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A one-dimensional chain containing a mixed-valence octanuclear
manganese(I1lIl) building unit, (NEt,)2,MngOo(salox)e(N3)g(MeOH)3] ,
(Hosalox = salicylaldoxime), was synthesized and characterized
structurally and magnetically. Each building unit contains
a [Mn",Mn"50,]"®" structural topology. The frequency depen-
dence of the out-of-phase component in alternating current mag-
netic susceptibilities and hysteresis loops for the complex indicates
single-chain-magnet-like behavior.

The development of new magnetic materials based on
molecules is one of the most important research topics in
the chemistry and physics fields. Single-molecule magnets
(SMMs) and single-chain magnets (SCMs) have attracted a
lot of attention because they exhibit quantum phenomena’
and finite-size effects® and because of their possible applica-
tions as nanometric magnetic memory units.> The first
reported SCM was [Co(hfac),{NIT(C¢H4,OMe)}] [hfac =
hexafluoroacetylacetonate; NIT(R) = 2-(4-R)-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-xoide], which has a spiral one-
dimensional (1D) isolated chain structure.* Because of the
presence of anisotropic Co'" metal ions, this chain has been
described as an Ising chain; it displays hysteresis behavior at
low temperatures without undergoing three-dimensional
magnetic ordering. The slow dynamics of magnetization
was explained using Glauber’s model® for Ising spin chains.
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The physics underlying this system has motivated the synth-
esis of new SCMs.® Polynuclear manganese clusters have
received considerable interest as building blocks for 1D
chains of SCMs because they often exhibit large, and some-
times abnormally large, spin values in the ground state and
have a large anisotropy.’” The end-on bridging azide ligands
often mediate ferromagnetic exchange between paramagne-
tic centers; this property has recently been exploited in the
preparation of SMMs and SCMs.>

The present study reports a new structural tzype of 1D chain,
composed of [MngO,(salox)s(N3)s(MeOH);]” " building units
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Figure 1. (Top) ORTEP drawing of 1 with thermal ellipsoids set at 30%
probability. (Bottom) Structure of the 1D chain. The solvent molecules,
H atoms, and NEt," ions have been omitted for clarity.

bridged by end-on azides, that exhibits slow relaxation of
magnetization and hysteresis effects.

The reaction of Mn(NOs),-4H,0 (1 equiv), sodium azide
(2 equiv), and salicylaldoxime (Hjsalox; 1 equiv) with NE-
t4OH (1 equiv) in MeOH at room temperature yielded a deep-
green solution. Et,O was slowly diffused into the resulting
solution to form dark-green crystals of (NEty),,[MngO,-
(salox)s(N3)s(MeOH)s],,- 1.5sMeOH (1-1.5MeOH) in a
yield of 53%.

The structure of one Mng unit of the chain 1 is shown in
Figure 1. Complex 1 crystallizes in monoclinic space group
P2, /c.10 The structure of each Mng unit contains a nonpla-
nar [lMnmé(,uy027)2(,113-0R)z]12+ unit of two offset, stacked
[IMn"™3(u3-O)]"" triangular subunits linked by two central
oximato O atoms, with each triangle having Mn"', Mn1, and
MnS8 attached by three u-N;~ ions. Two more azide ligands
are bonded terminally to the Mn'' ions and connect octa-
nuclear clusters in one dimension along the ¢ axis in the end-
on coordination mode. Charge considerations of complex 1
require 2Mn"" and 6Mn"" oxidation state descriptions. Mnl1
and Mn$ are assigned as Mn'' ions, whereas Mn2, Mn3,
Mn4, Mn5, Mn6, and Mn7 are assigned as Mn'! jons based
on the fact that (i) the average bond lengths of Mn2—Mn7 are
longer than those of Mn1 and Mn8 and (ii) bond valence sum
(BVS) calculations give values that are in good agreement
with the above assignments (Table 2S in the Supporting
Information). The Mn ions can be divided into four groups:
four Mn'" ions (Mn3, Mn4, MnS5, and Mn6) with six-co-
ordination, two Mn"" ions (Mn2 and Mn7) with square-pyr-
amidal five-coordination, one Mn"" ion (Mn1) with square-
pyramidal five-coordination, and one Mn'" ion (Mn8) with
six-coordination. Peripheral ligations around the core are pro-
vided by four salox”*~ groups in their familiar ":57":5" ;> bind-
ing modes, two salox” groups in the fairly rare 5":5" 77715
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Figure 2. Plots of yp7 vs T for 1-1.5MeOH in an applied field of 1 kG
from 1.8 to 300 K. Inset: FC and ZFC magnetization for 1-1.5MeOH in
an applied field of 100 G.

mode, and six N3~ ligands in the 772:/12 mode; three MeOH
molecules complete the sixth coordination position around
Mn3, Mn6, and Mn8. The six-coordination Mn"" ions
have Jahn—Teller (JT) distortions in axes elongation along
N10—Mn3—-015, N13—Mn4-012, N16—Mn5—04, and
N19—Mn6—016. The JT eclongation axes are aligned
nearly parallel to each other in the Mng unit. The mean
directions of the JT axes of each Mng unit and chain direc-
tional axis are staggered at ca. 17° (Figure 1S in the Sup-
porting Information). In addition, the chains are well
isolated by two NEt," cations with no hydrogen bonding
or m— interaction.

Solid-state, variable-temperature magnetic susceptibility
measurements were performed on microcrystalline samples
of complex 1-1.5MeOH (suspended in eicosane to prevent
torquing) in the 1.8—300 K range in a 1 kG magnetic field.
The temperature dependence of 7 of 1-1.5MeOH is shown
in Figure 2. The yu7 value at 300 K is 25.2 emu mol ' K,
slightly lower than the 26.76 emu mol ' K value expected for
two Mn'" and six Mn'" ions with g = 2.0. The yy 7 value de-
creases upon cooling to a minimum of 16.9 emu K mol " at
22 K, indicating the presence of dominant antiferromagnetic
exchange interactions within the Mng cluster. It then in-
creases to a maximum of 38.0 emu K mol ™' at 3.5 K, followed
by a rapid decrease to 25.9 emumol ' K at 1.8 K. The inverse
of the direct-current (dc) susceptibility decreases linearly
from 300 to 100 K, roughly following Curie—Weiss behavior
with C = 26.3emumol ' K and § = —28.1 K (Figure 2S in
the Supporting Information). The Curie constant is in good
agreement with the spin-only value of 26.76 emumol ' K for
six Mn'™ (S = 2) and two Mn" (S = °/,) ions with an average
g value of 2. The negative Weiss constant indicates that the
dominant interaction between spin carriers is antiferromag-
netic. Because of the topological complexity of Mng, the
individual pairwise manganese exchange interactions cannot
be determined using the Kambe method. The sharp increase of
amT at temperatures below 8 K is a characteristic of the
ferromagnetic behavior. The long Mn—Mn separations be-
tween the chains (>9 A) imply weak dipole—dipole interac-
tions between adjacent chains, suggesting 1D behavior of the
ferromagnetic interaction of each Mng unit. This is reasonable
because [Ma(u1,1-N3),] usually displays ferromagnetic interac-
tion at M—N—M angles < 105°; the angle of Mn—N—Mn in
complex 1-1.5MeOH is ca. 103°."" Moreover, the magnetic
susceptibility of irreversibility in the field-cooled (FC) and zero-
field-cooled (ZFC) plots is around 2.4 K (Figure 2, inset).
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Figure 3. Plot of " vs temperature for a microcrystalline sample of
complex 1-1.5MeOH under a zero dc field and an ac field of 3.5 G. The
data were collected in an ac field oscillating at the indicated frequencies.

Alternating-current (ac) susceptibility measurements were
performed on a microcrystalline sample of complex 1- 1.5MeOH
ina 3.5 G ac field oscillating at 1—1488 Hz and under a zero
dc field. The in-phase (yn'7) signals showed frequency
dependence (decreasing below 7' = 4.0 K), which is indicative
of the onset of slow magnetic relaxation (Figure 3S in the
Supporting Information). The out-of-phase (yy/”) signals
increased with decreasing temperature, reaching the max-
imum value at 2.5—3.4 K and then approaching zero; these
signals are also frequency-dependent. The plots of yn” vs T
are shown in Figure 3. When the frequency of the ac field was
changed from 1488 to 1 Hz, the ;" peak shifted from 3.4 to
2.5 K. These data indicate a significant barrier to magnetiza-
tion relaxation and preclude 3D ordering.** The peak tem-
peratures of y\/ can be measured by the parameter ¢ =
(AT,/T,)/A(log f) = 0. 08 Wthh is close to the range of nor-
mal superparamagnets.'>'® The Arrhenius equation was
applied to a fit of the data to obtain the rate of reversal of
magnetization and the effective energy barrier of the mole-
cule. The plot of the relaxation time as a function of the
inverse of temperature for complex 1-1.5MeOH is shown in
Figure 4S in the Supporting Information. The figure shows
the presence of a crossover between two different activated
regimes, both of which give best fits with two different
barriers and physical 7y values (A, =64 K and 1.7 x
10""*sand A, =79Kand 7.4 x 10~ 15§ for the low- and
high-temperature regimes, respectively). The effective energy
barrier and 7, are close to those found in a previous study on
SCMs.”*!* The crossover in the Arrhenius plot of SCMs has
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Figure 4. Magnetization vs field hysteresis loop measurement of
1-1.5MeOH at the indicated temperatures at a 0.005 T s~ ' scan rate.

been predicted to be due to finite-size effects'® and for systems
with a slow relaxation of single monomeric units.'® The plot of
In(yn'T) vs 1/T shows a linear increase between 3.1 and 4.5 K
with an energy gap of A; = 14.5 K (Figure 5S in the Supporting
Information), which is consistent with the difference between
the two energy barriers (A, — A;). 17 Furthermore, at a fixed
temperature of 2.9 K and a zero applied magnetic field, a
semicircle Cole—Cole diagram was obtained. The diagram can
be fitted by a generalized Debye model'® with an o parameter
of 0.33, which indicates a moderate distribution of the relaxa-
tion time (Figure 6S in the Supporting Information).

The assignment of 1-1.5MeOH as an SCM was further
confirmed by the field dependence of magnetization, which
was measured in the temperature range of 1.8—2.0 K (Figure
4). The width of the loops is strongly temperature-dependent
(increasing with decreasing temperature), as expected for the
superparamagnetic-like behavior observed for SCMs.

In summary, an infinite-chain complex was built up using
octanuclear mixed-valence Mn'" " units with N5~ and N,O-
donor ligands of sahcylaldoxmlate which linked to form the
chain structure with %x” end-on N3 . The frequency de-
pendence of the ac signals and magnetization hysteresis loop
suggest that complex 1-1.5MeOH is a new SCM.
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