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Three-Dimensional Networks

A Three-Dimensional Ferrimagnet Composed of
Mixed-Valence Mn, Clusters Linked by an
{Mn[N(CN),]}* Unit**

Hitoshi Miyasaka,* Kazuya Nakata, Ken-ichi Sugiura,
Masahiro Yamashita, and Rodolphe Clérac*

In the field of molecule-based magnetism, tremendous effort
has been devoted to the design of magnetic materials that
exhibit spontaneous magnetization.!. The molecular
approach offers a unique opportunity to choose beforehand
the properties of precursors and magnetic bridges to obtain
magnets with desired physical properties. This strategy has
already led to fascinating compounds that exhibit multifunc-
tional physical properties.” Among the available building
blocks, single-molecule magnets (SMMs) are one of the most
appealing. SMMs have a large spin ground state together with
a strong uniaxial anisotropy, which leads to a slow relaxation
of their magnetization.[5 I'Therefore, these clusters can be seen
as monodisperse superparamagnetic particles capable of
storing information at the molecular level. Recently, Werns-
dorfer et al. reported a new material composed of antiferro-
magnetically coupled dimeric units of SMMSs.!®! They discov-
ered that the presence of weak magnetic interactions between
SMMs allows a fine tuning of the quantum properties. Their
conclusions open new perspectives on the design of new
magnetic materials by using SMM clusters as the building
block to create more complicated architectures. In this vein, a
3D network of magnetically coupled SMMs could lead to new
magnetic behavior induced by the intrinsic properties carried
by these magnetic units (such as high spin state, Ising type
anisotropy, quantum effects). Herein, we present the first
example of such 3D magnetic materials,
[Mn,(hmp),(OH),Mn(dcn)s]2MeCN-2THF (1) (Hhmp=
hydroxymethylpyridine, Hdcn =dicyanamine), built on a
well-known Mn, SMM, reported by Hendrickson, Christou,
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and co-workers,"linked by dicyanamide N(CN),” to para-
magnetic Mn" centres.

Compound 1 has been obtained by a self-assembly
reaction in a basic MeCN/THF solution that contained
[Mn(H,0),](ClO,),, hmp~ ions, and NaN(CN), in a molar
ration of 1:2:1, respectively. The resulting solution was then
filtered and single crystals suitable for X-ray diffraction were
obtained by slow diffusion of THF. The crystal-structure
analysis of 1 revealed a covalently bonded 3D structure that
crystallizes in monoclinic space group, P2,/n (Z=2). The 3D
network is composed of two basic units: a mixed-valence
Mn,M™ cationic complex, {Mn,(hmp),(p;-OH),}**, and an
octahedral Mn" anionic moiety, {Mn[N(CN),]¢}*, in a 1:1
ratio (Figure 1). The Mn, cluster unit has a rhombic core
quasi-identical to one observed for [Mn,(hmp)¢Br,-
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Figure 1. Structure of the repeating unit in 1 with thermal ellipsoids
set at 30% probability. Hydrogen atoms and crystallization solvents
are omitted for clarity.

(H,0),|Br,-4H,0.” The four Mn ions are hexacoordinated
and arranged in a double-cuboidal fashion. Two different sites
of Mn ions can be identified. The Mn(2) sites (Mn(2) and
Mn(2*)) are individually chelated by two hmp~ ligands, which
are cis to each other, and are interconnected by two hydroxy
O(1) bridges to form a {(hmp),Mn(2)—(OH),~Mn(2*)(hmp),}
motif lying on an inversion center (* symmetry operation: —x,
—y, —z). This moiety is connected to the two Mn(1) centers
(Mn(1) and Mn(1%*)) by the hydroxy oxygen atom (u;-O(1)),
and alkoxy oxygen atoms arising from the hmp~ ligands (u,-
O(2) and O(3)), thus forming the Mn, cluster core,
{Mn,(hmp),(u;-OH),}** (Figure 1). The octahedral coordina-
tion sphere of Mn(1) ion is completed by three nitrogen atoms
of N(CN),  ligands. The other side of each N(CN),™ is
connected to a monomeric Mn" ion, Mn(3). Six N(CN),"
bridging ligands make the coordination sphere of Mn(3)
octahedron and finally form a {Mn[N(CN),]¢}*" unit. Each of
these {Mn,(hmp),(u;-OH),}** and {Mn[N(CN),]s}*" units is
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linked to six different neighbors with opposite charge to form
the 3D network of 1 shown in Figure 2. The oxidation states of
the three Mn ion sites, Mn(1) and Mn(2) ions in the cluster

a) ?\

Figure 2. Perspective views of 3D packing of 1 in the ac (a) and bc (b)
planes; C gray; N blue; O red; Mn purple.

moiety and Mn(3) ion of {Mn[N(CN),]¢}*" unit, can be easily
assigned as divalent, trivalent, and divalent, respectively,
based on charge balance consideration, bond valence sum
calculation,”® and the presence on Mn(2) of Jahn-Teller
elongation axis (N(2)-Mn(2)—O(1*); Figure 1). As expected
for typical Mn" ions, bond lengths around Mn(1) and Mn(3)
are found in the range of 2.174(4) to 2.278(5) A. On the other
hand, bond lengths around the Mn(2) are significantly longer
in the axial position (N(2)-Mn(2)=2.213(5) A and O(1%)-
Mn(2) =2.220(3) A) than in the equatorial plane (average
value of 1.961 A), thus revealing a Jahn-Teller distortion. On
a particular Mn, cluster, Jahn-Teller axes on Mn(2) and
Mn(2*) are parallel to each other and individually slightly
bent N(2)-Mn(2)-O(1%) =159.6(1)°.

The temperature dependence of the magnetic suscepti-
bility was measured on a nujol-restrained polycrystalline
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sample of 1 in the temperature range of 1.8 K to 300 K under
1kOe”) Above 100K, the 1/x product (x is the magnetic
suscepitibility) obeys the Curie-Weiss law with C=
18.15 cm*Kmol™" and 6 =+20.2 K; C is the Curie constant,
6 is the Weiss constant.!'"”] Based on the interaction mediated
by dicyanamide being relatively small,l'!! the positive Weiss
constant indicates that ferromagnetic exchange interactions
are dominant in the Mn, unit. With lowering temperature, the
% T product (19.38 cm*K mol ' at 300 K) increases gradually in
the temperature range of 300 to 30 K and then abruptly to
reach a maximum of 186.2 cm®*Kmol ' at 3.7 K (Figure 3). At
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Figure 3. a) Temperature dependence of the % T product and 1/, meas-
ured on a Nujol-restrained polycrystalline sample of 1 under 1 kOe.
The solid line represents a best-fitting simulation using a Kambe
model to describe the Mn, unit susceptibility (see text). b) Schematic
representation of the exchange coupling in the Mn, core of 1 with prin-
cipal exchange pathways J,, and J,,.

lower temperatures, the %7 decreases to 105.6 cm® Kmol ' at
1.8 K. It should be noted here that if a Curie contribution (S =
52, g =2; S is the spin angular momentum, g is the g factor) of
the {Mn[N(CN),]¢}*" unit is removed, the magnetic behavior
of 1 above 50 K can be almost overlapped to the one observed
for [Mn,(hmp)sBr,(H,0),|Br,4 H,O."" Therefore, a similar
analysis of the magnetic data has been performed by using the
Kambe vector-coupling method."” Based on the structure
analysis, the number of magnetic interactions can be reduced
significantly:  Jy,=Jip=Jp=J1p=J4, Jor=Jw (see
Figure 3b;J = magnetic exchange interactions), hence the
Hamiltonian can be written: [Eq (1)]

H = {1 (S7=83—85) oo (SA—S1-S1) + gu Ms Sy H}

oY)
+ &y M Syt H
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in which S,=S, + S, Sg=9, + S, $;=S, + Sp (the
spin operators § are given in Figure 3b) g,, is the average g
value of the Mn, unit. In Equation (1), the first term is
modeling the magnetic behavior of the Mn, core and the
latter is related to the Mn" paramagnetic center of
{Mn[N(CN),]s}*" unit. Fitting of the experimental data
between 30 and 300 K leads to g,,=1.95, gyuu=2.00, J/
ks=+15K, Jy/ks=+71K, TIP=600x10"°cm’mol!
(fixed; TIP =temperature-independent paramagnetism, and
kg is the Boltzmann constant). The estimated values
of intracluster magnetic exchange interactions, J,, and
Jy, are similar to the values reported for
[Mn,(hmp)¢Br,(H,0),]Br,-4H,O, and associated with an S=
9 spin ground state for the Mn, unit in 1. Below 30 K, the
magnetic interaction (J/3p) mediated by dicyanamide bridges
between {Mn,(hmp),(1s-OH),}** and {Mn[N(CN),]¢}*" units
becomes relevant and the previous model cannot reproduce
the experimental data.

As shown in Figure 4, in-phase ac magnetic susceptibility,
%', exhibits a peak located around 4 K and out-of-phase ac
susceptibility, ", leaves from zero at 4.1 K. This behavior was
found to be independent on the ac frequency used, which
indicates the presence of a 3D magnetic ordering at about
41K.
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Figure 4. Temperature dependence of ac susceptibilities, in-phase (¥')
and out-of-phase (x”") measured on a Nujol-restrained polycrystalline

sample of 1 at 1200 Hz (in zero applied dc field and 3 Oe oscillating

ac field).

A hysteresis loop of the magnetization is observed as a
function of external field at 1.9 K with a small coercive field of
28 Oe (Figure 5a). This feature disappears when the temper-
ature reaches about 4.1 K, which indicates a long-range
magnetic transition at this temperature. The magnetization
was also measured up to 7 T (Figure 5b, at 1.9 K). At low
fields, as expected for a magnet, the magnetization abruptly
rises up to around 11 pg at 2 kOe. This magnetization is close
to the expected value of 13 pz (g=2) for an ordered
ferrimagnetic phase in which the $=9 Mn, units are
antiferromagnetically ~ coupled  with  the §=5/2
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Figure 5. a) Field dependence of magnetization (hysteresis loops)
measured on a Nujol-restrained polycrystalline sample of 1 below
4.0 K in the field of £500 Oe and b) field dependence of magnetiza-
tion and the in-phase ac susceptibility at 1.9 K (ac frequency, 10 Hz;
oscillating ac field, 3 Oe and zero applied dc field).

[Mn[N(CN),]¢}*" units. When the field is further increased,
the magnetization gradually reaches 22 p; (at 7 T), value
close to the one expected for all parallel oriented spins (23 pg
with g=2). This field-induced behavior is expected for
ferrimagnetic systems!">'¥ when the strength of the magnetic
interaction between spin carriers is overcome by an applied
magnetic field (H,). The sigmoidal shape of the magnetization
or the maximum observed on the ) versus H plot is a
characteristic feature associated with a spin flipping of one of
the two ferrimagnetic sublattices. Because of the strong
uniaxial anisotropy of the Mn, unit, the field-induced
transition is expected to be of first order like the spin-flip
transition in a metamagnetic material and related to the
flipping of the moment carried by the {Mn[N(CN),]¢}*" units.
The temperature dependence of ' versus H plots allows the
monitoring of the spin-flip transition up to about 4.1 K and
confirms the critical temperature previously determined by ac
susceptibility and the field dependence of the magnetization.
In a simple mean-field model that treats Mn, units as classical
Ising spins and {Mn[N(CN),]s}*" units as Heisenberg spins, it
is possible to estimate J;p/kp at —0.030 K from the value of the
critical field (Ho=23kOe, J5plkp=—gup HJ(22kpSy,), "™
in which z is the number of neighbors, that is, z = zy,, = Zyn =
6 in this system). A rough estimation of J;, can also be done
based on the critical temperature (4.1 K): J;p/kg=-3T./
(22+/Sutn, Sntn, + 1) Spta(Sata + 1)) The J5p/k; is found to
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be —0.037 K, which is in excellent agreement with the above
estimation from the critical field H, and published values."”!

In summary, we have reported a unique 3D ferrimagnet
(T¢=4.1K) composed of the SMM Mn, building blocks (S =
9) and paramagnetic Mn" bridges (S=5/2). The strong
uniaxial anisotropy of the Mn, unit and its magnetic coupling
through magnetic linkage induces a spin-flip transition at
23 kOe and leads at higher fields to the parallel alignment of
the two magnetic sublattices. To the best of our knowledge,
this material is the first example in which an SMM complex
has been used to design 3D ordered magnets. The enhance-
ment of the magnetic inter-SMM interaction combined with
the intrinsic properties of the SMM building block could open
new perspectives in the design of high temperature aniso-
tropic magnets.

Experimental Section

{Mn,(hmp),(OH),Mn(dcn)s]-2MeCN-2 THF (1): Hydroxymethylpyr-
idine (218 mg, 2 mmol) and NEt;OH with 20% water (736 mg,
1 mmol) was added to an acetonitrile solution (20 mL) containing
Mn(ClO,),-6 H,O (362 mg, 1 mmol). The mixture was gently stirred at
room temperature for one hour, then solid NaN(CN), (89 mg,
1 mmol) was added. After the mixture had been stirred for a further
hour, it was filtered, and the filtrate was carefully diffused in THF
(40 mL) in a narrow glass tube (¢=6 mm) to form brown block
crystals of 1 (Yield: 31 % based on Mn). Elemental analysis calcd for
CysHysN,,OgMns: C 42.27, H 3.55, N 24.65; found: C 42.13, H3.47,N
24.95. IR (KBr): 7 =2299 (s), 2241 (s), 2167 (s), 1606 (s), 1569 (m),
1481 (s), 1440 (s), 1359 (s), 1286 (m), 1253 (w), 1224 (w), 1157 (m),
1070 (s), 1047 (s), 914 (w), 889 (w), 823 (w), 765 cm™" (s).

X-ray crystallographic analysis of 1: Data collections were made
on a Rigaku CCD diffractometer (Saturn70) with a graphite
monochromated Moy, radiation (1=0.71069 A). The structures
were solved by a direct method (SIR92)"?! and expanded by using
Fourier techniques."”” The non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were introduced as fixed contrib-
utors. Full-matrix least-squares refinements on F° based on 9108
unique reflections were employed, where the unweighted and
weighted agreement factors of R=%||F,|—|F.||/Z|F,| and wR=
[Ew(F—F)Ysw(F2)*]" (I>3.000(1)) were used. A Sheldrick weight-
ing Scheme was used. Plots of Sw(F>—F?)* versus F, reflection order
in data collection, sin6/A and various classes of indices showed no
unusual trends. Neutral atom scattering factors were taken from
Cromer and Waber.'"® Anomalous dispersion effects were included in
F.cq; the values Af and Af’ were those of Creagh and McAuley.!"”)
The values for the mass attenuation coefficients are those of Creagh
and Hubbel.”™ All calculations were performed by using the
CrystalStructure crystallographic program.?!! Crystal data of 1:
CysHgN,,OgMns, M, =1363.75, monoclinic P2,/n (no. 14), T=160 £+
1K, 1=0.71069 A, a =14.386(5), b =11.232(4), c=19.251(7) A, =
103.704(5)°, V=30222(18) A, Z=2, pouea=1.499 gem™, Fyp=
1386.00. Final R =0.066, wR = 0.146, GOF = 1.250 for 415 parameters
and a total of 9108 reflections, 4292 unique (R;, =0.035) with 7>
3.000(1); equivalent reflections were merged. The linear absorption
coefficient, p, for Moy, radiation is 1.086 mm~'. An empirical
absorption correction was applied which resulted in transmission
factors ranging from 0.702 to 0.805. The data were corrected for
Lorentz and polarization effects. Maximum positive and negative
peaks in AF map were found to be p,, =0.71 eA~ and Prmin =
~0.56 e A~

CCDC-221351 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
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Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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