SHORT COMMUNICATION
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Polymer with Ferromagnetic Interactions
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The first ferromagnetic coupled, thiocyanato-bridged cop-
per(i)-manganese(11) bimetallic 2D polymer ({[Cu(ipa),],-
Mn(NCS)4-2H,0},, (ipa = 1,2-propanediamine) has been syn-
thesised and characterised by a single-crystal X-ray structure

determination and variable temperature magnetic susceptib-
ility studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recently, the field of molecular magnetism has attracted
considerable attention and major advances have been made
both in the theoretical description and applications of new
molecular-based materials.['l In particular, special attention
has been paid to the design and construction of multi-di-
mensional homo- and heterometallic coordination polymers
in order to undertake theoretical studies of their magnetic
properties and develop high 7¢ molecular-based magnets.!
The thiocyanate anion, which exhibits an ambidentate
character with end-to-end or end-on coordination modes,
can be expected to play a key role in the design of polymet-
allic coupling systems. A certain number of polynuclear
complexes have been synthesised with discrete 1-, 2- and
3D crystal structures and some of them exhibit interesting
ferromagnetic coupling properties, e.g. the 1D uniform
chain complexes®! Co(NCS),(HIm), and Ni(NCS),(HIm),.
The heterometallic species, however, are quite limited and
show low-dimensional structures,*~8! whereas large num-
bers of cyanato-bridged analogues have been reported
and some exhibit interesting magnetic properties. The 1D
copper(11)-manganese(I1) heterometallic compound
[Cu(en),Mn(NCS)4(H,0),],, [ derived from K,[Mn(NCS),-
(H,0),] as a precursor has also been described. The chains
of Mn"! (S = 5/2) and Cu"" (S = 1/2) ions structurally or-
dered in an alternating manner are of intense interest as
potential building blocks in the synthesis of molecular-
based ferromagnetic materials.’) In this area, the novel 2D
complex {[Cu(ipa),[,Mn(NCS)s2H,O}, was successfully
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constructed from a heterometallic octanuclear square lattice
as a subunit and it exhibits interesting ferromagnetic coup-
ling between adjacent Mn and Cu ions. In this species, the
Cu and Mn atoms are alternately arrayed and are connec-
ted by thiocyanate bridges. To the best of our knowledge,
in the reported compounds comprising SCN™ bridges, this
is the first time that the octanuclear lattice of
CuyMn4CgNgSg has been fabricated from SCN™ bridges
and further assembled into a fascinating 2D structure. Re-
markably, this ferromagnetic behaviour is absent for the sys-
tems containing Cu and Mn ions.

Figure 1 shows the coordination diagram for the complex
with the atom numbering scheme. It indicates that the com-
plex consists of two types of distinct building blocks, na-
mely Mn(NCS)s and Cu(ipa),(SCN),. Each copper atom
exhibits an elongated octahedral coordination environment:
the equatorial plane is formed from four nitrogen atoms of
two ipa ligands with Cu—N distances of 1.983(3) to
2.024(3) A and the axial positions are occupied by the sul-
fur atoms of the thiocyanate bridges. The Cu-S separations
are not identical and the two types of Cul—S1 bonds have
distances of 2.9635(16) and Cu2—S2 3.0214(16) A which
are shorter than those of other reported complexes.'”) The
coordination sphere around the Mn?* centre displays octa-
hedral geometry and is completed by six N atoms from the
thiocyanate ions. Four of the N atoms are from four bridg-
ing SCN™ anions with Mn—N distances of 2.185(4) to
2.218(4) A and the other two come from two terminal
SCN™ anions which occupy the remaining apical positions
of the Mn centre with the Mn—N distances of 2.275(4) A
being longer than those in the equatorial plane. The sym-
metry elements of the crystal, namely the inversion centres,
are located on the Mn and Cu atoms. This is shown clearly
in Figure 1 and Figure 2. Interestingly, the equatorial
planes of the Cul and Cu2 ions run almost parallel to that
of the Mn ion with dihedral angles of 9.7°. The
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Figure 1. Diagram of the title complex with the atom numbering
scheme; H atoms and water molecules are omitted for clarity

S(SCN)—Cu—N(ipa) angles, which are between 82.61(10)°
and 95.99(12)°, indicate that the Cu—S bond is nearly per-
pendicular to the equatorial plane of the Cu ion. Each Mn
ion has four Cu ions as the nearest metal centers, while the
Cu ion has two Mn ions in its vicinity which is consistent
with the Mn:Cu molar ratio. Adjacent Cu and Mn ions are
connected through SCN™ bridges to form a 32-membered
CugMn,CgNgSg  square lattice subunit of dimensions
9.118X10.089 A. Mn atoms are located on the vertexes of
squares and Cu atoms lie on the middle points of the edges.
Importantly, the square subunits are further assembled into
a 2D polymer. The distances between the neighbouring
Mn---Cu pairs are 5.683 A for Mnl++Cul and 5.717 A for
Mnl--Cu2.

The plot of weyr versus 7 is shown in Figure 3. At room
temperature p. s 7.00 pg which is slightly greater than the
expected value for an isolated Mn ion and four Cu ions
(6.86 pp for g,, = 2). The u value increases gradually with
decreasing temperature from 7.00 pg at 300 K, reaching a
maximum value of 7.32 pg at 5 K. This magnetic behaviour
indicates ferromagnetic interactions between the p; 3-NCS-
bridged Mn!! ion and the Cu!! ion which is supported by
the fact that the magnetic susceptibility values obey the
Curie—Weiss law with a positive Weiss constant 6 = 1.36 K.

Theoretically, the exchange interaction between Mn'! and
Cu'" is most likely antiferromagnetic in nature because it is
extremely difficult to reach strict orthogonality between the
magnetic orbitals for a M(high-spin d’)-M’(d!) pair irres-
pective of the local symmetry of each.[''l Also, to the best
of our knowledge, this concept has been somewhat con-
firmed by previously reported Mn"-Cu'' couplings. Unex-
pectedly, the title compound exhibits ferromagnetic interac-
tions and represents the first example of a Mn''-Cu'" sys-
tem. Indeed, as mentioned in the description of the struc-
ture, all the Mn—NCS—Cu angles are close to 90 degree
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Figure 2. a) 32-membered square lattice motif of CuyMn4CgNgSs;
b) view along the [001] direction showing the 2D structure; the H
atoms, C atoms in the 1pa ligand and solvent molecules are omitted
for clarity
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Figure 3. Plots of yy; (diamonds) and u (circles) versus 7'
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and the S atom is in the apical position of the Cu'" centre.
Therefore, the small spin density of the d.: type orbital of
the Cu'! centre interacts with that of the d,»_,» type mag-
netic orbital of the Mn!!. This situation occurs because of
strict orthogonality and results in a ferromagnetic contri-
bution. On the other hand, the 3d> electrons of the Mn!!
display a sphere-type distribution, thus partial overlapping
of the magnetic orbitals of the Cu'' and Mn'! ions inevi-
tably occurs which causes an antiferromagnetic contri-
bution to the Cu' and Mn'" system. The two kinds of inter-
actions conflict in an antagonistic process but the ferromag-
netic contribution may predominate, however, and this
should be responsible for the ferromagnetic coupling be-
tween Cu'! and Mn'l.

Taking into account the complex magnetic treatment for
multi-dimensional  systems containing paramagnetic
centres, only approximate models were employed to fit the
experimental data so far obtained. In this context, the
pentanuclear Mn-Cu, system was considered as the smallest
repeat unit in order to analyse the magnetic properties of
the 2D structure. Equation (2) was obtained based on an
isotropic Hamiltonian presented as in Equation (1) with in-
teractions between Cu ions neglected due to the long dis-
tance between them.

H=—=2JSwin(Scur + Scuz + Scus + Scua) (D

v = NgP2AldkgT + TIP )

A = 165 + 84exp(—9J/kT) + 35exp(—16J/kT) + 10exp(—21J/
kT) + 252exp(—5J/kT) + 105exp(—12J/kT) + 30exp(—17JIkT) +
70exp(—10J/kT)

B =5 + 4exp(=9J/kT) + 3exp(—16J/kT) + 2exp(—21J/kT) +
exp(—24J/kT) + 12exp(—=5J1kT) + 9exp(—12JIkT) + 6exp(—17J/
kT) + 6exp(—10J/kT)

where J is the Heisenberg exchange constant between adjac-
ent Mn'" and Cu" ions, Sy, and S¢, are spin operators
corresponding to Mn and Cu, respectively, and the tem-
perature-independent paramagnetism TIP = 3.0x107%,
The theoretical model gave a good fitting of the experimen-
tal results. The agreement factor R = 5.8X10~* [R was de-
fined as R = E(Xobsd. - Xcalch)2/(Xobsd.)2]’ g = 2.04and J =
0.13 cm™'. The sign and magnitude of the J value suggest
that weaker ferromagnetic coupling exists between adjacent
Cu'" and Mn'! centres bridged by SCN ™ anions.

To further support the nature of the interaction provided
by the temperature dependence of the magnetisation, the
field dependence of the magnetisation for the complex was
measured in a field of 0—50 kOe at 7 K. The experimental
values of M for the title compound were compared with
those calculated by the Brillouin function corresponding to
an S = 9/2 spin state with g = 2 (Figure 4). The plot of M
vs. H approaches the Brillouin curve based on S = 9/2,
although experimental values do not reach a magnetic satu-
ration value of 9. This behaviour confirms that the ground
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state of S = 9/2 results from ferromagnetic interactions be-
tween the Mn and Cu ions of the pentanuclear system.
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Figure 4. Plot of M versus H (squares) and the Brillouin curve for
four independent Cu'! ions and one Mn!' ion

In conclusion, a novel 2D heterometallic polymer has
been assembled from 32-membered CuysMn,CgNgSg square
lattices as subunits fabricated from SCN anions bridges. It
shows a fascinating topological motif which is relatively
rare in SCN-bridged complexes. Magnetic studies revealed
intriguing ferromagnetic couplings between adjacent Cu!!
and Mn'! ions which is the first report of such a phenom-
enon in Cu''-Mn'! systems.

Experimental Section

General: Infrared spectra were recorded with a Bruker Tensor 27
infrared spectrometer in the 4000—500 cm™! region using KBr
discs. C, H and N elemental analyses were carried out on a
Perkin—Elmer 240 instrument. Variable-temperature magnetic sus-
ceptibilities of microcrystalline powder samples were measured in
a magnetic field of 1 kOe in the temperature range of 5—300 K on
a SQUID magnetometer. The data were corrected for magnetis-
ation of the sample holder and for diamagnetic contributions which
were estimated from Pascal’s constants.

Synthesis of the Complex: All chemicals were of analytical grade
and were used without further purification. Cu(ipa),(ClOy),
(ipa = 1,2-propanediamine) (0.1949g, 0.58 mmol) and
NasMn(NCS)-9H,0 (0.4199 g, 0.64 mmol) were each dissolved in
H,O (10 mL), the two solutions were mixed together and the result-
ant mixture stirred for a few minutes. Purple single crystals were
obtained after the resultant solution was allowed to stand at room
temperature  for several days. Yield: 0.2027g (81%)).
CgH44Cu,MnN ,0,S¢ (863.05): caled. Cu, 14.73, Mn, 6.37, C
25.05, H 5.14, N 22.73; found Cu, 14.28, Mn, 5.93, C 25.37, H
5.58, N 23.15%. The IR spectrum shows a characteristic strong and
sharp absorption peak for the NCS™ groups at 2084 cm™~! and the
sharp peaks due to the NH and NH, groups appear at 3462, 3305
and 1583 cm™ 1.

X-ray Crystallographic Analysis of the Complex:['?! A single-crystal
of dimensions 0.15 X 0.12 X 0.08 mm was selected and sub-
sequently glued to the tip of a glass fibre. The determination of the
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crystal structure at 25 °C was carried out on a Bruker Smart-1000
CCD X-ray diffractometer using graphite-monochromated Mo-K,,
radiation (4 = 0.71073 A). Corrections for Lp factors were applied
and all nonhydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were located from a difference Four-
ier map and refined isotropically using a riding model with dis-
placement parameters. The programs for structure solution and re-
finement were SHELXS-971131 (Sheldrick, 1990) and SHELXL-
97141 (Sheldrick, 1997), respectively. The crystal belongs to the tri-
clinic space group PI with ¢ = 9.118(5), b = 10.089(5), ¢ =
11.434(6) A, a = 74.652(7), B = 66.775(7), y = 72.358(8)°, V =
908.4(8) 12\3, Z = 1, empirical formula C;gH44Cu,MnN40,S¢, mo-
lecular mass 863.05, D, = 1.578 grecm ™3, F(000) = 445, 0 range
2.49-26.36° index ranges —1l =h =11, -12 =k =8, -14 =
= 14. A total of 5076 reflections were collected, 3574 were indepen-
dent (R;,; = 0.0238) and 2422 observed reflections with 7 > 2o(/)
were used in the succeeding refinement. The final refinement in-
cluding hydrogen atoms converged to R = 0.0453, wR = 0.0979,
(AP)max. = 0.644 €A 73, (Ap)min = —0.579 eA 3.
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