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[Mn3"(5-Rsaltmen),Ni"(pao),(L)]*": An $;=3 Building Block for a Single-
Chain Magnet That Behaves as a Single-Molecule Magnet

Hitoshi Miyasaka,*'*! Tomohiro Nezu,™ Kunihisa Sugimoto,! Ken-ichi Sugiura,

Masahiro Yamashita,'"! and Rodolphe Clérac*!*!

Abstract: Mn"™-Ni"-Mn"" linear-type
trinuclear complexes bridged by oxi-
mate groups were selectively synthe-
sized by the assembly reaction of
[Mn,(5-Rsaltmen),(H,0),](ClO,), (5-
Rsaltmen?” = N,N'-(1,1,2,2-tetramethyl-
ethylene) bis(5-R-salicylideneiminate);
R=Cl, Br) with [Ni(pao),(phen)]
(pao~ =pyridine-2-aldoximate; phen=
1,10-phenanthroline) in  methanol/
water: [Mn,(5-Rsaltmen),Ni(pao),-
(phen)](ClO,), (R=Cl, 1; R=Br, 2).
Structural analysis revealed that the
[Mn™-ON-Ni"-NO-Mn"] skeleton of
these trimers is in every respect similar
to the repeating unit found in the pre-
viously reported series of 1D materials
[Mny(saltmen),Ni(pao),(L"),](A), (L'=
pyridine, 4-picoline, 4-tert-butylpyri-
dine, N-methylimidazole; A=ClO,",
BF,”, PF;", ReO,). Recently, these

Introduction

An active research domain in the field of molecule-based
magnetism is devoted to the design of new molecular or

1D compounds have attracted a great
deal of attention for their magnetic
properties, since they exhibit slow re-
laxation of the magnetization (also
called single-chain magnet (SCM) be-
havior). This unique magnetic behavior
was explained in the framework of
Glauber’s theory, generalized for
chains of ferromagnetically coupled
anisotropic spins. Thus, in these 1D
compounds, the [Mn™-ON-Ni"-NO-
Mn"™] unit was considered as an S;=3
anisotropic spin. Direct-current mag-
netic measurements on 1 and 2 confirm
their S;=3 ground state and strong
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[a]

uniaxial anisotropy (D/kg=—2.4 K), in
excellent agreement with the magnetic
characteristic deduced in the study on
the SCM series. The ac magnetic sus-
ceptibility of these trimers is strongly
frequency-dependent and characteristic
of single-molecule magnet (SMM) be-
havior. The relaxation time 7 shows a
thermally activated (Arrhenius) behav-
ior with 7y~1x1077s and A.lkg~
18 K. The effective energy barrier for
reversal of the magnetization A is
consistent with the theoretical value
(21K) estimated from |D|S2. The
present results reinforce consistently
the interpretation of the SCM behavior
observed in the [Mn,(saltmen),Ni-
(pao),(L'),](A), series and opens new
perspectives to design single-chain
magnets.

one-dimensional (1D) systems exhibiting slow relaxation of
their magnetization. This type of behavior was first observed

in molecular clusters often called single-molecule magnets
(SMMs).[M Since the discovery of SMM behavior in the
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mixed-valent Mn[Y/"V cluster [Mn;,04(0,CCH;),,(H,0),],”
a large number of transition-metal-based SMM clusters
have been reported.’™” In these materials, the slow relaxa-
tion of the magnetization is induced by individual molecules
and the combined effect of their uniaxial anisotropy (D)
and high-spin ground state (S;). These two characteristics
create an energy barrier (4=|D | S5 for integer spin and A=
| D |(S3—1/4) for half-integer spin) between the two thermo-
dynamically equivalent spin configurations =+m,, that is, be-
tween spin-up and spin-down states. Therefore, below a
characteristic temperature called the blocking temperature
Tg, the thermal energy is no longer able to overcome the
energy barrier and allow the spin to explore the two config-
urations. Thereby, the spin is trapped or “frozen” in one of
the two equivalent potentials. This molecular property can
be observed at the bulk level when a magnetic field is ap-
plied at which the magnetization of the material saturates
below Tg Thus the relaxation time of the magnetization 7
can be measured as a function of temperature by using the
direct time dependence of the magnetization or the frequen-
cy dependence of the ac susceptibility. It exhibits thermally
activated behavior [Arrhénius law, Eq. (1)], where 7, is a
pre-exponential factor characteristic of the molecular
system, A the effective energy barrier (equal to 4 when
quantum tunneling of the magnetization is not efficient),
and kg the Boltzmann constant.

o(T) = toexp(lf‘;;) (1)

Recently, a few 1D systems,'®" so-called single-chain
magnets (SCMs),"? have also been reported, which exhibit
a slow relaxation of the magnetization like SMMs. This be-
havior has been described in the framework of Glauber dy-
namics, developed in the 1960s for chains of ferromagneti-
cally coupled Ising spins. According to this theoretical work,
the relaxation time of the magnetization can be described
[Eq. @)]", as H=—2JpS% Y 0,0441), Where 1, is a pre-ex-

ponential factor introduced phenomenologically by Glauber
to describe the individual reversal dynamics of Ising spins
(St) composing the chain, Ji is the ferromagnetic interaction
between S; spins along the chain, and o=+1 or —1.

«(1) = (Dexp( 7 @)

Recently, SCM behavior was reported for different type
of chains (homo- or heterospin systems in ferro- or ferri-
magnetic arrangements),'>"” and the Glauber theory has
been treated as a rough approach to describe their magnetic
behavior.'*1123 Although a unified theoretical approach
has not yet been developed for understanding the SCM be-
havior of all these materials, the series of 1D materials
[Mn,(saltmen),Ni(pao),(L"),](A), (saltmen®”=N,N'-(1,1,2,2-
tetramethylethylene) bis(salicylideneiminate); pao~ =pyri-
dine-2-aldoximate; L!=pyridine, 4-picoline, 4-tert-butylpyri-
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dine, N-methylimidazole; A=ClO,~, BF,”, PF,~, ReO,")
offered us the opportunity to generalize Glauber’s approach
in the case of a finite anisotropy D.""™ Indeed, these com-
pounds proved to be the prototypical SCM example of a
chain with ferromagnetically coupled spins and finite aniso-
tropy. Detailed experimental analyses of their magnetic be-
havior allowed us to estimate that the repeating spin units
constituting the chains have an St=3 spin ground state, a
large uniaxial anisotropy D/kg~—2.5 K, and are ferromag-
netically coupled along the chain (Jg/kg~+0.7 K) (Sche-
me 1).''**! Generalizing Glauber’s theory, we expressed the
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Scheme 1.

thermal variation of the relaxation time 7(7) as a function
of the characteristics of the repeating unit [Eq. (3)]"!><],
where 7, is a pre-exponential factor characteristic of the re-
peating unit.

(8Jr + IDDS%}

o(T) = roexp[ kT 3)

Therefore, the energy gap 4 is no longer |D|S3 [or |D|
(S2-1/4)] observed for an SMM, or 8JiS2 for an SCM with
ferromagnetically coupled Ising spins, but (8Jz+|D|)S2 for
the case of a SCM with ferromagnetically coupled aniso-
tropic spins. In these compounds, the effective energy gap
has been measured as A /kg~70 K, which compares with a
theoretical estimate of 73 K from (8Jz+|D|)S%. Based on
this work, we can imagine a case in which the repeating
units of the previous chain are independently separated as
Je=0. This would allow us 1) to probe directly their intrinsic
magnetic characteristics (St and D), and 2) to confirm the
results reported for the SCM materials. Moreover, if the
magnetic characteristics of these compounds are preserved
when isolated, they should exhibit SMM behavior with an
energy gap of A.glky=|D|S*~22 K.
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To probe these ideas, we synthesized two new Mn™-Nj-
Mn"™ trinuclear compounds: [Mn,(5-Rsaltmen),Ni(pao),-
(phen)](ClO,), (R=C], 1; Br, 2). Here we describe the syn-
thesis, crystal structures, and detailed magnetic properties of
these compounds having a core in every respect similar to
the repeat unit of the SCM materials introduced above.

R=Cl,1;R=Br, 2

Results and Discussion

Starting materials and synthesis of the trinuclear com-
pounds: In solution Mn™ salen-type Schiff base complexes
are present as an equilibrium mixture (Scheme 2) of a mon-
omeric form [Mn(SB)(S),]* and an out-of-plane dimeric
form [Mn,(SB),(S),]** (SB: salen-type Schiff base ligand, S:
unidentate solvent ligand).”! In the Mn/saltmen series, the
dimeric species have in many cases been found in the solid
state, although their geometry depends dramatically on
packing and ligand-field donation of unidentate ligands (i.e.,
solvent molecules S or counter anions).'”! Therefore, it was
not surprising to find that the freshly synthesized Mn/5-

Rsaltmen*” (R=Cl and Br) precursors adopt an out-of-
plane dimeric geometry, [Mn,(5-Rsaltmen),(H,0),](ClO,),,
in the solid state, as shown in Figure 1a for R=Br. Never-
theless, the monomeric form [Mn(5-Rsaltmen)(MeOH),]-

[Mn(5-Brsaltmen){MeOH),]CIO,

Figure 1. Structures of out-of-plane dimer (a) and monomer (b) for the
Mn"!(5-Brsaltmen) complex (50% probability thermal ellipsoids). Hy-
drogen atoms are omitted for clarity.

complexes [Mn,(5-Rsaltmen),-
(H,0),](Cl0,), (R=Cl, Br) with

5 CIO, can be also isolated by re-
N::_E_:N 5 crystallizing the dimeric species
C:?r—’*?“mc,::’ . ::’|‘::N from MeOH/water (Figure 1b
ot b p— C:Oﬁmlnxo:::: for R=Br). Although both
N ﬂjw:} s dimer and monomer could thus
S Outof-plane dimer Mianiiun be involved in assembly reac-
tions with a coordination
‘ "_O_" donor, the present work is de-
Q- voted to the assembly reaction
of the out-of-plane dinuclear

()

2 :1 Chain

Scheme 2.
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Ni" precursors (vide infra).
Ni"  pyridine-2-aldoximate

fﬁb
P L

(pao") complexes [Ni™-
i ? (pao),(bpy)] and [Ni'(pao),-
U U (phen)]  (bpy=2,2"-bipyridine,

phen=1,10-phenanthroline),!'®!
were chosen as the coordina-
tion donor and used for the
first time in assembly reactions.

2:1 Trimer

www.chemeurj.org  Chem. Eur. J. 2005, 11, 15921602
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These Ni complexes have six conformational isomers,
namely, NO-trans-(A,A), py-trans-(A,A), and cis-(A,A), in
which trans and cis are defined by the arrangement of the
two pao~ ligands around the Ni" ion (Scheme 3). Although
these Ni complexes should be able to explore the different
conformations in solution, both Ni" precursors have always
been isolated as a racemic mixture of the NO-trans confor-
mations in the crystal.l'¥ The racemic mixture was employed
in the following assembly reactions.

N N N N
O‘N N/ N:O ON \N; N'O
“Ni—N N—Ni—N,
d \% / v 5
oz N 2 X
NO-trans-A NO-trans-A
N N N N
| A K 2 | AN \ :‘: y |
N——Ni—-N ’N7Ni44'—N-
SR % \N /,,'N/
Y ’ %
(o] (0] (0] (o]
py-trans-A py-trans-A
N N N N
N =/ o o \s A
N——Niz—N,_ N—Ni—N
N N i) N
0 N # o]
cis-A cis-A

Scheme 3.

The assembly reactions of [Mn,(5-Rsaltmen),(H,0),]-
(ClOy), (R=CI, Br) with [Ni(pao),(L?] (L*=2,2"-bpy, 1,10-
phen) in a molar ratio of 1:2 were carried out in MeOH/
H,O0. [Ni"(pao),(bpy)] leads under most reaction conditions
to a mixture of products. By using [Mn,(5-Brsaltmen),-
(H,0),](C10,), in the reaction, the 2:1 chain form, analo-
gous to the [Mn,(saltmen),Ni(pao),(L'),](A), series,1**! was
finally isolated.’”! A similar reaction with [Mn,(5-Clsalt-
men),(H,0),](CIO,), led to two cases of production of a
mixture of 2:1 chain and 2:1 trimer species and production
of 2:1 chain. The former was found when the reaction was
carried out in MeOH/H,0, in which the mixture ratio was
strongly influenced by the reaction procedure, while the
latter was found when it was carried out in MeOH/EtOH.['")

When [Ni"(pao),(phen)] was employed, trinuclear com-
plexes [Mn,(5-Rsaltmen),Ni(pao),(phen)](ClO,),-n-solvent
(R=Cl, 1; Br, 2) are systematically and reproducibly ob-
tained as brown needlelike microcrystalline materials in
high yield. Single crystals for X-ray crystallography and
magnetic measurements were obtained by slow diffusion in
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MeOH/H,O (see Experimental Section). These synthetic re-
sults illustrate how the type of ligand (5-Rsaltmen or bpy/
phen) influences the final architecture in these systems, for
example, ligand field at the metal center, ligand-metal inter-
action, and packing effects.

Structural description: Compounds 1 and 2 were structurally
characterized by single-crystal X-ray analysis. The two com-
pounds are isostructural, having a similar unit cell and the
same space group of P2,/c (no. 14). ORTEP plots of the cat-
ions of 1 and 2 are depicted in Figure 2. Selected bond
lengths and angles are summarized in Table 1. In the asym-
metric cationic trinuclear unit, two [Mn"(5-Rsaltmen)]*
groups (R=Cl, Br) and an Ni"(pao),(phen) unit are linked
through oximate bridges of the Ni"" moiety to form a [Mn'"-
ON-Ni"-ON-Mn""] linear motif.

The Ni" ion has a distorted octahedral coordination
sphere with two bidentate pao~ and one phen molecule.
Therefore the Ni moiety exhibits two chiral conformations
A and A in which the pao™ ligands are arranged in a cis
mode with a NO-trans positions (see Scheme 3). The NO-
trans forms of Ni precursor are thus preserved in the assem-
bly process.'! The oximato functions of the Ni(pao),(phen)
moiety are coordinated to the Mn™ ion of [Mn(5-Rsalt-
men)|* groups at their apical position with bond lengths
and angles of Mn(1)—O(3) 2.063(3), 2.065(4) A; Mn(2)—
0(4) 2.062(3), 2.059(4) A; Mn(1)-O(3)-N(3) 136.2(2),
136.7(4)°; and Mn(2)-O(4)-N(5) 136.3(2), 135.6(4)°, respec-
tively, for 1 and 2. Slightly smaller Mn-O-N bending angles
(131.8-134.9°) and longer apical Mn—O .o bond lengths
(2.100-2.122 A)were found in the family of [Mn,(saltmen),.
Ni(pao),(L"),](A), compounds."'**’ Whereas the coordina-
tion sphere of the Mn sites in these 1D compounds is clearly
octahedral with a Jahn-Teller distortion, the Mn ions in the
present trinuclear compounds assume a square-pyramidal
geometry. The vacant apical position of the usual octahedral
Mn™ geometry is however weakly in contact with the 5-R
(R=Cl, Br) group of neighboring trimeric units
(Mn(1)--CI(4)* 3.492(1), Mn(2)--CI(2)** 3.347(1) A for 1,
and Mn(1)-Br(4)* 3.561(1) and Mn(2)--Br(2)** 3.418(1) A
for 2, with the following symmetry operation: * 1+x, 1/2—y,
124z; ** —14x, 1/2—y, —1/247z). The Mn--Cl distances
are slightly shorter than the Mn--Br distances, in agreement
with the higher electronegativity of Cl. The equatorial Mn—
X bond lengths (X=N or O of the 5-Rsaltmen®~ ligand) are
in the range of 1.859(5)-1.990(6) A, significantly shorter
than the apical Mn—O,.., bond, as expected for a Jahn-
Teller distortion.

The packing arrangement of the trinuclear units in 1 is
shown in Figure 3 (the same view can be obtained for iso-
structural 2). The Mn-Ni-Mn axes of the trinuclear units are
located in the ac plane with a --AA,AA-- alternating ar-
rangement of the Ni moieties along the ¢ axis, and
= AAAA - or AN A A arrangements along the a axis.
The shortest intermolecular metal-metal distance is 7.54 A
for 1 and 7.59 A for 2 [Mn(1)--Mn(2)], found between mol-
ecules along the a axis (metal-metal distances between mol-
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# Br(4)
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Figure 2. Structure of trinucear Mn-Ni-Mn cations in a) 1 and b) 2 with the atomic numbering scheme for se-
lected atoms (50 % probability thermal ellipsoids). Hydrogen atoms are omitted for clarity.

ecules along the ¢ axis range from 10.34 to 10.45 A for 1,
and from 10.39 to 10.51 A for 2; and those in the a+c direc-
tion are 8.95 A for 1 and 9.34 A for 2). Close contacts of the
Mn ions with the 5-R atoms (R=CI for 1 and Br for 2) of
neighboring molecules (dashed lines in Figure 3) form a
quasi-1D chain. Furthermore, n—mn stacking of the phenyl
rings of the 5-Rsaltmen®” ligand between neighboring mole-
cules (CC 3.27-3.54 A for 1 and 3.26-3.63 A for 2) forms a
two-dimensional array of trinuclear units.

Magnetic properties: The dc magnetic susceptibility was
measured on a polycrystalline sample of 1 and 2 in the tem-
perature range of 1.8-300 K at an applied field of 1kOe.
The magnetic properties of the two isostructural compounds
are, as expected, almost identical and hence only the data of
1 are shown (see Supporting Information for 2). Above
120 K, the susceptibility obeys the Curie—Weiss law with C=
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6.5 and 6.6 cm’Kmol™' and 0=
—41 and —42.4K for 1 and 2,
respectively. The Curie con-
stants are in reasonable agree-
ment with the value expected
for a magnetically diluted spin
system consisting of two S=2
Mn™ jons and one S=1 Ni
ion. Moreover, the negative
Weiss constant indicates the
presence of dominant antiferro-
magnetic exchange interaction
between spin carriers. As ob-
served for the [Mn,(saltmen),.
Ni(pao),(L"),](A), series (O~
—25 to —35K), the Weiss con-
stant principally reflects mag-
netic interactions between Mn™
and Ni" through the oximato
bridge.'"™ As shown in Fig-
) Bri2) ures 4 and S1 (Supporting Infor-
mation), ¥7T gradually decreases
from 300K (5.83 and
5.69 cm>Kmol ™" for 1 and 2, re-
spectively) to a minimum at
about 72K (4.83 and
4.68 cm’Kmol ™' for 1 and 2).
Below 72 K, T first increases
to reach a maximum at 22K
(5.18 and 4.98 cm*Kmol ! for 1
and 2) before its final decrease
down to 1.17 and
1.27 cm*Kmol ™ at 1.82 K for 1
and 2, respectively. Based on
the structural description of 1
and 2 and the trinuclear nature
of the compound, an Mn"-Ni'"-
Mn"™ model (Sy,=2, Sxi=1)
was used to fit the magnetic
data."™ A Heisenberg Hamilto-
nian was used to derive the susceptibility [Eq. (4)], where J
is the exchange interaction between Mn™ and Ni" ions
through the —ON— bridge, St the total spin operator of the
trimer (St=Syn +Sni+ Swvnz), and Sy, is the projection of Sy
along the magnetic field H., applied in the z direction.

ci2)

H= _2J{‘§Mnl “Syi + S - San} +gupSrH,; 4)

Fitting of the experimental data was only possible down
to 45 K and led to a first estimation of J of around —22 K
for both compounds. Although this model was able to repro-
duce qualitatively the minimum of 7, this was not the case
for its final decrease below 22 K (Figure 4, blue line). Anti-
ferromagnetic interactions between trinuclear units (result-
ing from intermolecular n—n stacking and Mn--X weak con-
tacts that mainly produce a two-dimensional interacting net-
work, as shown in Figure 3) and anisotropic effects (induced

www.chemeurj.org  Chem. Eur. J. 2005, 11, 15921602
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Table 1. Bond lengths [A] and angles [°] around metal ions for 1 and 2 with esti-

mated standard deviations in parentheses.

X2 Mn2
Aot
\I/NQ 05 CN£7 \ > Ng o2 !
- R . an O3 L L N 4
/i\mo 06 N5—N|1—N\3 %l\ﬁ \01
N2 02 \ /
Y f
Atom 1 2 Atom 1 2
Mn1-0O1 1.877(3) 1.876(5) Mnl1-02 1.872(2) 1.859(5)
Mnl1-N1 1.983(3) 1.974(5) Mnl1-N2 1.985(3) 1.976(5)
Mn1-03 2.063(3) 2.065(4) Mnl--X4l 3.492(1) 3.561(1)
Mn2-05 1.882(3) 1.888(5) Mn2—06 1.891(3) 1.884(5)
Mn2—-N9 1.985(3) 1.990(6) Mn2—-N10 1.987(3) 1.978(6)
Mn2—-04 2.062(3) 2.059(4) Mn2--X2M 3.347(1) 3.418(1)
Nil—-N3 2.059(3) 2.060(5) Nil-N4 2.069(3) 2.073(5)
Nil—N5 2.054(3) 2.057(5) Nil-N6 2.082(3) 2.090(5)
Nil—-N7 2.057(3) 2.059(6) Nil-N8 2.085(3) 2.089(6)
Nil-N3-03 123.3(2) 124.0(4) N4-Nil-N3 79.0(1) 79.1(2)
NS5-Nil-N3 172.6(1) 172.4(2) N6-Nil-N3 97.3(1) 97.1(2)
N7-Nil-N3 93.5(1) 93.4(2) N8-Nil-N3 89.8(1) 90.1(2)
N5-Nil-N4 94.9(1) 95.0(2) N6-Nil-N4 91.4(1) 92.5(2)
N7-Nil-N4 170.7(1) 170.2(2) N8-Nil-N4 94.0(1) 93.3(2)
Nil-N5-0O4 122.7(2) 122.9(4) N6-Nil-N5 78.6(1) 78.2(2)
N7-Nil-N5 92.9(1) 93.0(2) N8-Nil-N5 94.8(1) 95.1(2)
N7-Nil-N6 95.1(1) 94.7(2) N8-Nil-N6 171.8(1) 171.5(2)
N8-Nil-N7 80.3(1) 80.3(2) 03-Mn1-0O1 92.4(1) 92.8(2)
02-Mn1-0O1 90.6(1) 91.2(2) N1-Mn1-O1 92.0(1) 91.7(2)
N2-Mn1-O1 156.5(1) 155.7(2) 03-Mn1-02 103.2(1) 102.5(2)
N1-Mn1-O2 169.4(1) 170.2(2) N2-Mn1-0O2 92.3(1) 92.3(2)
Mn1-O3-N3 136.2(2) 136.7(4) N1-Mn1-O3 87.0(1) 86.7(2)
N2-Mn1-03 109.5(1) 109.9(2) N2-Mn1-N1 81.3(1) 81.3(2)
Mn2-04-N5 136.3(2) 135.6(4) 05-Mn2-0O4 91.1(1) 92.3(2)
06-Mn2-O4 103.0(1) 102.0(2) N9-Mn2-O4 87.9(1) 87.8(2)
N10-Mn2-O4  106.0(1) 107.0(2) 06-Mn2-05 92.1(1) 93.0(2)
N9-Mn2-05 91.6(1) 91.1(2) N10-Mn2-O5  160.8(1) 158.4(2)
N9-Mn2-06 168.3(1) 169.2(2) N10-Mn2-O6 92.4(1) 92.5(2)
N10-Mn2-N9 80.7(1) 80.1(2)

[a] Symmetry operation: 14x, 1/2—y, 1/2+z. [b] Symmetry operation:
12—y, =124z

—1+x,

Figure 3. Packing diagram of 1 projected on the ac plane. The edge-to-
edge (e-to-e) and face-to-face (f-to-f) m—m stacking interactions are la-
beled. Dashed lines indicate Mn--Cl contacts.
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Figure 4. Temperature dependence of 7 for 1 at 1 kOe. The solid blue
and red lines are the fits for model with Heisenberg Mn-Ni-Mn trinuclear
units and the same model taking into account interactions between these
units in the mean-field approximation, respectively (see text). Inset: En-
larged view of the low-temperature region.

by the zero-field splitting, ZFS, of the metal ions) are proba-
bly responsible for the low-temperature magnetic behavior
and hence should be taken into account. Therefore, as a first
approach, intertrinuclear interactions were introduced in the
previous model in the mean-field approximation
[Eq. (5)]", where z is the number of next-neighbour trinu-
clear units and J' is the average magnetic interaction be-
tween trinuclear compounds.

Xtrinuclear
2zJ1

Nedu 2 X trinuclear

X:

1- (S)

As shown Figure 4 (red line), this model reproduces quali-
tatively well the magnetic data with J/kyz=-24.3(1)K, g=
2.002), and zJ/kg=-0.18(2)K for 1 (with Jlkg=
—24.0(1) K, g=1.97(2), and zJlky=—-0.19(2) K for 2). The
obtained J values are in good agreement with those estimat-
ed for related materials. Indeed, J has been estimated to
range between —21 and —26 K in the family of SCMs
[Mn,(saltmen),Ni(pao),(L"),](A),"**"! and in a series of Ni-
Mn-Mn-Ni tetranuclear complexes [Mn(5-R-saltmen)Ni-
(pao)(bpy),],(Cl0,), (R=H, Cl, Br, MeO).') The antiferro-
magnetic interaction J between Mn™ and Ni" ions via
—ON- bridges leads to an Sy=3 ground state for both trinu-
clear compounds. As seen in Figure 4 below 10 K, antiferro-
magnetic interactions between trimers evaluated around
—0.2 K are not able to completely reproduce the experimen-
tal data, that is, the anisotropy may be relevant to improving
the model. Instead of making a heavy numerical procedure
to model the susceptibility including J, g, zJ, and D, a de-
tailed analysis of the dependence on magnetization field was
made to determine these two last parameters.

The field dependence of the magnetization was measured
up to 70 kOe and down to 1.82 K (Figure 5 for 1 and Fig-
ure S2 for 2 (Supporting Infomation) without observation of
hysteresis. At this lowest temperature and before a quasilin-
ear regime of the magnetization above 40 kOe, a step in the
field dependence appears at 9.986 and 9.380 kOe, respec-
tively, for 1 and 2 (values obtained from dM/dH versus H
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Figure 5. Field dependence of the magnetization for 1 at 1.82 K. The
dashed line represents the expected saturation of the magnetization at
M, =gSr, where g is the Landé factor deduced from the y7T fitting
(Table 2). The solid red line is a linear fit of the high-field magnetization,
and its intersection with M, corresponds to H,. Inset: Numerical deriva-
tive of M relative to H as a function of H.

plots, inset to Figure 5 and Figure S2 in the Supporting In-
formation). By attributing this field H,, to a field induced
parallel alignment of antiferromagnetic coupled S;=3 trinu-
clear units,® zJ/ can be estimated at —0.22(2) and
—0.21(2) K for 1 and 2, respectively.’"*! These values are in
excellent agreement with those deduced from the mean-
field approach (vide supra) used to fit the temperature de-
pendence of the susceptibility. Moreover, these intertrinu-
clear interactions would eventually lead to long-range anti-
ferromagnetic ordering at a critical temperature roughly es-
timated (from the mean-field approximation: Ty=
2zJS{(St+1)/3kg) as 1.76 and 1.66 K for 1 and 2 respective-
ly. Therefore, at 1.82 K these compounds are probably not
in their long-range antiferromagnetic ordered state but are
nevertheless strongly correlated. In this case, the short-
range order allows us to estimate the intertrinuclear interac-
tions. Above 40 kOe, the magnetization linearly increases
with increasing applied field to reach 4.8 and 4.7 ugz at
70 kOe for 1 and 2, respectively. The fact that saturation is
not observed up to 70 kOe highlights the strong anisotropy
of the material. Considering that above 40 kOe only the
hard direction of the anisotropy still resists the field align-
ment of the magnetization, D can be estimated by extrap-
olating the linear behavior of the magnetization to its value
at complete saturation M., =gS; The anisotropic fields
were estimated to be H,~107 kOe for 1 and 109 kOe for 2.
These values yield an anisotropic parameter D for the trinu-
clear unit close to —2.40(5) K in both cases.” To confirm
this result, D was also obtained from the analysis of the re-
duced magnetization plot M versus H/T by taking into ac-
count that only the ground state St=3 is populated in the
experimental temperature range of 1.8-4.5 K and between
40 and 70 kOe®! (Figure 6 for 1 and Figure S3 in the Sup-
porting Information for 2). Without ZFS contribution, the
various isofield magnetization curves should be superim-
posed and M would saturate at M. The nonsuperimposi-
tion of these plots clearly indicates the presence of ZFS. As
seen in Figure 6, their numerical simulations yielded D/kg=
—2.30(5) and —2.31(5) K for 1 and 2, respectively. These
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Figure 6. Plot of M versus H/T for 1 in the temperature range below
4.5 K. The solid lines are simulated curves (see text).

values are in very good agreement with those estimated
from H, and also very close to those reported for [Mn,(salt-
men),Ni(pao),(py),](ClO,), (D/kg=-2.5K)." The de-
tailed analysis of the dc magnetic measurements has clearly
established the magnetic characteristics of these trinuclear
St=3 anisotropic compounds (J, g, and D) and also the
magnetic interaction between them (zJ). All these parame-
ters are summarized in Table 2.

Table 2. Magnetic characteristics of the trinuclear complexes 1 and 2.

1 2

Jiks [K] —24.3(1) —24.0(1)

g 2.00(2) 1.97(2)
Diky [K]® —2.4(5) —2.4(5)

Dk [K]®! —2.30(5) —2.31(5)
2y [K] —0.18(2) —-0.19(2)
2k [K]1 —0.22(2) —-0.21(2)
Alkeg [K]4 21.1(1) 21.2(1)

7o [s] 1.2(1)x1077 1.5(1)x 1077
Al [K]E 18.3(1) 18.2(1)

[a] From analysis of M versus H curves. [b] From plots of reduced mag-
netization. [c] From analysis of the temperature dependence of the mag-
netic susceptibilities. [d] Calculated from the average value of the D pa-
rameters reported in this table. [e] Deduced from analysis of the ac sus-
ceptibility (see Figure 8).

As observed for single-molecule magnets, the presence of
a uniaxial anisotropy D creates an energy barrier A/kg=|D |
S2 between the two m,=+3 levels. From the magnetic char-
acteristics of 1 and 2 deduced from the dc measurements, A/
kg can be estimated to be around 21 K (Table 2), and there-
fore SMM behavior should be observed. To probe this possi-
bility, the ac magnetic susceptibility was measured in these
two compounds. The measurements were performed on
polycrystalline samples of 1 and 2 in the temperature range
of 1.8-5K at zero dc field and with an 3 Oe ac field. In-
phase (') and out-of-phase (y”") components of the ac sus-
ceptibility are shown in Figure 7 for 1 and in Figure S4 in
the Supporting Information for 2. As expected for an SMM,
both y' and y” components are strongly dependent on fre-
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Figure 7. Temperature and frequency dependence of the real (y) and
imaginary (x") parts of the ac susceptibility for 1. The solid lines are
guides for eye.

quency v, and a single relaxation mode of the magnetization
is observed.

Experimentally, the temperature dependence of the relax-
ation time 7 can be obtained at a given frequency, from the
temperature of the maximum in the y” versus T plot, also
called the blocking temperature Ty (7(7g)=1/27v). There-
fore, plots of 7t versus 1/T can be deduced for 1 and 2
(Figure 8). Between 3 and 1.8 K, the relaxation time follows
an Arrhenius behavior with effective activation energies
A.lky of 18.3(1) and 18.2(1) K and pre-exponential factors
7o of 1.2(1)x 1077 and 1.5(1)x 1077 s for 1 and 2, respectively.
The A /kg values are slightly lower than that of A4/kg=21K

105 1 L 1
0.35 0.4 0.45 0.5 0.55

THUK ———————>

Figure 8. Semilog plot of relaxation time 7 vs 1/7 for 1 and 2. The solid
line represents the least-squares linear fit of the experimental data with
the Arrhenius law (see text). The best-fit parameters are listed in
Table 2.
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calculated from the ZFS parameters and the spin ground
state of these compounds (Table 2). This was already noted
in other SMM systems*! and has been attributed to quan-
tum tunneling of the magnetization, which allows the mag-
netization to find an alternative route of relaxation. There-
fore, this effect reduced the thermal energy barrier found
experimentally at low temperatures.

Conclusion

Two Mn™-Ni'"-Mn™ linear trinuclear compounds 1 and 2
have been synthesized, structurally characterized, and mag-
netically investigated. These complexes have the same [Mn-
ON-Ni-NO-Mn] core as the repeating unit of the 1D chain
compounds [Mn,(saltmen),Ni(pao),(L'),]J(A),. For these 1D
materials, the slow relaxation of the magnetization (i.e.,
SCM behavior) was first described on the basis of Glauber’s
theory!' for chains of ferromagnetically coupled Ising
spins."? Since the repeating unit has experimentally a finite
anisotropy D, the theory was extended to chains of ferro-
magnetically coupled anisotropic spins with a generalized
description that explained well the experimentally observed
relaxation of magnetization.""® Therefore, the magnetic
characteristics of this repeating unit (i.e., spin ground state
and anisotropy) play a crucial role in obtaining and under-
standing SCM behavior. In the present work, these charac-
teristics were directly obtained by investigating a discrete
unit of 1 and 2 having effectively an S;=3 ground state with
a large uniaxial anisotropy around —2.4 K. These results
thus confirm the corresponding parameters obtained indi-
rectly for the repeat unit of the SCM materials and verify
the validity of the hypothesis made to describe the SCM be-
havior. Moreover, as we expected, ac magnetic measure-
ments established that 1 and 2 display single-molecule
magnet behavior due to their St=3 ground state and uniax-
ial anisotropy. Despite the fact that such SMM behavior is
relatively rare and has so far been seen only in a few hetero-
metallic systems,”] a more interesting point is the perspec-
tive opened by this study; it suggests that SCMs can be de-
signed by connecting ferromagnetic SMMs into 1D chains.
Doubtless this strategy will be explored in the near future
and may lead to new SCMs with high blocking tempera-
tures.

Experimental Section

General procedures and materials: All chemicals and solvents used in
the syntheses were of reagent grade. The ligand H,5-Rsaltmen (R=Cl,
Br) was synthesized by reaction of 5-bromo- or 5-chlorosalicylaldehyde
with 1,1,2,2-tetramethylethylenediamine in methanol/water. [Ni(pao),-
(phen)]-nsolvent (pao~ =pyridine-2-aldoximate, phen=1,10-phenanthro-
line) were also prepared according to literature methods."!

[Mn,(5-Rsaltmen),(H,0),](C10,), (R=Cl, Br): Mn(O,CCH;);2H,0
(1.34 g, 10 mmol) and then NaClO, (624 mg, 5.1 mmol) were added to a
boiling methanol solution (80 mL) containing 5 mmol of H,5-Rsaltmen
(3.38 g, R=Br; 1.97g, R=Cl). The resulting solution was stirred at
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about 50°C for 30 min, and then water (30 mL) was slowly added during
heating. After filtration, the filtrate was allowed to stand at room temper-
ature for one week to form block crystals of [Mn,(5-Rsaltmen),(H,0),]-
(ClOy), (31% for R=Cl, 72% for R=Br). [Mn,(5-Clsaltmen),(H,0),]-
(ClO,),2H,0: elemental analysis (%) calcd for C,HyN,O;cClgMn,: C
41.44, H 3.83, N 4.83; found: C 41.27, H 3.89, N 4.79; IR (KBr): #=1605
(Ven); #=1067, 1099, 1123, 1148 (vq_o) cm™'; magnetic measurements:
Jintradimed/ kg =1.6 K, Dyo/kp=—2.5K, 2/inierdgimer’kp=—0.30 K, and g=2.05
with H=gugH(S,+85)—2 JgimersS1°S2+ Dyin[ ST, + 57, and Equation (5) ap-
plied to the case of a dimer."® [Mn,(5-Brsaltmen),(H,0),](ClO,),: ele-
mental analysis (%) caled for C,,H,N,O0,Br,Cl,Mn,: C 36.81, H 3.40, N
4.29; found: C 36.94, H 3.48, N 4.10; IR (KBr): 7=1602 (vc_x); 1069,
1108, 1146 (v¢o) cm™'; magnetic measurements: J;,agimer/kp = 1.1 K, Dy/
kg=-2.6K, z/ierdime/ks=—024K, and g=195 with H=gugH(S,+
82)=2 JiimerS1-S2+ Dyia[ S5, + 57,1 and Equation (5) applied to the case of a
dimer.["*!

[Mn(5-Brsaltmen)(MeOH),]Cl0,: Recrystallization of [Mn,(5-Brsalt-
men),(H,0),](ClO,), crystals from MeOH/H,O leads to the formation of
[Mn(5-Brsaltmen)(MeOH),]ClO,, which was confirmed by single-crystal
X-ray crystallography (vide infra).
[Mn,(5-Clsaltmen),Ni(pao),(phen)](Cl10,), (1): A methanol solution
(20 mL) of [Ni(pao),(phen),]-2CHCl;-1.5H,0 (182 mg, 0.25 mmol) was
added to a methanol solution (20mL) of [Mn,(5-Clsaltmen),(H,0),]-
(Cl10,),2H,0 (141 mg, 0.12mmol). After stirring for 1min, water
(10 mL) was added to the mixture, and the solution filtered. Pale brown
microcrystals precipitated (146 mg, 71% based on Mn) overnight at
room temperature while stirring. Single crystals of 1 were obtained by
diffusion (Mn precursor in MeOH, Ni precursor in water). Elemental
analysis (%) calcd for 1-4 H,0, CoHgN,,O,5CIiMn,Ni: C 46.74, H 4.05, N
8.52; found: C 46.70, H 3.85, N 8.64; IR (Nujol): #=1600 (Vc—x); Vc-0=
1099 cm ™.

[Mn,(5-Brsaltmen),Ni(pao),(phen)](Cl10,), (2): A methanol solution
(20 mL) of [Ni(pao),(phen),]-2.5CHCI; (195 mg, 0.25 mmol) was added
to a methanol solution (20 mL) of [Mn,(5-Brsaltmen),(H,0),](ClO,),
(163 mg, 0.13 mmol). Water (10 mL) was added to the mixture, and the
solution immediately filtered. The mixture was allowed to stand for sev-
eral days at room temperature to form brown needle-type crystals
(180 mg, 78 % based on Mn). Single-crystals of 2 were obtained by diffu-
sion (Mn precursor in MeOH/Ni precursor in water). Elemental analysis
(%) caled for 2-6H,0, CgH;(N;jOBr,ClyMn,Ni: C 41.36, H 3.80, N
7.54; found: C 41.24, H 3.72, N 7.63; IR (Nujol): #=1590 (vc—y); 1097
(Varo) em ™.

Physical measurements: Infrared spectra were measured on KBr disks or
Nujol mulls with a Shimadzu FT-IR-8600 spectrophotometer. Magnetic
susceptibilities were measured with a Quantum Design SQUID magneto-
meter MPMS-XL; dc measurements were collected from 1.8 to 300 K
and from —70 kOe to 70 kOe; ac measurements were performed at vari-
ous frequencies from 1 to 1488 Hz with an ac field amplitude of 3 Oe and
no dc field applied. The general measurements were performed on finely
ground polycrystalline samples. Experimental data were corrected for the
sample holder and for the diamagnetic contribution calculated from
Pascal constants.®

Crystallography: Single crystals of [Mn,(5-Brsaltmen),(H,0),](ClO,),,
[Mn(5-Brsaltmen)(MeOH),|ClO,, 1, and 2 were prepared as described in
the synthetic procedures. Single crystals were mounted on a glass rod.
The crystal dimensions were 0.2x0.2x0.8 mm for [Mn,(5-Brsaltmen),-
(H,0),](Cl10,),, 0.1x0.15%x0.2 mm for [Mn(5-Brsaltmen)(MeOH),]CIO,,
0.10x0.02x0.01 mm for 1, and 0.20 x0.02 x0.02 mm for 2. The measure-
ment temperature was 93+1K for all compounds. Data were collected
on a Rigaku CCD diffractometer (Saturn70) with graphite-monochro-
mated Moy, radiation (A=0.71069 A). The structures were solved by
direct methods (SIR97)*! and expanded by Fourier techniques
(DIRDIF99).%”! The non-hydrogen atoms were refined anisotropically,
while hydrogen atoms were introduced as fixed contributors. Full-matrix
least-squares refinements on F* based on 5117 for [Mn,(5-Brsaltmen),-
(H,0),](ClO,),, 4897 for [Mn(5-Brsaltmen)(MeOH),|ClO,, 12576 for 1,
and 12577 observed reflections for 2 and 318, 345, 978, and 909 variable
parameters, respectively, converged with unweighted and weighted agree-
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ment factors of R1=X||F,|—|F.||/X|F,| (I>2.000(]) and all data) and
WR2=[Sw(F>—F2)’/Sw(F2)*]"* (all data). A Sheldrick weighting scheme
was used. Neutral atom scattering factors were taken from Cromer and
Waber.”®! Anomalous dispersion effects were included in F,; 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 with the CrystalStructure crystallographic
software package.!!

Crystal data for [Mn,(5-Brsaltmen),(H,0),](C10,),:
C,HuN,O,CLBr,Mn,, M=1305.20, monoclinic P2/c (no.14), a=
7.349(4),  b=15.684(9), c=19.415(12) A, B=90.275(7)°, V=
2237.8(23) A, Z=2, peea=1.937 gecm>, Fypo=1296.00, 20, =62.1°.
Final R1=0.041 (/>2.000(I)), R1=0.056 (all data), wR2=0.107 (all
data), GOF=1.014 for 318 parameters and a total of 20527 reflections,
6295 of which were unique (R;,,=0.043). The linear absorption coefti-
cient u for Moy, radiation was 43.38 cm™'. Application of an empirical
absorption correction resulted in transmission factors ranging from 0.62
to 1.00. The data were corrected for Lorentzian and polarization effects.
Max. positive and negative peaks in AF map were O, =1.18 ¢ A~ and
Omin=—0.96 ¢ A2,

Crystal data for [Mn(5-Brsaltmen)(MeOH),]CIOMeOH:
C,3H3,N,04CL,Br,Mn, M =730.71, monoclinic P2,/n (no. 14), a=8.426(2),
h=29.020(6), c=11.663(3) A, F=100.499(3)°, V=2804.0(11) A’, Z=4,
Peaca=1.731 gem >, Fyy=1472.00, 260,,,,=62.0 °. Final R1=0.043 (I>
2.000(1)), R1=0.052 (all data), wR2=0.0.134 (all data), GOF=1.085 for
345 parameters and a total of 25655 reflections, 7930 of which were
unique (R;,,=0.076). The linear absorption coefficient x4 for Mok, radia-
tion was 34.77 cm ', Application of an empirical absorption correction re-
sulted in transmission factors ranging from 0.67 to 1.00. The data were
corrected for Lorentzian and polarization effects. Max. positive and nega-
tive peaks in AF map were pp=0.92 e A~ and pp,=—0.84 e A,

Crystal data for 1.6 H,0: C4,H;(N;,0,,ClgMn,Ni, M =1680.61, monoclinic
P2,/c (no.14), a=16.612(4), b=21.467(4), c=20.662(4), f=102.578(4)°,
V=T191.6(26) A3, Z=4, poyea=1.552 gem>, Fyo=3456.00, 2 0,,,,=62.4°.
Final R1=0.050 (/>2.000(f)), R1=0.072 (all data), wR2=0.132 (all
data), GOF=1.039 for 978 parameters and a total of 69818 reflections,
21170 of which were unique (R;,,=0.054). The linear absorption coeffi-
cient u for Moy, radiation was 9.06 cm~'. Application of an empirical ab-
sorption correction resulted in transmission factors ranging from 0.93 to
1.00. The data were corrected for Lorentzian and polarization effects.
Max. positive and negative peaks in AF map were p,,,=1.06 e A~ and
Pmin=—0.72e A,

Crystal and experimental data for 2:2H,0-MeOH:
CesHgsN10O1,CLLBr,Mn,Ni, M =1818.39, monoclinic P2,/c (no.14), a=
16.732(2), b=21.252(4), ¢=20.756(3) A, =100.59(8)°, V=7254(1) A?,
Z=4, Paea=1.665 gem™, Fy=3656.00, 26,,,,=55.0°. Final R1=0.059
(I>2.000(1)), R1=0.114 (all data), wR2=0.152 (all data), GOF=1.005
for 909 parameters and a total of 80326 reflections, 16023 of which were
unique (R;,; =0.104). The linear absorption coefficient x4 for Mo, radia-
tion was 29.56 cm™'. Application of an empirical absorption correction re-
sulted in transmission factors ranging from 0.93 to 1.00. The data were
corrected for Lorentzian and polarization effects. Max. positive and nega-
tive peaks in AF map were pp.=1.44 e A= and p,=—0.61 e A=,

CCDC-249738  ([Mn,(5-Brsaltmen),(H,0),](ClO,),), = CCDC-249739
([Mn(5-Brsaltmen)(MeOH),|ClO,), CCDC-249736 (1), and CCDC-
249737 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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