due to the
decrease of the y\T values after the maximum. The best fit
parameters were J = 1.4(1) em™', g = 2.09(1). The positive
J value is in accordance with the ferromagnetic coupling
expected for end-on azido bridges with Mn-N-Mn bond
angles of around 100° (the Mn(1)-N(11)-Mn(1’) bond angle is
101.53(5)°). The found J value is similar to that reported for
the related compounds cis-[Mn(p, ;-N3),(2-bzpy),], (2-bzpy =
2-benzoylpyridine)®®  and  trans-[Mn(p, 1-N3),(pyzamid),],
(pyzamid = pyrazineamide)* with J values of 0.8 and 1.1 cm™"
for Mn-N-Mn angles of 100.5° (mean angle) and 97.1°
respectively. The structure of cis-[Mn(j; 1-N3),(2-bzpy),], shows
well isolated chains but as in the case of trans-[Mn(p ;-
N3),(pyzamid),],, 1 shows H bonds between chains which can
be the cause of the weak antiferromagnetic interactions at low

This journal is © The Royal Society of Chemistry 2015

(a) A section of the 1-D system of 3 showing the atom-numbering scheme. Symmetry codes: (a) —x,y, 1/2 — z; (b) x, L + y, z; (c) x, -1 + y, z;

temperature as can be seen from the decrease of yT in the
low temperature region.

Magnetic data for [Mn(N;),(4-azpy),]. (2). The variable
temperature magnetic susceptibility data for the title complex
were recorded between 300 and 2 K. The plot of y\T versus T is
shown in Fig. 5. Compound 2 shows a yyT value of 3.83 cm®
mol~" K at room temperature, lesser than the expected value
for an isolated manganese atom (4.375 cm® mol™ K, g = 2.0),
and decreases gradually as the temperature decreases to a
minimum of 0.02 em® mol™" K at 2 K. The magnetic suscepti-
bility behaviour of 2 indicates bulk antiferromagnetic coupling
in good agreement with magnetization experiments which
show a quasi-saturated value of M/Nf equivalent to zero elec-
trons (0.06) under an external field of 5 T at 2 K. Taking into
account the alternating 1D structure of 2, the fit of the mag-
netic data was done by using the appropriate equation*' for
ferromagnetic-antiferromagnetic coupled 1D S = 5/2 systems
derived from the Hamiltonian H = —J;>.S5:Sai1 — J2.2.S2i+1S2i+2-
The best fit parameters were J; = —12.8(1) ecm™", J, = 0.7(1)
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Table 4 Selected bond lengths (A) and angles (°) for (3)

Mn(1)-N(11) 2.243(4) Mn(2)-N(11) 2.240(4)
Mn(1)-N(31) 2.248(4) Mn(2)-N(21) 2.240(4)
Mn(1)-N(1) 2.289(3) Mn(2)-N(2) 2.293(3)
Mn(3)-N(31) 2.242(4) Mn(4)-N(41) 2.239(4)
Mn(3)-N(41) 2.236(4) Mn(4)-N(51) 2.221(4)
Mn(3)-N(3) 2.291(3) Mn(4)-N(4) 2.283(3)
Mn(5)-N(21) 2.236(4) N(11)-N(12) 1.186(5)
Mn(5)-N(53) 2.221(4) N(12)-N(13) 1.152(5)
Mn(5)-N(5) 2.287(4) N(21)-N(22) 1.178(5)
N(22)-N(23) 1.156(6) N(31)-N(32) 1.181(5)
N(32)-N(33) 1.153(6) N(41)-N(42) 1.192(5)
N(42)-N(43) 1.144(6) N(51)-N(52) 1.160(5)
N(52)-N(53b) 1.176(5)
N(11)-Mn(1)-N(31)  179.34(13) N(1)-Mn(1)-N(1a) 178.24(18)
N(11)-Mn(2)-N(21a) 179.74(12)  N(2)-Mn(2)-N(2a) 177.40(17)
N(41a)-Mn(3)-N(31)  178.65(13) N(3)-Mn(3)-N(3a) 174.02(16)
N(41)-Mn(4)-N(51a)  168.48(15) N(4)-Mn(4)-N(4a) 165.18(19)
N(21)-Mn(5)-N(53)  168.76(15) N(5)-Mn(5)-N(5a) 168.60(19)
Mn(1)-N(11)-N(12)  130.4(3) Mn(2)-N(11)-N(12)  127.8(3)
Mn(2)-N(21)-N(22)  134.4(3) Mn(5)-N(21)-N(22)  123.9(3)
Mn(1)-N(31)-N(32)  130.7(3) Mn(3)-N(31)-N(32)  127.7(3)
Mn(3)-N(41)-N(42)  135.3(3) Mn(4) N(41)-N(42)  123.6(3)
Mn(4)-N(51)-N(52) 127.4(3) Mn(5)-N(53)-N(52¢)  127.9(3)
Mn( )-N(11)-Mn(2)  101.42(15) Mn(2)-N(21)}-Mn(5)  101.37(15)
Mn(1)-N(31)-Mn(3)  101.35(15) Mn(3)-N(41)-Mn(4)  101.14(15)
N(11)-N(12)-N(13) 179.5(4) N(21)-N(22)-N(23) 179.4(5)
N(31)-N(32)-N(33) 179.2(4) N(41)-N(42)-N(43) 179.2(4)
N(51)-N(52)-N(53b)  177.7(5)

Symmetry codes: (a) —x, y, 1/2 — z; (b) x, 1 +y, z; (¢) x, =1 + y, z; (d) —x,
1+y,1/2 -2z (e)—x,-1+y,1/2 —z.
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Fig. 4 ymT vs. T plot in the 300-2 K range of temperatures for 1. The
solid line shows the best fit as a uniform chain (see the text).

~! g=2.06(1). The positive J value is in accordance with the
ferromagnetic coupling expected for end-on azido bridges with
Mn-N-Mn bond angles of around 100° (the Mn(1)-N(1a)-Mn
(1a) bond angle is 98.75(5)°). The found J value is similar to
that reported for the related compounds cis-[Mn(p; ;1-N3),-
(2-bzpy),],. (2-bzpy = 2-benzoylpyridine)*® and trans-[Mn(p, 1-N3),-
(pyzamid),], (pyzamid = pyrazineamide)*® with J values of 0.8
and 1.1 em™" for Mn-N-Mn angles of 100.5° (mean angle) and
97.1° respectively.
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Fig. 5 ymT vs. T plot in the 300-2 K range of temperatures for 2. The
solid line shows the best fit as an alternating chain (see the text).

Magnetic data for [Mn(N3),(4-Bzpy),]. (3). The plot of yuT
versus T in the 300-2 K range of temperature for compound 3
is shown in Fig. 6. Compound 3 shows a y,,T value of 4.31 cm®
mol ™" K at room temperature, similar to the expected value for
an isolated manganese atom (4.375 cm® mol™" K, g = 2.0). On
cooling, y\T decreases to 3.72 cm® mol ™ K at 60 K. Below this
broad minimum, y\7T increases to a maximum of 3.87 cm?®
mol ™" K at 20 K and then falls to 1.18 cm® mol™" K at 2 K. The
magnetization measurements show a saturation value close to
S = 3/2 per manganese ion (inset of Fig. 6). This value is strik-
ing as the ground state of this chain should be S = 0
(Scheme 1). The y\T decay observed below 20 K corresponds

L n
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.
°
.
o
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.

w
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.
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250 300
T/IK
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Fig. 6 ymT vs. T plot in the 300—-2 K range of temperatures for 3. Inset:
molar magnetization at 2 K for 3.

Scheme 1 Ground state for an (AF—F-F-F-F-),, interaction sequence.
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to the population of the ground state. Similar behaviour has
been observed in the 1D compound'* trans-[Mn(N;),(Menic),],
showing the same topology as 3.

Theoretical study. The structural dependence of the
exchange coupling in end-on azido-bridged Mn(u) dinuclear
complexes was previously studied by using hybrid DFT
methods.”” Thus, it is expected that end-on coordination
results in ferromagnetic behavior"® while the opposite is found
for end-to-end azido bridging ligands. The calculated values
for the three studied systems are given in Table 5. It is worth
noting that generalized gradient approximation functionals,
such as PBE, are less accurate than hybrid functionals to calcu-
late the J values.>** However, computer codes to calculate
periodic systems usually have not implemented hybrid func-
tionals in an efficient way; hence, we have employed the PBE
functional that usually gives good results for transition metal
complexes. The calculated J values show that the PBE func-
tional reproduces properly the sign of the interaction; thus,
exchange couplings through end-on azido ligands are ferro-
magnetic while those with end-to-end coordination are stronger
and antiferromagnetic. In order to make a comparison with the
experimental data, the calculated DFT J values (see Table 5)
were employed along with quantum Monte Carlo simulations
(see the Computational methods section) to calculate magnetic
susceptibility curves that can be directly compared with the
experimental data. Excellent agreement is found in Fig. 7
showing that the employed DFT methodology is able to re-
produce the experimental magnetic properties of these systems.

Concerning the strength of the interaction, there is a
“general belief” that the increase of the M-X-M angle for brid-
ging ligands with a single atom in the exchange pathway
enhances the antiferromagnetic contributions. As mentioned
above, previously we performed a theoretical study using the
B3LYP functional to analyze the dependence between J and the
Mn-N-Mn bridging angle for dinuclear azido ligands, as well
as for the equivalent systems with Cu(u) and Ni(u) cations. In
the three cases, there is a parabolic dependence showing a
maximum of the parabola that corresponds to the strongest
ferromagnetic coupling.’> This maximum appears at M-N-M
angle values of 85°, 102° and 112° for Cu(u), Ni(u) and Mn(u)
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Fig.7 ymT vs. T plot in the 300-2 K range of temperatures for
1 (squares), 2 (triangles) and 3 (circles). The yuT values obtained by means
of quantum Monte Carlo simulations using the calculated DFT J values
are plotted as continuous lines.

complexes, respectively. Thus, as most of the Cu(i) complexes
have a Cu-N-Cu angle larger than 85° the tendency is in agree-
ment with the “expected” behavior, larger Cu-N-Cu increases
the antiferromagnetic contribution and the complexes become
less ferromagnetic. For the Ni(i) complexes, the maximum
strength of the ferromagnetic interaction appears for Ni-N-Ni
angle values close to those adopted in most of the structures.**
Thus, most of the Ni(u) azido bridging complexes show a small
dispersion in the J values being ferromagnetic, and only a
reported complex with a Ni-N-Ni angle value close to 90° pre-
sents antiferromagnetic behavior.*” However, the Mn(i) com-
plexes adopt Mn-N-Mn angle values smaller than that
corresponding to the strongest ferromagnetic coupling. Thus,
an increase of the Mn-N-Mn angle value enhances the ferro-
magnetism and such a tendency is just the opposite of the one
usually assumed. This fact can be corroborated in Fig. 8
showing the dependence of the fitted J value for the reported
EO azido Mn(n1) complexes with the Mn-N-Mn angle value.

Table 5 Description of the bridging ligands, Mn---Mn and Mn-X distances (in A) and bond angles (in degrees), and calculated exchange coupling
constants J (cm™) for compounds 1-3. The calculated values were obtained using the PBE functional with the SIESTA code (see the Computational
methods section) and Jg;; values are those extracted from the experimental measurements using a ring model

Bridging ligands Mn---Mn Mn-N Mn-N-Mn JpBE Jsic

1
J1 Two EO p,-N3 3.475 2.250-2.232-2.250-2.232 101.65 +2.4 +1.4
2
J1 Two EO p,-N3 3.364 2.217-2.216-2.217-2.216 98.75 +0.12 +0.7
I Two EE p,-Nj 5.030 2.240-2.245-2.245-2.240 -10.4 -12.8
3
J1 Two EO p,-N3 3.474 2.248-2.248-2.242-2.242 101.38 +1.6
I Two EO p,-N3 3.457 2.235-2.235-2.240-2.240 101.15 +1.6
I3 Two EO p,-N3 5.141 2.239-2.239-2.243-2.243 101.39 +1.5
Ja Two EO p,-N3 3.465 2.237-2.237-2.241-2.241 101.37 +1.3

5 Two EE p,-N3 5.141 2.221-2.221-2.220-2.220 —-14.6

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Representation of the dependence of the reported experimental
J values for dinuclear (black circles)***¢=>* and chain (black
squares)'%°°7¢° azido-bridged Mn(i) compounds and those calculated in
this work (white circles).

The calculated spin density of compound 1 is represented
in Fig. 9. Surprisingly, the spin density of the bridging nitro-
gen atom of the azido groups shows negative spin density
(=0.07 e7) despite the fact that the d° configuration of the Mn
(u) cations (spin population 4.8 e”). Such an electronic con-
figuration implies the occupation of the “e,” antibonding orbi-
tals with a large mixing with the ligand orbitals; thus, it
should be expected that such large orbital mixing will provide
the same sign in the spin density of all the nitrogen atoms co-
ordinated to the metal (spin delocalization mechanism) as
happens with the pyrazine ligands (see Fig. 8).°"°> However,
the opposite sign in such atoms indicates (also appears in
compounds 2 and 3) that the spin polarization mechanism is
predominant; this result is different from that obtained either
theoretically or experimentally for similar Cu() complexes.**

In order to check if the opposite sign of the spin population
of the bridging nitrogen atom is an artifact of the periodic
PBE pseudopotential calculations, we performed all electron®

Fig. 9 Calculated spin density of compound 1. White and blue iso-
density surfaces indicate positive and negative spin populations, respect-
ively, with a value of 0.003 e~ bohr™>.
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calculations of one Mn(u) end-on diazido dinuclear complex
(FIBJIK, see Table S11)*® with the hybrid B3LYP functional®®
using the Gaussian code.®® Again, such results confirm the
negative spin population of the bridging nitrogen atoms
(=0.05 e7). The sign of the spin density in such nitrogen atoms
is a subtle interplay between the spin delocalization of the
singly-occupied antibonding eg-type orbitals and the spin
polarization caused by the singly-occupied t,o-type orbitals.
Usually, in such a case with singly-occupied antibonding e,
type orbitals, the spin delocalization prevails over the spin
polarization, as shown in Fig. 9 for the pyrazine ligands.
However, the azido ligand has two = frontier orbitals (HOMO
and LUMO) that very weakly interact with the in-phase and
out-of-phase combinations of the two d,._,. metal orbitals.*®
Thus, the two resulting molecular orbitals remain almost
degenerate being consistent with the ferromagnetic character
of the complexes with end-on azido bridging ligands. The
weak interaction between the metal-azido orbitals results in a
poor spin delocalization contribution (also reflected in the
high spin population value of the Mn(u) centers around 4.8 e”)
that is overcome by the spin polarization. To corroborate such
assumptions, we repeated the DFT calculations for the di-
nuclear complex replacing the Mn(u) by Ni(u) cations (unpaired
electrons in the two e -type orbitals, only spin delocalization)
and V" cations (unpaired electrons in the three t,y-type orbi-
tals, only spin polarization). In the case of the hypothetical
dinuclear Ni(u) complex the spin population in the bridging
nitrogen atom is only +0.02 e~ while in the equivalent V"
system the value is —0.07 e~ showing the predominance of the
spin polarization. Finally, it is worth pointing out that the spin
distribution found in the Mn(u) end-on diazido dinuclear com-
plexes is similar to that proposed by Kahn and coworkers for
Cu(n) end-on diazido dinuclear systems based on the so-called
“spin polarization mechanism”®” with opposite spin popu-
lation in the bridging nitrogen atom while the terminal azido
nitrogen atom has a relatively larger spin population with the
same sign as the metal centers (see Fig. 8). This spin distri-
bution was ruled out, either experimentally®® or theoretically,*?
for dinuclear Cu(u) systems but now we have found that it is
present in the Mn(u) systems. Despite this fact the presence of
ferromagnetic coupling in the family of end-on diazido di-
nuclear complexes is due to the accidental orthogonality of the
orbitals bearing the unpaired electrons.*

Conclusions

Here we have presented three new compounds with azido
as the bridging ligand synthesized from the S = 5/2 Mn(u)
cation and a terminal L ligand. The new compounds are:
[Mn(N;),(aminopyz),], (1), [Mn(N;),(4-azpy),]. (2) and [Mn(N;),-
(4-Bzpy),]» (3) (pyz = pyrazine (1,4-diazine)), 4-azpy = 4-azido-
pyridine and 4-Bzpy = 4-benzoylpyridine). The general formula
is [Mn(N3),(L),]. Compounds 1-3 are representative of the great
diversity of dimensionalities and topologies found in the
Mn(u)-azido bridging compounds: 1 is a monodimensional

This journal is © The Royal Society of Chemistry 2015
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compound with double EO azido bridges, 2 is an alternating
monodimensional compound with double end-on and double
end-to-end azido bridges in the sequence di-EO-di-EE and 3 is
a monodimensional compound with double end-on and
double end-to-end azido bridges in the sequence di-EO-di-EO-
diEO-di-EO-di-EE. Periodic calculations using PBE functionals
to calculate the J values provide excellent agreement with the
experimental data. The comparison was made by using
quantum Monte Carlo simulations that allows the calculation
of magnetic susceptibility curves for periodic systems. Also, it
is worth noting that the theoretical analysis allows one to
propose that in the range of experimental Mn-N-Mn bridging
angle values, the calculated and observed trend is that larger
angles result in stronger ferromagnetic coupling. Such a ten-
dency is just the opposite of that usually expected, and is
found in Cu(u) and Ni(u) complexes. The DFT spin density of
the bridging nitrogen atoms of the azido ligands has the oppo-
site sign of that of the Mn(u) centers. This result is not
common because usually in the cases when the metal centers
have unpaired electrons in the antibonding orbitals, the large
metal-ligand mixing of orbitals results in that the spin deloca-
lization effects are predominant over the spin polarization. In
the studied end-on azido Mn(u) systems, the weak metal-ligand
interaction is reflected in that the resulting molecular orbitals
are close to the degeneracy, and that the spin polarization
effects induced by the three singly-occupied “non-bonding”
ty-type orbitals of the Mn(u) centers overcome the delocaliza-
tion effect of the es-type orbitals. Logically, such “special”
behavior cannot be found in Cu(u) or Ni(u) equivalent com-
plexes because the t,4-type orbitals are doubly-occupied.
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