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Long-Range Magnetic Ordering in a Tb""'-Mo" Cyanido-Bridged
Quasi-One-Dimensional Complex**
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Stefania Tanase*

The search for new supramolecular assemblies exhibiting
long-range magnetic ordering has attracted much attention in
the last decade.'"™ In this regard, cyanido-bridged hetero-
bimetallic assemblies derived from [M(CN)s*~ (M =Cr, Fe,
Co) building blocks and various transition metal or rare earth
metal ions have been extensively explored.** More recently,
[M(CN)]>™ (M =Mo, W) anions have become attractive
building blocks for the synthesis of new cyanido-bridged
networks with remarkable magnetic and photomagnetic
properties.’ ' Octacyanidometallates profit from the
enhanced m backbonding and superexchange -efficiency
resulting from the greater diffuseness and radial distribution
of 4d/5d orbitals as compared with 3d orbitals. Therefore, the
combination of the anionic octacyanidometallate building
blocks with rare earth metal ions that have strong spin—orbit
coupling is a challenging route towards new supramolecular
magnetic materials with intrinsic anisotropy. The develop-
ment of such materials has been somewhat hampered by the
tendency of the rare earth metal ions to adopt high
coordination numbers and their ability to easily adapt to a
given environment."'"% In search of new synthetic methods
for d—f cyanido-bridged assemblies from [M(CN)g]* "~ (M =
Mo, W) building blocks, we rationalized that the N,O-
bidentate chelate binding of pyrazine-2-carboxamide (pzam)
combined with the ability of NH, groups to act as effective
electron acceptors towards oxygen to form hydrogen-bonding
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networks may help in the construction of extended structures
and may enhance and improve their bulk magnetic properties.
This communication details the synthesis, characterization,
and magnetic properties of the first one-dimensional deriv-
ative of [Mo(CN),]’~ and Tb™, namely, [Tb(pzam)s-
(H,O)Mo(CN),]-H,O (1).

The reaction of Tb(NO;)-5SH,0 with (Bu;NH);-
[Mo(CN)s]-4H,O in the presence of pzam as a small blocking
ligand readily affords 1 as a yellow precipitate. After
filtration, slow evaporation of the solution yielded single
crystals suitable for X-ray analysis, which revealed that 1 is a
one-dimensional chain polymer (Figure 1). The coordination

Figure 1. View of the structure of 1 along the b axis, showing the one-
dimensional chain. Hydrogen atoms omitted for clarity. Tb green,
Mo yellow, C black, N blue, O red.

sphere around Tb™ comprises three pzam ligands with a N,O-
bidentate chelate binding, a water molecule, and two cyanido
bridges. The nine-coordinate Tb™ ion lies in a monocapped
square-antiprism environment; N31 is in the capping position,
the top plane is formed by O1/N51/O38/N41 and the bottom
plane by O18/N11/028/N21 (Figure 1). The angle between
top (capped) and bottom planes is 2.59(15)°. For the top plane
the square angles lie in the range 83.69(14)-94.10(15)°, and
those of the lower plane are in the range 77.57(16)-
102.37(18)°. The geometry of the [Mo(CN)g]*~ unit is
approximately square-antiprismatic, with Mo—C bond lengths
ranging from 2.139(6) to 2.187(6) A. The twist angles (top
atom-top centroid-bottom centroid-bottom atom) of the
MoV center are in the range 42.6(3)-49.0(3)°. The Mo-C-N
angles are almost linear and range from 174.7(6) to 178.4(6)°;
however, the cyanido linkages deviate from linearity (Tb1-
N41-C41 164.0(5), Tb1-N51-C51 160.8(5)°). The intrachain
distances between Tb™ and MoV are 5.6860(10) and
5.7144(10), respectively. The intrachain Mo"--Mo" distance
is 10.7845(10) A.

Each Tb™-Mo" chain interacts with six other surrounding
chains to form a three-dimensional network structure
(Figure 2). Four out of six terminal cyanido ligands of the
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Figure 2. View along the b axis of the hydrogen-bonding interactions in
1. Color code as in Figure 1.

MoV center are involved in hydrogen bonding. Three of them
bind interchain to the amide nitrogen atoms of two different
ligands of the same chain (N29—H29a-~-N61 3.310(7), N29—
H29b--N64 2.974(7), N19—H19b--N66 2.842(7) A). One of
the two has an additional bond to the noncoordinated water
molecule (O2—H2a-+N64 3.022(7) A). The third terminal
cyanido ligand of the primary chain interacts with an amide
nitrogen atom of a second chain (N19-H19b--N63
2.856(8) A). This same chain interacts at two more positions.
The first involves an amide nitrogen atom of a pzam ligand
and a 4-pyrazine nitrogen atom of a pzam ligand (N39—
H39a--N24 2.977(6) A); the second involves the 4-pyrazine
nitrogen atom of a pzam ligand and a coordinated water
molecule on the other chain (O1—H1b--N14 2.869(6) A). An
additional hydrogen bond is formed between the coordinated
and noncoordinated water molecules (Ol-Hla--O2=
2.755(6) A). The one-dimensional chains run parallel to the
b axis. In the a direction adjacent chains are about 8.053 A
apart, while in the ¢ direction the interchain distance is
10.218 A. The shortest interchain Mo"-+Mo" distance is
9.709 A.

The temperature-dependent magnetic susceptibility data
for powder samples of 1 (1.8-300 K) are shown in Figure 3 as
plots of y\ T versus Tand yy versus 7. The observed yy,7 value
at 300 K of 12.1 cm*Kmol™! corresponds exactly to that
calculated for noninteracting Tb™ and MoV ions
(11.75 cm*Kmol ™ for 4f* and 0.37 cm®*Kmol™! for 4d!).[%6!
From 300 to 9K, the yy7T value decreases slightly to
10.09 cm®*Kmol™"  and then increases to  about
17.6 cm®Kmol ™" at 1.8 K. The initial decrease is attributed
to depopulation of the Stark levels of the Tb™ F, ground
state. Additional ac susceptibility data, recorded down to
0.2 K, display a high and sharp peak at 7,=1.0 K in the real
component (y,.) that indicates the onset of magnetic ordering
(Figure 3). At the same temperature, a sharp peak is also
found in the specific heat of 1, as shown in Figure 4. Below T,
% o drops to essentially zero. The small bump in the imaginary
part x”,. at and below T indicates some magnetic losses in the
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Figure 3. Temperature dependence of yyT (0) and y, (e) for 1
measured at 0.1 T. Inset: Temperature dependence of the real (y..)
and imaginary (x,.') components of the ac magnetic susceptibility
measured in an applied field of 0 T and at a frequency of 971 Hz.
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Figure 4. Molar specific heat of 1 as a function of temperature. A
sharp peak is visible at T.=1.0 K. Solid lines represent the contribu-
tions from the phonons (T?), the prediction of the Ising chain with
J=3.6 K and two spins S=1/2 per unit cell, and the contribution from
the hyperfine-split nuclear levels of Tb"' (T7%). Open symbols represent
experimental data with hyperfine contribution subtracted.®!

ordered region. Magnetization data up to 5 T at a number of
temperatures are shown in Figure 5.

As discussed below, the observed magnetic behavior of 1
can be consistently explained in terms of ferromagnetic Tb™-
MoVY chains, coupled by weak interchain interactions of
mainly dipolar origin, that lead to a transition to 3D long-
range magnetic ordering between the chains at 7, = 1.0 K. For
the Mo" magnetic moment we can assume a spin of S=1/2
with an isotropic g factor; for the Tb™ magnetic moment our
data are consistent with an effective spin of S=1/2, with
strong uniaxial Ising-type anisotropy of the g tensor, that is,
gﬁ‘b ~10, gIb ~ 011620

The molar specific heat (C,,) data (Figure 4) can be well
fitted in the range above T, by the sum of a Debye (7/60p)?
term, representing the low-temperature limiting phonon
contribution, and the Schottky curve expected for a magnetic
Ising §=1/2 chain, with an intrachain magnetic exchange
constant of |J|/kg=23.6 K and two spins of 1/2 per unit cell.
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Ising chain (S=1/2)

Figure 5. Field dependence of the magnetization as measured at 2, 4,
and 8 K, and at 2 K with the contribution above 1 T from excited levels
removed (). Solid lines represent the calculated curve for an Ising
chain with S=1/2 and the Brillouin curve for noninteracting Mo" and
Tb" ions (both at T=2 K).

Near and below T, the weak interactions between the chains
cause departures from the chain prediction in the form of a
A-type anomaly.”!l A slight upturn in the data below 0.5 K is
attributed to the expected nuclear contribution, C, /R =
13ALSMI(I+1)T 2 arising from the hyperfine (hf) inter-
action between the electron spin § = 1/2 and nuclear spin I =
3/2 (100 % abundance) of the Tb™ ions. Taking the literature
value for the hyperfine constant of A,/ks=0.28 K, this
upturn is well reproduced. The contributions from the Mo
and Mo nuclei can be neglected here due to their low
abundance (15 and 10 %, respectively) and small A values
(5-10 mK). The value obtained for the Debye temperature
(Gp~93+1K) is in the range typical for this type of
compound. The entropy obtained from integration of the
magnetic specific heat amounts to S/kz~1.23, close to the
value of 2In2=1.38 expected for two spins S=1/2. This
confirms that the excited levels of the Tb™ ion are already
depopulated below about 10 K.

For analysis of the magnetization data, we take the
magnetic (Ising) interaction Hamiltonian H;, along the
chains as Equation (1).

Hy = =20 3 SPSYS—BH Y (g™ +g™oSY9) M)

For the Ising model, the prediction for the specific heat in
zero field is insensitive to the sign of J, but, as shown below,
the magnetization data agree with a ferromagnetic intrachain
interaction of the above magnitude. From the magnetization
curve measured at 2 K it appears that a field of about 1 T is
needed to saturate the ferromagnetic magnetization of the
Tb™ and Mo" moments in this temperature range. The
subsequent slow and nearly linear increase of magnetization
up to 5T can be attributed to the contributions from the
excited levels. Indeed, the slope of this high-field part gives x
~0.24 cm*Kmol™!, about equal to the value measured with
the SQUID magnetometer in low fields at 7'~ 50 K. Extrap-
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olating the high-field part (>2 T) in Figure 5 to H=0 yields
the intercept M ~3.9. Since we can take M = MM° 4
M™ and MM°=1p8, we obtain M™=~29p, and thus an
effective powder g value of g"~5.8 for the Tb™ ion.
Indeed, since we measure on powder, we measure the spatial
average of M(0) with g7 = (2¢7 + g/)/3. For Mo" the g value is
isotropic, with g =2. In the spatial average of M(0) of Tb™ we
can take g'" ~ 0 on the basis of literature values. This is indeed
confirmed by our finding that y,. for a powder vanishes below
T, for T—0, which indicates a very large anisotropy. Taking
. =0, the spatial average yields g/"=g,v/3~ 10 (with g;"=
5.8). The agreement with literature values of gﬁb observed for
Tb' sites of low symmetry appears quite reasonable.['%2"
Finally, on the basis of the Hamiltonian H,,, taking ggb ~5.8
and a ferromagnetic J/kgz =3.6 K, we calculated the powder
magnetization curve expected at 7=2 K. As seen in Figure 5,
the result is in very good accord with the experiment. The
Brillouin function calculated for noninteracting Tb™ and Mo"
moments at 7=2K is included for comparison and is
obviously far from the experiment (the same applies if J is
assumed to be antiferromagnetic).

As mentioned above, the transition to long-range mag-
netic order at 7,=1.0 K is expected to arise mainly from
interchain magnetic dipolar interactions. Superexchange
interactions between chains via the hydrogen bonds over
distances of about 8 A will be quite weak. Magnetically, the
Tb™-Mo" chains will behave below about 2 K as ferromag-
netic Ising chains formed by the Tb™-MoV" pairs with a net
magnetic moment of u,,;,~3.96. The dipolar interaction
between two pairs on adjacent chains can be estimated as
Egiy = i/ Toer With 1y, =8 A as the interchain distance we
obtain E4,/k,~0.04 K, a value that may well account for the
observed T, value. To check this we can use the well-known
mean-field formula kpT°° ~ &4(T.)J S%, from which the mag-
netic interchain interaction J' can be estimated from the
observed 3D ordering temperature. Here, &4(7T) = (1/k5T)-
exp(J/kgT) is the magnetic correlation length along the
individual Ising chains. The argument basically equates the
thermal energy at the transition temperature with the
interaction energy at T=7, of a reference spin with a
correlated spin segment in the adjacent chain.**! Taking |J|/
ks=3.6K and T.=1.0K, one obtains |J |/kg ~0.03K,
reasonably close to the estimated dipolar coupling. On the
basis of the available data it is not possible to conclude
definitively whether the interchain dipolar ordering below T,
is ferro- or antiferromagnetic. Further studies, including field-
dependent susceptibility and specific heat, are needed to
further elucidate this point.

In conclusion, we have prepared and structurally charac-
terized the first Tb™-Mo" quasi-1D cyanido-bridged com-
plex, which consists of ferromagnetic Tb™-Mo" chains that
become 3D magnetically ordered below 7.=1.0 K. From
magnetization and specific heat data, we find a ferromagnetic
intrachain interaction J/kgz = 3.6 K between the Mo" and Tb™
magnetic moments. This demonstrates that the cyanido bridge
between d and f ions may lead to substantial ferromagnetic
superexchange coupling. A systematic study of this system
varying the type of rare earth metal ion and also replacing
Mo" by WV is in progress.
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Experimental Section

1: A solution of Tb(NOs);-5H,0 (0.25 mmol) in acetonitrile (5 mL)
was added to a suspension of pyrazine-2-carboxamide (0.75 mmol) in
acetonitrile (5 mL). The reaction mixture was stirred for 5 min at
room temperature and then added to a solution of (Bu;NH);-
[Mo(CN)g]-4H,0O (0.25 mmol) in acetonitrile (5 mL). The resulting
yellow precipitate was collected by filtration, washed with a minimum
amount of acetonitrile, and dried under air. Slow evaporation of the
filtrate led to the formation of microcrystalline material. Yield: 63 mg
(29%). C,H,N analysis (%) caled: C 31.81, H 2.21, N 27.42; found: C
30.93, H 2.44, N 26.69.

Crystallographic data for 1: C,;H;(MoN;OsTb: M,=868.42,
orthorhombic, space group Pra2,, a=20.436(3), b=10.7839(10),
c=1425212) A, V=3140.9(7) A%, peyea=1.8365(4) gem™>, Z=4, u-
(Moy,) =2.696 mm™, T=150K, 65176 reflections, 7189 of which
were unique (R;, =0.0816). The structure was solved by Patterson
methods using DIRDIF and was refined on F? by least-squares
procedures using SHELXL-97.%! The final residuals were R1=
0.0301 [4625F>4TI(F)] and wR, 0.0575 (all data). CCDC-622483
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Magnetic measurements (1.8-300 K) were taken on powder
samples (at 0.1 T) using a Quantum Design SQUID magnetometer.
Low-temperature ac susceptibility and heat capacity data were taken
in a dilution refrigerator equipped with a homemade ac susceptom-
eter and calorimeter.
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