Synthesis, crystal structure and magnetic properties of two new
dicyanamide bridged 2D and 1D complexes of Mn(i1)
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Two new polymeric compounds, [Mn(dca),(4CN-py),], (1) and [Mn(dca),(bpe)], (2) where dca = dicyanamide
anion, 4CN-py = 4-cyanopyridine and bpe = 1,2-bis(4-pyridyl)ethane, have been synthesised and
characterised by X-ray crystallography and low temperature magnetic study. Compound 1 consists of a two-
dimensional network of octahedrally coordinated Mn(1) cations bridged by dicyanamide anions. In this
compound, the Mn(i1) cation is linked by four dca bridging ligands and two monodentate 4CN-py ligands.
Compound 2 is an one-dimensional chain of Mn(11) bridged by dca as well as bpe. Each Mn(11) in the chain is
octahedrally coordinated by four dca and two bpe ligands. Variable temperature magnetic susceptibility
measurements in the temperature range 300-2 K reveal the existence of weak antiferromagnetic interactions in
both complexes (J = —0.154 cm ™!, g = 2.01 for 1 and J = —1.25 cm™", g = 2.00 for 2).

The study of multidimensional molecule-based magnetic mate-
rials is at the forefront of modern research.'® Use of dicyana-
mide (dca) as a bridging ligand to construct polynuclear
systems is a continuous challenge due to the large variety of
topologies and magnetic properties that may be obtained with
this ligand.””® Dicyanamide may act as a bidentate bridging
ligand by coordinating to two different metal centres through
its two terminal N(nitrile) atoms, or as a tridentate bridging
ligand with additional coordination through the middle
N(amide) atom (Scheme 1).'"!" Bidentate bridging coordina-
tion has been obtained in a few low-dimensional complexes
with formula [ML(dca),] where L = unidentate ligand. Mag-
netic interactions reported to date are generally low, but the
different kinds of interactions observed for Co(i1) and Mn(ir)
are still not clear and deserve the attention of magnetoche-
mists.

To continue the study of multinuclear dicyanamide bridged
metal complexes we report here the synthesis and magnetic
behaviour of two new Mn(i1) compounds, [Mn(dca),(4CN-
py)2l, (1) and [Mn(dca),(bpe)], (2). Compound 1 is a two-
dimensional network with single end-to-end dca bridges
whereas compound 2 is an one-dimensional chain with double
end-to-end dca bridges.
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Experimental

General

NaN(CN),, MnCl,-4H,O and 1,2-bis(4-pyridyl)ethane were
purchased from Aldrich Chemical Company Inc., 4-cyanopyr-
idine was purchased from E Merck and used as received. All
other chemicals used were AR grade.

Elemental analyses (C, H, N) were performed using a Per-
kin—Elmer 240 elemental analyser. Magnetic susceptibility
measurements were carried out for compounds 1 and 2 on
polycrystalline samples with a SQUID magnetometer working
in the range 2-300 K under a magnetic field of 0.05 T. Diamag-
netic corrections were estimated from Pascal tables.'> EPR
spectra were recorded with a Bruker ES200 spectrometer at
X-band frequency.

Syntheses

[Mn(dca),(4CN-py),l, (1). Compound 1 was synthesised by
adding 1 mmol of 4-cyanopyridine to a solution of 1 mmol
MnCl,-4H,0 in 20 ml methanol, followed by addition of 2
mmol of sodium dicyanamide in 10 ml water. After filtering,
the clear colourless filtrate was kept in a refrigerator. Colour-
less single crystals suitable for X-ray diffraction were obtained
after a few days. Yield 60%. Anal. found (calcd.) for
Ci6HsMnNo (M =395.26): C, 48.43 (48.57); H, 1.90 (2.02);
N, 35.10 (35.41).

[Mn(dca),(bpe)],, (2). Compound 2 was synthesised by add-
ing 1 mmol of 1,2-bis(4-pyridyl)ethane to a solution of 1 mmol
MnCl,-4H,O in 20 ml methanol, followed by addition of 2
mmol of sodium dicyanamide in 10 ml water. After filtering,
the clear colourless filtrate was kept in a refrigerator. Colour-
less single crystals suitable for X-ray diffraction were obtained
after a few days. Yield 60%. Anal. found (calcd.) for
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Table 1 Crystal data and details of structure determination for com-
plexes 1 and 2

Compound 1 2
Empirical formula Ci6HgMn Ny Ci6 Hi2 Mn Ng
FW 395.26 371.28
T/K 293 293
Crystal system Orthorhombic Monoclinic
Space group Pccen 12/a

a/A 9.479(4) 13.078(4)
b/A 12.308(5) 9.695(3)
c/A 14.402(5) 14.592(5)
B/° 90 105.74
u//&j 1680.2(11) 1780.7(10)
V4 4 4

u/mm 0.811 0.757
Reflect. collected 4276 4297
Unique reflect. 2179 2214

Obs. reflect. [I > 20(1)] 1801 1712

R 0.0383 0.0409
WR,” 0.1120 0.1106

R (int) 0.024 0.0288

“ R = Y| Fo| = |Fll/SIFol.” wR = [ Aw(Fy” = F2)} /S (w(F)'

C1sH12MnNg (M = 371.28): C, 51.92 (51.71); H, 2.97 (3.23);
N, 30.00 (30.16).

Crystal structure determination

Data collections were carried out at 293(3) K, on a Nonius
DIP-1030H system with Mo-Ka radiation. A total of 30
frames were collected, each with an exposure time of 12 min,
over a half of reciprocal space with a rotation of 6° about ¢,
the detector being at a distance of 90 mm from the crystal.
Data reduction and cell refinement were carried out using
the program Mosflm.!® The structures were solved by Patter-
son and Fourier analyses'® and refined by the full-matrix
least-squares method based on F* with all observed reflec-
tions.'> All the calculations were performed using the WinGX
System, ver. 1.64.'® Crystal data and refinement details of com-
plexes 1 and 2 are given in Table 1.

CCDC reference numbers 190860 and 190861. See http://
www.rsc.org/suppdata/nj/b2/b202431b/ for crystallographic
files in CIF or other electronic format.

Results and discussion

Crystal structures

[Mn(dca),(4CN-py),l, (1). The manganese centre lies on a
twofold axis in a distorted octahedral geometry, where four
coordination sites are occupied by the nitrile groups of the
anions and two cis positions by the 4CN-py ligands bound
through the heterocycle nitrogen (Fig. 1). The latter Mn-
N(py) distances of 2.345(2) A are significantly longer than
the former ones [2.203(2), 2.204(2) A]. An analogous trend in
the coordination sphere distances was observed in the 1D
chains of Mn[N(CN),]»(2,2"-bipym)(H,O) (bipym = 2,2
bipyrimidicne),17 where the Mn-N(bipym) distances are
2.278(3) A and those involving N(CN),™ are 2.147(5) and
2.196(6) A, for a bridging and terminal anion, respectively.
The crystal structure consists of 2D rhomboid grid sheets,
where the knots are occupied by the Mn(4CN-py), units and
the edges by the bridging dicyanamide ligands, with 4CN-py
ligands that branch off from the 2D arrangement (Fig. 2).
The layer is folded in a highly wavy fashion, as displayed in
Fig. 3. The metal-metal distance inside the grid is 8.286 A,
and the Mn- - -Mn- - -Mn parallelogram angles are 95.92° and
69.77°. On the other hand, the nearest interlayer distance, of
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Fig. 1 ORTEP diagram (40% thermal ellipsoids) with atom labeling
scheme of complex 1 [symmetry codes: ()—x+3/2, —y—1/2, z; (V)
x—1/2, =y, —z—1/2].

7.201 A, is shorter due to the interdigitation of the 4CN-py
groups (Fig. 3). This arrangement leads to the pyridine rings
belonging to different sheets to stack at about 3.6 A. The pyr-
idine nitrile group is slanted with respect to the ring plane as
defined by the N2-C6- - -N1 angle of 172.5(2)°. Selected bond
lengths and angles are given in Table 2.

[Mn(dca),(bpe)],, (2). The structure of compound 2 consists
of linear 1D chains (Fig. 4) with metals connected by two brid-
ging dicyanamides and by a bpe ligand. The manganese ion is
located on a centre of symmetry and exhibits coordination
bond angles that do not exceed 0.6° from the ideal octahedral
geometry. The Mn-N distances with anion nitrile groups are
2.222(2) and 2.225(2) A, those with the pyridine N donor are
slightly longer, 2.267(2) A. The conformationally flexible bpe
adopts a gauche conformation with a C—C ethane bond torsion
angle of 47.8(5)° and a dihedral angle of 62.52(5)° between the
pyridyl rings. The Mn- - -Mn distance spanned by the bridging

Fig. 2 View down crystallographic axis ¢ of the 2D coordination
rhomboid-grid sheet of complex 1 (the 4-CNpy atoms are shown in
black).



Fig. 3 Molecular packing of complex 1 along axis a, showing the
interdigitation of 4CN-py ligands into adjacent parallelogram grid
units.

ligands is 7.296 /DX, while the closest interchain distance is 8.140
A. Crystal packing shows bpe pyridine rings of different coor-
dination polymers stacking at 4.2 A. As comparison, intra-
chain Mn---Mn distances of 14.045 A and 13.993 A were
measured in  the [Mn(bpe)(H,0)4l,'® and [Mn(bpe)(-
H,0)4]o.s,—(bpe),, polymers,' respectively, where the bridging
bpe presents an anti conformation. Selected bond lengths
and angles are cited in Table 3.

Magnetic properties

The magnetic characterisation of complexes 1 and 2 was car-
ried out through measurements of the variation of the mag-
netic susceptibility, yn;, with temperature and the variation
of the molar magnetisation with the field, at 2 K. The experi-
mental data, plotted as the thermal variation of the susceptibil-
ity ym and the product y\ T are shown in Fig. 5 for compound
1 and in Fig. 6 for compound 2. The overall behaviour of 1 and
2 corresponds to weak antiferromagnetically coupled systems.
The ynm values continuously increase upon cooling, whereas
amT decreases slowly from 300 K down to 50 K, then more
rapidly down to 2 K, tending to zero. The values of y\7T at
room temperature are 4.45 and 4.36 cm® mol~! K for 1 and
2, respectively, as expected for quasi-isolated S = 5/2 ions.
This is in agreement with slight antiferromagnetic interactions
in the compounds.

The susceptibility data of complex 1 have been fitted (Fig. 5)
by means of the analytical expression derived by Curély®” for
an infinite 2D square lattice composed of classical spins
(S = 5/2) isotropically coupled and based on the exchange
Hamiltonian H = —%,,JS:S; where S,,, runs over all pairs of
nearest-neighbour spins i and j (Heisenberg couplings):2°“¢

1= INg*B*S(S + 1)(1 +u)*)/[3kT (1 — u)’] (1)

Table 2 Selected bond distances (A) and angles (°) in complex 1¢

Fig. 4 Fragment of the chain (ORTEP diagram, 40% thermal ellip-
soids) with atom labeling of complex 2 [symmetry codes: (') %—x,
3=3.3/2=2 () x5y 52

where N is Avogadro’s number, § Bohr’s magneton, k Boltz-
mann’s constant, and u is the well known Langevin function:

u=L[JS(S+1)/kT]) = coth[JS(S+ 1)/kT| — kT /JS(S+ 1)

(2)
The best fit leads to J = —(0.154+0.001) cm™'; g = 2.010 +
0.001. The agreement factor R = X2(ym7Tobs— ymIcalc )2 /
Z(rmTeare)’ is 1.46 x 107 which corresponds to an excellent
experiment-theory agreement. We have verified the J value

using the expansion series of Lines >! for an S = 5 /2 antiferro-
magnetic quadratic layer:

NGB 1] | =30+ (2C, /0" ) 3)
where 0 = kT/|J|S(S+1); C; =4; C, = 1.448, C; = 0.228,

C,=0.262, Cs=0.119, Cs=0.017 We have found
J = —0.17 cm™', which is very close to the J which previously
derived.

The interpretation of the susceptibility behaviour is very
simple. When the temperature is being reduced the susceptibil-
ity increases as expected. This is due to the fact that there are
more and more spins that are correlated in the lattice. Thus,
starting from the paramagnetic regime at high temperature,
the susceptibility becomes maximum when 2D ordering occurs.
Curély has shown that, in the case upon which we focus and by

differentiating eqn. (1), one has the numerical relationship:>*?

kT (fmax) = 1.2625 JS(S + 1) @)

where J is expressed in Kelvins (K) whereas from Lines work>!
one has:

KT (fmax )L = J[1.12 S(S + 1) + 0.10] (5)

which leads to an estimate of k7'(ynax) With an uncertainty of
5%. Using the respective J values previously found, one derives
from eqn. (4) T(fmax) =245 K and from eqn. (5)
T(fmax)L = 2.42+0.12 K; these values are both very close
and lie at the border of the accessible temperature domain
where the susceptibility shows a broad maximum. Thus, in
our case, the susceptibility seems to diverge but, in reality, it

Table 3 Selected bond distances (A) and angles (°) in complex 2

Mn-N(1) 2.345(2) Mn-N(4) 2.203(2)
Mn-N(5) 2.204(2) N@)-C(7) 1.154(2)
N(5)-C(8) 1.153(2)

N(4)-Mn-N(1") 179.94(6) N(4)-Mn-N(1) 86.69(6)
N(4)-Mn-N(#') 93.28(8) N(@)-Mn-N(5') 95.02(6)
N(4)-Mn-N(5) 94.60(6) N(5)-Mn-N(5) 165.97(9)
N(5)-Mn-N(1") 85.45(6) N(5)-Mn-N(1) 84.94(6)
N(1I')-Mn-N(1) 93.33(8)

¢ Symmetry codes: (') —x+3/2, —y—1/2, z; (") —x+1/2, =y +1/2,
—z+43/2.

Mn-N(1) 22672)  Mn-N(2) 2.225(2)
Mn-N(4) 2222(2)  N(2)-C(7) 1.1373)
N(4)-C(8) 1.146(3)

N(4)-Mn-N(2) 90.54(9) N(4)-Mn-N(2") 89.46(4)
N(4)-Mn-N(1) 89.41(8) N(4)-Mn-N(1") 90.59(8)
N(2)-Mn-N(1") 90.47(9) N(2)-Mn-N(1) 89.53(9)

N(1)-Mn-N(1") 180.0
N(2")-Mn-N(2) 180.0

N@4")-Mn-N(4) 180.0

¢ Symmetry codes: () —x+3/2, —y—1/2, z; (") —x+1/2, —y+1/2,
—z+3/2.
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Fig. 5 Temperature dependence of yy (top) and ym7 (bottom) for
complex 1 with solid line showing the best fit obtained through yn;
values. Inset: low temperature region of y;. The solid line represents
the simulation from 25 K to 0 K of the Curély expression with the cou-
pling 1parameters given in the text. The yy value would tend to 0 cm®
mol ™.

tends towards its maximum value (closer and closer to abso-
lute zero when J is weaker and weaker) before decreasing
and vanishing at 0 K, as expected for a compensated 2D iso-
tropic antiferromagnet. Note that, from the experimental
knowledge of T'(ymax/), One can directly obtain the J value.
The weak value of the exchange energy characterising the
antiferromagnetic coupling is also shown through the curve
of M /N (reduced magnetization) vs. H (at 2 K), which always
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Fig. 6 Temperature dependence of yy for complex 2 with solid line
showing the best fit obtained. Inset: plot of 7 vs. T data.
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does not show any change of slope, thus proving the 2D mag-
netic behaviour at the lowest experimentally accessible tem-
perature (Fig. 7). In addition, this curve of reduced
magnetisation does not follow the Brillouin formula for an iso-
lated S = 5/2 ion. The experimental data are situated below
the theoretical curve, indicating a weak antiferromagnetic cou-
pling. Indeed, this coupling must be very small, because at 5
Tesla, the M/Nf value tends to 4.5 (close to the theoretical
value of 5.0, assuming g = 2.00).

The magnetic behaviour of compound 2 has been analysed
by means of the analytical expression®® for an infinite chain
of classical spins, scaled to S = 5/2, derived by Fisher :

1= NGB S(S+ 1)(1 +u)l/BKT (1 — u)) (6)

where N, f5, k and u have been defined above. The best fit leads
to J=—125 em™!; g = 2.00. The agreement factor R was
2.2x107* which also corresponds to an excellent experi-
ment-theory agreement.

As for compound 1, the weak antiferromagnetic coupling
for compound 2, is also shown through the curve of M/Nf
(reduced magnetisation) vs. H (at 2 K), which does not show
any change of slope, thus proving the 1D magnetic behaviour
at the lowest experimentally accessible temperature. This curve
of reduced magnetisation does not follow the Brillouin for-
mula for an isolated S = 5/2 ion. Here also, the experimental
data are situated below the theoretical curve, indicating weak
antiferromagnetism. This coupling must be very small, because
at 5 Tesla, the M/ N value tends to 4.5 (close to the theoretical
value of 5.0, assuming g = 2.00).

Considering the structural features for complexes 1 and 2,
the observed J values can be explained on the basis of the pos-
sible exchange pathways present in these compounds. In 1 each
Mn(11) ion is surrounded by four diacyanamide bridges in the
quadratic layer. Here two manganese ions are bridged by one
dicyanamide ion, whereas in 2 there are two dicyanamide and
one 1,2-bis(4-pyridyl)ethane bridges between two manganese
ions. Assuming that the coupling through 1,2-bis(4-pyridyl)-
ethane is zero, the small J value could be attributed to the
dicyanamide ions. The very weak coupling parameters in both
1 and 2 are due to the long length of the p,; s-dicyanamide
superexchange pathway.”® The calculated J parameter of 2 is
slightly larger than that of 1; this may be due to the double
dicyanamide bridges in 2 whereas complex 1 is singly dicyana-
mide bridged. Moreover a somewhat shorter Mn-Mn distance
in complex 2 compared to that in complex 1 also supports
these observations.

MINg

04 i
0 10000 20000 30000 40000 50000

H / Gauss

Fig. 7 Plot of reduced magnetisation vs. H data at 2 K for complex 1
revealing that the reduced magnetisation data do not follow the Bril-
louin formula for an isolated S = 5/2 ion.



The ESR spectra of complexes 1 and 2 allow one to deter-
mine that the spin-spin couplings are isotropic, with
g = 2.00, as expected for Mn(11) ions. The bandwidth increases
when the temperature decreases. This is due to the effect of
dipolar interactions, as pointed out by Bencini and Gat-
teschi.?*

Conclusions

We presented here the syntheses, single crystal structures and
low temperature magnetic behaviour of two new manganese(ir)
complexes 1 and 2 containing the dicyanamide ligand. Com-
pound 1 is a 2D network consisting of octahedrally coordi-
nated Mn(11) cations bridged by dicyanamide along with two
monodentate 4-cyanopyridine ligands. Compound 2 is a 1D
chain composed of octahedrally coordinated Mn(ir), bridged
by two dicyanamides as well as 1,2-bis(4-pyridyl)ethane. Fit-
ting of the temperature dependent susceptibility data for com-
plex 1 using the expansion series of Lines for an S = 5/2
antiferromagnetic quadratic layer, based on the exchange
Hamiltonian, and for complex 2, by the expression derived
by Fisher for an infinite chain of classical spins, scaled to
S = 5/2, reveals the existence of weak antiferromagnetic inter-
actions in both complexes (J = —0.154 cm™!, g = 2.01 and
R=146x10"* for 1 and J= —1.25 cm™!, g =2.00 and
R =22x10"*for 2).
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