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The synthesis, structural characterization and magnetic properties
of a 1D zig-zag coordination polymer based on a cation—cation
[(UYO,)Mn'"] repeated unit are reported; it shows single chain
magnet (SCM) behaviour with a high energy barrier of 122 K.

Single chain magnets (SCMs) have been attracting increasing
attention in the last decade' following the first report of slow
relaxation of the magnetization in a 1 D coordination polymer.”
Notably SCMs provide an attractive alternative to 0 D molecular
magnets (SMMs) for the development of information storage
devices.'®* The requirements to observe the SCM behaviour
first predicted by Glauber® are the presence of strong Ising
anisotropy, high intra-chain magnetic coupling and weak inter-
chain interactions. Notably, the high anisotropy of 5d and 4f
ions has been successfully exploited to afford 1 D coordination
polymers with SCM behaviour.>®

Actinide ions have been recently attracting increasing atten-
tion for the design of SMMs due to their high anisotropy and
their ability to engage in strong magnetic exchange.”® However
only one example of an actinide based single chain magnet has
been reported so far.’

Our group and others have demonstrated that cation-cation
interactions (described as the bonding of an actinyl imido or an
oxo group with a metal cation) provide a convenient route to
magnetic exchange™™%*1° and to the assembly of exchange-
coupled SMMs.”™#%9 In particular, we have recently shown
that, depending on the reaction stoichiometry, the cation—
cation interaction between the uranyl(v) [UO,(salen)(Py)]”

“Univ. Grenoble Alpes, INAC-SCIB, F-38000 Grenoble, France

? CEA, INAC-SCIB, F-38000 Grenoble, France

¢ Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de
Lausanne (EPFL), CH-1015 Lausanne, Switzerland.
E-mail: marinella. mazzanti@epfl.ch

4 School of Chemistry and Photon Science Institute, University of Manchester,
Oxford Road, Manchester, M13 9PL, UK

+ Electronic supplementary information (ESI) available. CCDC 1058487 and

1058488. For ESI and crystallographic data in CIF or other electronic format

see DOI: 10.1039/c5cc02945g

This journal is © The Royal Society of Chemistry 2015

Lucile Chatelain,?®¢ Floriana Tuna,® Jacques Pécaut®® and Marinella Mazzanti*“

building block and the [Mn(u)(Py),] unit leads either to a
{U;,Mng¢} wheel-shaped uranyl(v) cluster with SMM behaviour””
or to a linear 1 D polymer with a SCM behaviour.’

Here we report the first actinide based 1D zig-zag coordina-
tion polymer {{UO,(Mesaldien)|[Mn(NO;)(Py),]}», 2, that is built
from the cation-cation interaction of the uranyl(v) complex
[UO,(saldien)]” with [Mn(u)(NO;)(Py),]. Polymer 2 shows slow
relaxation of the magnetization with a high relaxation barrier of
122 K and an open magnetic hysteresis loop at T < 3 K, with a
coercive field of 1.75 T at 2 K. Compound 2 is thus only the
second example of an actinide based polymer showing SCM
behaviour which most likely arises from a strong intra-chain
coupling combined with the high Ising anisotropy of the uranyl(v)
dioxo group.

The monomeric uranyl(v) complex [UO,(Mesaldien)][Cp*,Co],
1, containing the pentadentate Schiff base Mesaldien was prepared
in high yield (90%) by reduction of the analogous monomeric
uranyl(vi) complex with one equivalent of Cp,*Co in pyridine
(see the ESIT). Complex 1 is fully stable in the solid state and in
a variety of organic solvents. The stability of complex 1 with
respect to the disproportionation reaction is consistent with
previously reported spectroscopic and synthetic studies show-
ing that pentadentate Schiff bases stabilize pentavalent uranyl
by saturating the equatorial coordination sites and therefore
preventing the formation of dimeric disproportionation inter-
mediates."'“* As such complex 1 provides an excellent precursor
for the controlled synthesis of heteropolymetallic cation-cation
assemblies. Notably, the reaction of 1 with one equivalent of the
Mn(NOj), salt affords the 1D polymer {{UO,(Mesaldien)][Mn(NOs)-
(Py)llns 2, as a pink microcrystalline powder in 66% yield
(Scheme 1). The X-ray crystal structure of 2 is shown in Fig. 1.

In the structure of 2 the oxo groups of the uranyl(v),
[UO,(Mesaldien)]™ units bridge through a linear cation-cation
interaction between two [Mn(NO;)(Py),]" cations to yield a zig-zag
one-dimensional chain. The asymmetric unit of 2 contains only
one uranium and one manganese atoms forming the neutral
repeated entity {{UO,(Mesaldien)[Mn(NO;)(Py),]}.- The uranium
atom is heptacoordinated with a slightly distorted pentagonal
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Scheme 1 Synthesis of 2.

Fig. 1 Mercury view of the structure of 2 (top) and enhanced view of the
zig-zag core with associated distances and angles. (bottom) (Ligands were
represented in pipes, H and co-crystallised solvent molecules were
omitted for clarity, C is represented in grey, O in red, N in light blue, Mn
in pink and U in green.)

bipyramidal geometry by the five donor atoms of the Mesaldien
ligand situated in the equatorial plane and by the two uranyl
oxygens in the axial position. The manganese(u) ion is hexa-
coordinated, by two uranyl oxygens from two different uranyl(v)
units, two pyridines and the two oxygens of the bidentate nitrate
ligand. Due to the U(v)O,_Mn(u) cation-cation interactions, the
U=O0 bond distances are lengthened (U1-O1U 1.900(3) A and
U1-02U 1.913(3) A) compared to those found in [UO,(Mes-
aldien)][Cp*,Co] 1 (U1-O1U 1.847(6) A and U1-O2U 1.846(6) A).
The mean Mn-Oy; (where Oy, is the uranyl oxygen) bond distance
in 2 is 2.075(3) A, significantly shorter than that found in the
{U;,Mng} wheel-shaped uranyl(v) cluster’™™ (2.15(2) A) but similar
to that found in a trinuclear [U(v)O,Mn(i),] complex (2.055(6) A).*”
The U-O-Mn angles deviate slightly from linearity and range from
164.87° to 177.49°. The asymmetric unit is repeated thanks to a
2-fold screw axis along the 0, y, 1/4 direction resulting in a zig-zag
topology with a U-Mn-U angle of 113.61°. The observed geometry
is very different from that observed for the only other reported
uranium based SCM {[UO,(salen)(Py)][Mn(Py),]NO3},,” assembled
from the uranyl(v) complex of the tetradentate Schiff base salen,
where the mean U-M-U angle is practically linear (170.25°). The
deviation from linearity probably results from the presence of a
bidentate nitrate ligand bonded to the manganese cation.
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An intra-chain separation between neighbouring U(v) ions of
6.634 A and a separation between neighbouring Mn(u) ions of
7.897 A are found in 2 whereas the mean intramolecular U-Mn
distance is 3.96(3) A. Each chain is separated from the nearest
chain with a minimum intermetallic distance of 11.881, 10.336
and 9.019 A, respectively, for U-U, U-Mn and Mn-Mn. No
significant interchain n-stacking is observed in the structure of 2.

Magnetic susceptibility measurements were performed first
between 2 and 300 K on a polycrystalline sample of 2 at
magnetic fields of 0.01, 0.1, 0.5 and 5 T (see the ESIt). The
measured yT value for 2 at room temperature is approximately
4.8 cm® K mol™" which is consistent with the values reported
for heteropolymetallic Mn(u)-uranyl(v) assemblies containing
one spin-only divalent manganese (with S = 5/2 and g close to 2)
and one pentavalent uranium ion.® The yT product remains
constant from 300 K to 80 K before reaching a field-dependent
maximum (177.8 cm® K mol™" at 0.01 T, 77.29 cm® K mol " at
0.17T,26.3 cm® Kmol " at 0.5 T; 6.7 cm® K mol " at 5 T). At very
low temperatures this product drops rapidly probably due to
saturation effects, magnetic anisotropy and/or inter-chain anti-
ferromagnetic interactions. The increase of y7T below 80 K
suggests the presence of a dominant ferromagnetic interaction
leading to an aligned-spin ground state.

The scaling of the yT data of 2 (Fig. 2, left) clearly shows the
occurrence of a linear regime characteristic of Ising 1D systems.
The In(x7T) versus 1/T plot increases linearly between 45 and
16 K (1/T from 0.063 to 0.022 K~ *). The experimental data were
fitted within this linear regime using the equation y7 = Ce
exp(4/kgT) which describes a ferromagnetically coupled infinite
chain. The fit gives an energy gap 4/kg of 43.4 K and a pre-
exponential factor C.s = 2.50. The magnetic susceptibility data
of 2 between 16 and 300 K at 0.01 T were also fitted with the
equation yT = C; exp(441/kgT) + C, exp(4,/kgT), where a second
negative exponential is added to take into account the high-
temperature crystal field effect and possible antiferromagnetic
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Fig. 2 Left: plots of (top) xT versus T and (bottom) In(yT) versus 1/T for a
polycrystalline sample of 2, measured at 0.01 T applied field. Right:
temperature dependence of the (top) real (x') and (bottom) imaginary
(") ac susceptibilities for 2 measured at zero-dc field and 1.5 G ac field.
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Fig. 3 Frequency dependence of the (top) real (y’) and (bottom) imaginary
(") ac susceptibilities for 2 measured at zero-dc field and an ac field of 1.5
oscillating at frequencies between 0.1 and 1400 Hz.

contributions. In this case we obtained A4,/kg = 44.1 K,
Aylkg = —107.8 + 10.5 K, C; = 2.43 cm® K mol™, and C, =
2.80 cm® K mol ', in very good agreement with the previous
considerations. The high-temperature extrapolated Curie con-
stant, C = C; + C, = 5.23 cm® K mol ™", is close to the expected
value for one Mn(u) and one U(v) ions.

Isothermal variable-field (—7 T to +7 T) magnetisation
measurements were then performed at several temperatures
between 2 and 5 K (Fig. 4). These measurements reveal an open
hysteresis cycle below 3 K. This result confirms the existence of
a magnetic ground state in 2 and the presence of a magnetic bi-
stability. A significant coercive field of 1.75 T is obtained at 2 K,
which decreases with increasing temperatures. A divergence
between field cooled and zero field cooled magnetisations as a
function of temperature is observed below 3 K and a remanent
magnetisation (REM) of 2.2 ug is preserved at very low tem-
peratures under zero field before vanishing after 3 K. These
features suggest that this material behaves like a single chain
magnet with a blocking temperature Tg = 3 K. The blocking
temperature of 2 is significantly smaller than that reported for
the linear chain {{UO,(salen)(Py)][Mn(Py),]NO3},,° (5.8 K) high-
lighting the effect of the zig-zag geometry and of the ligand
coordinated to the uranyl(v) on the magnetic properties.

The dynamic magnetisation was investigated to probe mag-
netic relaxation in 2. Zero-field ac susceptibility measurements
between 3.6 and 7.5 K were carried out at several frequencies
between 0.1 and 1399 Hz with a 1.55 G ac field (Fig. 2 right).
Both the in-phase (') and out-of-phase (") components of
the ac susceptibility show strong frequency dependence below
ca. 7.5 K; maxima are observed in y”(7T) (Fig. 3). This result rules
out the presence of any tridimensional ordering. Moreover,
the value of the parameter ¢ = (ATmax/Tmax)/A(logf) =~ 0.10,
measuring the relative variation of the temperature of the
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Fig. 4 Field dependence of the magnetisation of 2 measured at four
different temperatures with a field sweep rate of 0.0061 T.s™%.

maximum of y”(T) with respect to the frequency, is in the range
of normal superparamagnets and excludes the possible occur-
rence of a spin glass state."

The frequency dependence of the in-phase (;’) and out-of-
phase (x”) components of the ac susceptibility was fitted to
a generalized Debye model for one relaxation process with the
o parameter in the range of 0.11-0.20 revealing a narrow
distribution of relaxation times. Semi-circular Cole-Cole plots
(" vs. ') are obtained for temperatures below 7.2 K confirm-
ing that only one relaxation process occurs. Both ac experi-
ments as a function of frequency or temperature allow the
determination of relaxation times and they were fitted to the
Arrhenius equation t = 1, exp(U/kgT), where 1 is the relaxation
time, U; = 122.1(14) K is the energy barrier for the relaxation
of the magnetisation and 7,!) = 6.2 x 1072 s is the pre-
exponential factor (Fig. S9, ESIt). A crossing in the Arrhenius
plot occurs, giving a second energy barrier of U, = 107.0(7) K
associated with 7,® = 7.4 x 107! s. This value must be
regarded with caution because of the limited 7-range over
which the relaxation times were determined. Several SCM
systems were reported to show two activated regions due to
finite-size effects.! Thus, the energy barrier of the zig-zag chain is
very high and only moderately smaller than for the previously
reported U(v)Mn(u) linear chain (134.0(8) K).° The high relaxa-
tion barrier of the zig-zag chain is most likely the result of the
ferromagnetic intra-chain coupling associated with the large
anisotropy from the strong Ising-type ligand field of the uranyl
group.”®

In conclusion we have shown that the cation-cation
assembly of the uranyl(v) complex of a pentadentate Schiff
base ligand with the [Mn(u)(NOj;)(Py),] unit affords a 5f-3d
heterometallic 1D chain with a novel zig-zag topology. The
presented results show that different chain topologies can be
obtained just by changing the nature of the Schiff base ligand
in the uranyl(v) building block. Variable-temperature dc mag-
netic susceptibility measurements demonstrate the presence of
intrachain ferromagnetic exchange coupling within the chain.
Moreover, this zig-zag 1D polymer shows SCM behaviour with a
high relaxation barrier and an open magnetic hysteresis afford-
ing the second example of actinide based SCM so far isolated.
The high stability of the [UO,(Mesaldien)]™ building block pro-
vides a versatile route to a wide variety of 3d-5f 1D chains that will
be investigated in future studies.
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