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ABSTRACT: Two two-dimensional (2D) systems having
the formula [{Fe™(dmbpy)(CN),},Co"L], [L = pyetNO
(1), typNO (2)] and consisting of single-chain magnets
connected through organic ligands (L) have been
prepared, and their magnetic properties have been
investigated. The overall magnetic behavior depends on
the capacity of the organic pillars to transmit long-range
magnetic interactions. 1 is the first example of a 2D
compound exhibiting double relaxation of the magnet-
ization, whereas 2 behaves as a metamagnet.

S ingle-chain magnets (SCMs) are attractive research targets
of polymeric molecular materials displaying slow relaxation
of the magnetization and hysteresis effects.' "' Because of their
fascinating fundamental nature and potential applications as
ultimate memory or quantum spintronic devices, increased
synthetic efforts were devoted to obtaining such 1D
compounds in the past decade. Their synthesis is a current
challenge in which achieving strong uniaxial (Ising) anisotropy
and minimizing the interchain magnetic interactions are
essential requirements.'> While anisotropy could be achieved
by the choice of an agproprlate metal ion such as hlgh—spm
octahedral Co(II),*>?><'%! Mn(III),**~*%%%* Fe(I1),* o

Re(1V),’ the tuning of the intermolecular interactions between
magnetic nanowires to maintain a sufficiently large ratio of
intra- to interchain magnetic interactions is a more complicated
task because of the inherent difficulties in controlling the crystal
packing. Several ways to avoid intermolecular magnetic
interactions have been proposed, including the introduction
of bulky ligands between/within the chains'®'%%"3 and the use
of H-bonding nucleobase groups’ for even structurally ditopic,
magnetically inert organic linkers'* that would allow the ferro-
or ferrimagnetic Ising chains to be linked into 2D or 3D
networks without significant changing the SCM behavior.

As an extension of these strategies, we present here a new
way to obtain SCMs by controlling not only the interchain
separation but also the arrangement of the chains in the crystal
packing and the magnetic interactions between the magnetic
nanowires. We incorporate bulky substituents in the cyanide-
bearing precursor in addition to the use of organic spacers to
afford 2D networks. Within each layer, the choice of the
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appropriate extended spacer allows the control of the interchain
interactions, freezing the magnetization in one direction.
Moreover, the bulky ligands present within each chain preclude
any 1nteract10n between the neighboring 2D networks. In a very
recent work,'* we showed how the use of the sterically
hindered cyanide-bearing low-spin Fe(III) complex [Fe-
(dmbpy)(CN),]” (dmbpy = 4,4'-dimethyl-2,2-bipyridine) as
a ligand toward fully solvated Co(Il) ions afforded the 4,2-
wavelike [{Fe'(dmbpy)(CN),},Co"(H,0),],-4nH,0 ferro-
magnetic chain that exhibits an unprecedented double slow
relaxation of the magnetization. A close-up of the structure
shows sixfold-coordinated Co(II) ions with two water
molecules in trans positions (Scheme 1).

Scheme 1. Schematic View of the Formation of 1 and 2“
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“The coordinated water molecules in the 1D compound are
substituted by organic ligands that act as ON/OFF pathways for the
interchain magnetic interactions.

In this work, we show how the exo bis-monodentate organic
linkers 1,2-bis(4-pyridyl)ethane-N,N’-dioxide (pyetNO) and
1,2-bis(4-pyridyl)ethylene-N,N’-dioxide (tvpNO) can replace
the water molecules coordinated to the Co(II) ion to afford 2D
networks in which the overall magnetic behavior depends on
the capacity of the organic pillars to transmit long-range
magnetic interactions (Scheme 1).

The reaction of [Co(L),(NO;),] with PPh,[Fe(dmbpy)-
(CN),]-2H,0 in an acetonitrile/water mixture afforded X-ray-
quality crystals of [{Fe™(dmbpy)(CN),},Co"L], with L =
pyetNO (1) or tvpNO (2). 1 and 2 are isostructural
compounds. A fragment of the structure of 2 is shown in
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Figure 1 (see Figure S1 in the Supporting Information for the
structure of 1). The structure contains neutral layers consisting
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Figure 1. Fragment of the 2D structure of 2 (left) made of neutral
chains (right) interlinked through trans-tvpNO ligands.

of 4,2-wavelike [{Fe(dmbpy)(CN),},Co] chains running
parallel to the crystallographic ¢ axis that are connected
through anti-pyetNO (1) and trans-typNO (2) molecules
acting as bis-monodentate ligands. These layers are further
stacked along the crystallographic b axis through van der Waals
interactions with a shortest interlayer Fel-Fel(a) distance of
6.639(2) (1) and 6.653(2) A (2) [symmetry code: (a) = x, —y,
z +'/,] (Figure S2).

Within each chain, each [Fe™(dmbpy)(CN),]™ entity acts as
a bis-monodentate ligand toward trans-[CoL] units through
two of its four cyanide nitrogens in the cis position, affording
neutral 4,2-wavelike [{Fe"(dmbpy)(CN),},Co"L] 1D motifs.
The bidentate dmbpy molecule and the two bridging cyanide
ligands are located in the equatorial plane of the iron(1II) ion,
inducing a quasi-planar alignment between the nearest aromatic
dmbpy ligands. To avoid steric constraints between the methyl
groups of adjacent dmbpy molecules, the whole skeleton of the
chain twists to adopt a wavelike shape. The values of the iron—
cobalt separation across the bridging cyanide ligands in 1 and 2
vary in the narrow range 4.9822(12)—5.0596(S) A. The iron
atoms in 1 and 2 exhibit a somewhat distorted FeC,N,
octahedral environment, the main source of the distortion
being the reduced bite of the chelating dmbpy ligand [N11—
Fel-N12 = 80.8(3)° in 1 and 79.4(5)° in 2]. The bond
lengths and angles in the [Fe(dmbpy(CN),] fragment [Fel—N
=1.935(10)—1.997(11) A and Fel—C = 1.888(13)—1.967(11)
A] agree with those reported for the low-spin iron(III) complex
PPh,[Fe(dmbpy)(CN),]-3H,0 [Fe—N = 1.99 A and Fe—C =
1.91-1.96 A].'* Each cobalt atom in 1 and 2 is sixfold-
coordinated, with four equatorial cyanide nitrogen atoms
[Col—N = 2.082(7) and 2.100(7) A in 1 and 2.069(11) and
2.086(11) A in 2] and two axial pyridine oxide oxygens [Col—
O = 2098(6) A in 1 and 2.120(9) A in 2]. Pairs of
crystallographically related Co" ions from two neighboring
chains are bridged through one anti-u-0,0’-pyetNO in 1 and
trans-p-0,0’-tvpNO in 2, with interchain cobalt—cobalt
distances of 14.15 A 'in 1 and 14.21 A in 2.

The temperature dependence of the yyT product per
Fe!',Co!" unit for 1 (Figure S3) at 120 K is 4.44 cm® mol™!
K, in agreement with the presence of two magnetically
noninteracting low-spin iron(III) centers and one high-spin
cobalt(Il) jon with large spin—orbit contributions. Upon
cooling, y T smoothly increases as T decreases to ca. 20 K
and then exhibits a sharp increase for T < 20 K, reaching a
maximum value of 294.4 cm® mol™ K at 4.0 K; this is followed
by a decrease to 115.6 cm® mol™" K at 1.9 K. yT decreases
linearly with T at very low temperatures as the magnetization

(M) becomes field-dependent. The plot of M per Fe'™,Co™ unit
versus applied field (H) at 2.0 K reaches a value of 4.30 pg at S
T (Figure S3 inset). These features indicate the occurrence of a
ferromagnetic interaction between the low-spin iron(III) and
high-spin cobalt(II) ions across the bridging cyanide. Hysteresis
loops were observed only below 2.0 K which are dependent on
the temperature and field sweep rate (Figures S4 and SS,
respectively).

Alternating-current (ac) magnetic susceptibility measure-
ments for 1 at different frequencies exhibit temperature
dependence of the in-phase (yi,) and out-of-phase (yy;)
components (Figure S6). Curiously, two frequency-dependent
out-of-phase ac peaks were observed in the temperature ranges
3.0—4.0 and 2.0—3.0 K The partial overlap of the two families
of peaks precluded an accurate evaluation of the blocking
temperature (which is given by the maximum of y3;), and then
the estimation of the values of the relaxation time 7, and the
barrier for the magnetization reversal (E,/ks) through the
Arrhenius equation. To analyze the dynamics of the magnet-
ization relaxation for 1, ac isotherms at different frequencies
were measured and drawn as Argand diagrams (Figure 2). The
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Figure 2. Argand diagrams for 1 at different temperatures. The solid
lines are the least-squares fits obtained using the Cole—Cole model
(see the text).

presence of two flattened semicircles for the same temperature
(2.5 and 3.0 K) gives us a hint that two relaxation processes are
involved. To our knowledge, this is the first time that two
different relaxation processes describing two independent
semicircles in an Argand plot has been observed in a
structurally characterized 2D system whose magnetic behavior
is one of a SCM (very recent examples concerning 1D systems
have been found previously by our grou ).41%4 The fit of the
data through the Cole—Cole method™ by considering two
relaxation processes separately led to values of 0.43 (2.0 K),
0.36 and 0.62 (2.5 K), 0.30 and 0.58 (3.0 K), and 0.47 (3.5 K)
for the parameter @, which determines the width of the 7
distribution. This indicates that each of the relaxation process is
characterized by a distribution of relaxation times.'”® Also, a
increases as the temperature decreases, following the enhance-
ment of the intermolecular interactions. From the maximum of
X we calculated the following values for the relaxation time [z
= (27v)7"]: 0.08 (2.0 K), 2.89 X 107° and 3.18 (2.5 K), 2.2 X
10™* and 0.2 (3.0 K), and 5.3 X 1072 s (3.5 K). With the three
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calculated values of 7 for each of the relaxation processes, the
values of 7, and E, were estimated as 7, = 1.9 X 10~ s and E, =
24.5 cm™! for one relaxation process and 7, = 1.15 X 107 s and
E, = 383 cm™' for the other. At lower temperatures, the
relaxation rate was too slow for ac magnetic susceptibility
measurements, and we used relaxation measurements with the
micro-SQUID technique16 in the temperature range 0.6 K < T
< 2.1 K (Figure S7) to extract the relaxation time. Because the
decay is not exponential, a scaling procedure allowed us to get
the mean relaxation time, and the Arrhenius plot (Figure S8)
showed two regimes with a crossover at 1.7 K, which is
interpreted as the manifestation of finite-size effects.'”

At room temperature, the value of yy, T per Fe™,Co" unit of
2 is 4.13 cm® mol™" K, as expected for two low-spin iron(III)
and one high-spin cobalt(II) isolated ions with significant
orbital contributions. Upon cooling, y,,T smoothly increases in
a monotonic way until T reaches 50 K, in line with an
intrachain ferromagnetic coupling between the Co(II) and
Fe(III) ions, and then a maximum of 13.6 cm® mol™ K is
rapidly achieved at 8.0 K; yyT then decreases to 0.25 cm?®
mol™ K at 1.9 K (Figure 3). A maximum in the magnetic
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Figure 3. y\T vs T plot for 2 under an applied magnetic field of 1000
G (T > 30K) and 100 G (T < 30 K). Inset: field dependence of y, in
the low-temperature region.

susceptibility was observed at ca. 6.0 K for applied fields lower
than 3000 G (Figure 3 inset). This maximum disappeared for H
> 3000. These features, together with the sigmoidal shape of
the M versus H plot at 2.0 K (Figure 4), prove the occurrence
of a weak antiferromagnetic coupling between the ferromag-
netic chains, which is overcome by an applied direct-current
(dc) field above 3000 G.

This metamagnetic-like behavior is consistent with the
structure of 2, with ferromagnetic Fe™,Co" chains interacting
in an antiparallel way between them through the trans-tvypNO

35

Figure 4. M vs H plot for 2 at 2.0 K. Inset: M vs H isotherms (0T
< 6.0 K).

ligands. The 7-type orbital pathways through the aromatic
pyridyl-containing bridges could be the origin for this exchange
interaction. The magnetic energy for H = 3000 G is ca. 0.3
cm™', a value which roughly corresponds to the interchain
antiferromagnetic interaction. Under this magnetic field, the
resulting noninteracting ferromagnetic anisotropic Fe™,Co"
chains show slow relaxation of the magnetization as well as
frequency dependence of y}, and yy; (Figure S).
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Figure 5. Thermal dependence of the (top) yi, and (bottom) yy
components of the ac magnetic susceptibility of 2 under an oscillating
field of 1 G (v = 10—1000 Hz) and an applied field of 3000 G.

The Cole—Cole plots for 2 at 2.0 and 3.0 K follow the shape
of a semicircle characteristic of a single relaxation process
(Figure S9). The theoretical curves obtained by least-squares
fits of the experimental data for 2 using a generalized Debye
model reproduced the observed semicircles (solid lines in
Figure S9) and provided «a values of 0.34 (T = 3.0 K) and 0.44
(T = 2.0 K), which are somewhat greater than that expected for
an SCM (a = 0 for an ideal Debye model with a single
relaxation time); in general, these are values commonly
attributed to the existence of interchain magnetic interactions
(0 < @ < 05). The increase in these interactions with
decreasing temperature accounts for the increase in a as T goes
from 3.0 to 2.0 K. To study the relaxation of the magnetization
at very low temperatures, M versus H (temperature range
0.04—1.5 K) (Figure S10) as well as time-dependent magnet-
ization (Figure S11) micro-SQUID measurements were done.
The M vs H plot at 1.5 K exhibits a sigmoidal shape similar to
that observed at higher temperatures in the SQUID measure-
ments. However, a small hysteresis occurs, which increases
while the sigmoidal curve disappears with decreasing temper-
ature, leading to a squared loop similar to that of a ferromagnet.
The fact that the remnant magnetization at H = 0 G in the very
low temperature domain is the same as that expected for the
saturation magnetization of the ferromagnetically ordered chain
suggests that the relaxation of the chains from parallel to
antiparallel spin arrangements is very small when the applied
magnetic field is removed. Thus, the M versus time plot shown
in Figure S11 constitutes a measure of this interchain relaxation.
Figure S12 shows the Arrhenius law for this relaxation (red
circles) compared with the relaxation of the chain in the
presence of an applied magnetic field (green squares). One can
see that the intra- and interchain regimes are different (in
contrast to what is observed for 1). The interchain relaxation
shows also two regimes: (i) above 1.3 K, the thermal
dependence of the relaxation time follows an Arrhenius law
with E, = 33.9 cm™! and 7, = 1.5 X 107" 5; (ii) below 1.3 K, a
smaller activation energy of 11.3 cm™' and a7, = 1.8 X 10™* s is
found.
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It deserves to be noted that the intrachain relaxation is slower
than the interchain one over the whole temperature range
(Figure S13). Thus, one can consider that the magnetization
within each chain at low temperature is blocked, and the
decrease in the magnetization observed in the dc measurements
(under zero applied magnetic field) have to be attributed to the
change from a ferromagnetic spin arrangement between the
chains to an antiferromagnetic one.
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