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The occurrence of a slow relaxation of the magnetization in a
one-dimensional (1D) system was recently reported by one of
us.l! The system was claimed to illustrate, for the first time, a
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theoretical model designed by Glauber in 1963 for anisotropic
Ising systems? and opened the perspective of a potential use
of 1D magnetic molecular nanowires for information storage.
Even though 1D magnetism is a very active area of research,
such dynamic behavior was never detected before since it is
not clear how to fulfill experimentally the requirements of a
perfect 1D Ising-type chain. This finding prompted us to look
carefully at 1D systems containing anisotropic elements, such
as cobalt(i1) and low-spin iron(ir) centers that we synthesized
recently,! to investigate their anisotropic magnetic properties
and to study the dynamics of their magnetization.

The stable low-spin cyanide-containing iron(ill) precur-
sors [Fe™(L)(CN),]- (L =bidentate nitrogen donor) react
with hydrated metal ions in aqueous solution and afford
single crystals of the bimetallic double zigzag chains
[{Fe™(L)(CN),},Co"(H,0),]-4H,0 (1 with L =2,2"-bipyri-
dine (bpy) and 2 with L =1,10-phenanthroline (phen)). We
found that 1 and 2 show intrachain ferromagnetic coupling,
1D Ising-type behavior, slow relaxation of the magnetization,
and hysteresis effects and thus are the second examples of
anisotropic molecular magnetic nanowires and the first with
an intrachain ferromagnetic coupling. Their preparation, X-
ray crystal structure,l and preliminary static and dynamic
magnetism are reported herein.

Compounds 1 and 2 are isostructural (monoclinic system,
space group P2,/n). They are made up of neutral cyanide-
bridged Co"-Fe double zigzag chains and uncoordinated
water molecules which are linked through van der Waals
forces and hydrogen bonds. Within each chain, the
[FeL(CN),]™ entity acts as a bismonodentate ligand towards
two trans-diaquacobalt(i) units through two of its four
cyanide groups in cis positions (Figure 1) affording bimetallic
double chains which run parallel to the a axis (Figure 2). They
show two orientations of their mean planes (Fe,Co,), forming
an angle of +70° with the b axis. The metal atoms in 1 and 2
are six-coordinate: two nitrogen atoms from bpy (1) or phen
(2) and four cyanide carbon atoms around the Fe centers, two
water molecules in trans position and four cyanide nitrogen
atoms around the Co centers build distorted octahedral
geometries. Bond lengths and angles around the Fe atom in 1
and 2 are close to those observed in the low-spin iron(ii1) unit
[FeL(CN),]~ (L =bpy and phen) in mononuclear,** hetero-
trinuclear,) and bimetallic chain** compounds. The values
of the Fe-C-N angles for both terminal (176.3(3) and 176.7(2)°
in 1 and 177.4(1) and 176.1(1)° in 2) and bridging cyanides
(174.6(2) and 178.7(2)° in 1 and 175.0(1) and 174.7(1)° in 2)
depart somewhat from strict linearity. The Co-O,,,, bond
(2.103(2) in 1 and 2.0886(4) A in 2) is similar to those
observed in aqua complexes of high-spin cobalt(ir).l The
values of the CoNeyanige bond lengths ion 1 (2.125(2) and
2.104(2) A) and 2 (2.147(2) and 2.113(2) A) are significantly
longer than those observed in the Co™-N=C-Fe™ unit
(diamagnetic Co™ and low-spin Fe') of the single cyanide-
bridged complexes [L!Co™NCFe™(CN);]-4H,0 (L!=6-
methyl-1,4,8,11-tetraazacyclotetra-decan-6-amine; 1.941(8) A)
and [L?’Co™NCFe™(CN);]-4H,0 (L?=10-methyl-1,4,8,12-tet-
raazacyclopentadecan-10-amine; 1.897(14) A),® which is in
agreement with the presence of high-spin cobalt(ir) ions. The
Co-N=C entities in 1 (165.8(2) and 169.4(2)°) and 2 (164.77(2)
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Figure 1. Perspective view of the crystallographically independent unit
of 1 (a) and 2 (b), thermal ellipsoids set at 30% probability and hydro-
gen atoms of bpy omitted for clarity. The hydrogen bonds involving
the water molecules are illustrated by broken lines. Selected bond
lengths [A] and angles [°] for compounds 1/2: Fe1-C1 1.923(3)/
1.925(3), Fe1-C2 1.951(2)/1.950(2), Fe1-C3 1.949(3)/1.954(2), Fel-C4
1.909(3)/1.912(3), Fel-N5 1.980(2)/1.999(2), Fel-N6 1.991(2)/
1.999(2), Col-N1 2.125(2)/2.147(2), Co1-N2b 2.104(2)/2.113(2), Col-
01 2.103(2)/2.089(2); N5-Fel-N6 81.23(9)/81.86(8), N1-Col-N2b
88.00(9)/90.55(8). See text for further details.

Figure 2. Perspective view of a fragment of the double zigzag chain of
1 running parallel to the a axis. The uncoordinated water molecules
have been omitted for clarity. Symmetry codes: (a) —x, 1—y, —z;

(b) T—=x, 1=y, —=z; (c) =1+x vy, z; (d) T+x, ¥, Z; () =1—x, 1—y, —z.

and 165.37(1)°) are significantly bent. The shortest interchain
metal-metal distances are 7.595(1) (1) and 7.656(1) A (2)
[Fe(1)--Co(1f); (f)=1/2—x, 1/2+y, —1/2—z] and 8.372(1) (1)
and 9.856(2) A (2) [Fe(1)-Fe(11)].
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At room temperature, the yy7 product for powder
samples of 1 and 2 (yy is the magnetic susceptibility per
Fe,Co unit) is 4.4 and 3.9 cm® mol 'K, respectively (Figure S1
and S2 in the Supporting Information), and corresponds to
the presence of one high-spin Co! (S¢,=3/2) and two low-
spin Fe (Sg,=1/2) ions, with significant orbital contribu-
tions. Upon cooling under an applied magnetic field of
100 Oe, ymT increases linearly, in line with an intrachain
ferromagnetic coupling between Fe™ and Co" centers. The
increase is smooth in the high-temperature range and sharp at
T<50K. yuT reaches a maximum value of about
460 cm®*mol~'K (1 and 2) at 7.5K and further decreases
linearly with 7 (as the magnetization becomes field depend-
ent). Below 8 K, hysteresis loops as well as maxima of the in-
phase and out-of-phase signals which are strongly frequency
dependent are observed for both compounds. In this temper-
ature range, a thermally activated mechanism appears to be
involved. Such a behavior has been observed in superpara-
magnets,® spin glasses,'”) molecular anisotropic high-spin
clusters,!'l and in the anisotropic chain reported in ref. [1]. To
characterize the anisotropy of 1 and 2, we performed
magnetization measurements on single crystals. For complex
1 the main results are summarized in Figures3, 5, and 6
(similar behavior is observed for 2). The static magnetization
was measured under an applied magnetic field (Figure 3). The
magnetization along the b axis (a =90 or 270°) is greater than
that along the ¢ axis (¢ =0 or 180°). Minima of the magnet-
ization are observed at +59° with respect to the b axis (a =31
or 149°). These features indicate that each chain within the
crystal presents an easy magnetization axis along the Co—
O,aer bond. These compounds have two chains, the Co—Oy,
bonds of which make an angle of +31° with the b axis, and
this bond defines the direction of the easy magnetization axis
for each chain (see Figure 4). So, the magnetization along any
direction (Ma) in the bc plane would correspond to the sum
of these vectors (noted m; and m, in Figure 4) through
Equation (1).

Mo = m cosa + m, cos(a + 62) 1)
1.8

1.6
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Figure 3. Dependence of the magnetization M (arbitrary units) of a
single crystal of 1 versus the rotation angle a in the bc plane and
under an applied magnetic field H of 5000 Oe at 5 K. The 0 and 90°
angles correspond to H ||c and H || b, respectively: (0) experimental
data; (—) theoretical data obtained from Equation (1) (see text).
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Figure 4. Orientation of the vectors of the double-chain structure.

This equation reproduces the experimental data in
Figure 3. The magnetization is greater along the b axis than
along the ¢ axis because the m, and m, vectors make a smaller
angle with the b axis than the ¢ axis (31° at b versus 59° at c).
The magnetization minima are observed when the magnetic
field is perpendicular to one of the two vectors (that is +59°
with respect to b).

The magnetization along the aaxis is very weak
(Figure 5). This can be understood taking into account that
the chains run parallel to the a axis, and consequently, the m,
and m, vectors are practically perpendicular to this axis (they
form an angle of 89°). All these features demonstrate the
anisotropic, Ising-type behavior of each of the two chains.
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Figure 5. Field-cooled magnetization (FCM) of a single crystal of 1
along the g, b, and ¢ axes, with an external field of 1000 Oe.

They are in agreement with the results obtained on a micro
SQUID (superconducting quantum-interference device)
applying a transversal magnetic field.

The value of the coercive field (H.) of the hysteresis loop
for a single crystal of 1 is strongly dependent on the
temperature and the sweep rate. So, for H || b, H, increases
from 1000 to 12000 Oe when going from 2 to 1.1K at
0.002 Ts~! whereas it decreases when increasing the sweep
rate (5000 and 750 Oe when going from 0.07 to 0.001 Ts™! at
T=2K) (Figure S4 and S5, Supporting Information).

The ac measurements along the b axis show a frequency
dependence (Figure 6), and the relaxation time of the
magnetization (7, not shown) presents an exponential behav-
ior [t =1,exp(E,/kT)] in the frequency range explored (0.1-
1000 Hz). The best-fit parameters for 1 are 7,=9.4x 10712 s;
E.Jkg=142 K.
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Figure 6. Temperature dependence of the out-of-phase (y"') compo-
nent of the ac susceptibility on a single crystal of 1 in zero applied
static field and with the oscillating field (1 Oe) applied along the

b axis. The values of the frequency of the oscillating field are 1000,
100, 10, 1, and 0.1 Hz.

All these magnetic data clearly do not correspond to a 3D-
ordered system. In fact, heat-capacity measurements on single
crystals of 1 (Figure S3, Supporting Information) do not show
any A peak down to 1.8 K. A spin-glass system would have
presented similar ac behavior but the hypothesis can be
discarded since the measurements were carried out on well
organized single crystals. We are left with the presence of a
slow relaxation of the magnetization in these two new 1D
compounds. These compounds are reminiscent of the mixed
radical cobalt(i1) chain in ref. [1]. The chains 1 and 2 are 1D
Ising systems, and fulfill the conditions required to observe
slow relaxation of the magnetization. In summary, the double-
chain topology, the bimetallic character with two anisotropic
spin bearers, and the ferromagnetic coupling in 1 and 2 lead to
the observation of a slow relaxation of the magnetization and
to original properties which deserve more theoretical and
experimental studies on pure and doped systems.

The lack of an appropriate analytical expression of the
magnetic susceptibility impedes the evaluation of the ferro-
magnetic J constant. Nevertheless, it is possible to understand
qualitatively the ferromagnetic nature of the coupling
between low-spin Fe' and high-spin Co" centers in 1 and 2
thanks to DFT calculations. They show that in a local
octahedral symmetry, the three unpaired electrons on the
cobalt center are in d., do_,», and d,, orbitals (z axis along the
Co—Oy,r bonds and x and y axes along the Co-N=C(cyanide)
bonds) whereas that of the iron atom is in a mixture of d,, and
d,, orbitals (keeping the same reference axes). The situation
corresponds to a predominant orthogonality between the two
sets of orbitals on the cobalt and iron centers and accounts for
the observed ferromagnetic coupling.

Experimental Section

1: Red rodlike single crystals of 1 were obtained by slow diffusion of
aqueous solutions of Li[Fe(bpy)(CN),] (isolated by metathetic
reaction of PPh,[Fe(bpy)(CN),]'H,O and LiCIO, in a 1:1 molar
ratio in acetonitrile) and [Co(H,0),](NO;), in an H-shaped tube in
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the dark. In a typical experiment, aqueous solutions of the iron salt
(0.2 mmol) in one arm and of the cobalt salt (0.1 mmol) in the other
one were allowed to diffuse in the dark. X-ray quality single crystals
of 1 were formed in the iron-containing arm after a few weeks, the
yield being practically quantitative. When the experiment was carried
out in day light, the yield was very low because of the precipitation of
an insoluble green solid [{Fe''(bpy)(CN),};Col"] as the main product.
Elemental analysis (C, H, N) and the Fe:Co molar ratio (electron
microscopy) on crystals of 1 agree well with its formulation as a
tetrahydrate. IR (KBr disk) of 1: 7 =vy 2167w and 2156m (bridging
cyanide) and 2124s cm™! (terminal cyanide).

2: Purple-red platelike single crystals of 2 were obtained by
following the procedure described for 1 but using the PPhy[Fe-
(phen)(CN),]-2H,0 complex as the iron precursor. The yield was also
quantitative when working in the dark. Elemental analysis (C, H, N)
and the Fe:Co molar ratio (electron microscopy) on crystals of 2 agree
well with its formulation as a tetrahydrate. IR (KBr disk) of 2: 7 = vy
2165w and 2155m (bridging cyanide) and 2123scm™! (terminal
cyanide).
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