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A series of heterometallic complexes of formula [Mn",Ln"s-
(bdeaH)s(bdea)a(piv)g] - MeCN, where bdeaH, = N-butyldiethano-
lamine, piv = pivalate, and Ln =Y (1), Tb (2), Dy (3), Ho (4),
and Er (5), has been prepared. 1—5 are isostructural, with the
metal centers forming a novel semicircular Ln"—Mn''—
Ln"—Mn"—Ln" strand. Only 2 and 3 exhibit slow relaxation of
the magnetization, suggesting that the highly anisotropic Ln" ions
(Tb" and Dy") are essential for an energy barrier to spin reversal.

The search for new generations of single-molecule magnets
(SMMs)" aims to find systems that can be developed for future
applications in quantum computation and data storage.” Until
recently, most investigations focused on using 3d transition-
metal ions as the source of paramagnetic ions to make SMMs,
with a particular emphasis on manganese clusters incorporating
the Mn™ ion, which usually has a uniaxial anisotropy in its
high spin state. For compounds with non-zero spin ground states
and a negative zero-field-splitting parameter for the entire
molecule, D, an energy barrier to the reversal of the molecular
spin in the ground state (St) should be generated in the form of
A = IDIS?? for integer spin and IDI(St> — '/,) for half-integer
spin, although a recent reappraisal of this suggests that the
relationship is linearly dependent on the spin Sr,* in turn
directing research toward increasing the anisotropy in new
systems.

* To whom correspondence should be addressed. E-mail: powell@
aoc.uni-karlsruhe.de. Fax: +49-721-6088142.

(1) See reviews: (a) Christou, G.; Gatteschi, D.; Hendrickson, D. N.;
Sessoli, R. MRS Bull. 2000, 25, 66. (b) Gatteschi, D.; Sessoli, R.
Angew. Chem., Int. Ed. 2003, 43, 268. (c) Aromi, G.; Brechin, E. K.
Struct. Bonding (Berlin) 2006, 122, 1.

(2) Leuenberger, M. N.; Loss, D. Nature 2001, 410, 789.

(3) Waldmann, O. Inorg. Chem. 2007, 46, 10035.

(4) (a) Ishikawa, N.; Sugita, M.; Wernsdorfer, W. J. Am. Chem. Soc. 2005,
127, 3650. (b) Ishikawa, N.; Sugita, M.; Wernsdorfer, W. Angew.
Chem., Int. Ed. 2005, 44, 2931. (c) Takamatsu, S.; Ishikawa, T.;
Koshihara, S.-y.; Ishikawa, N. Inorg. Chem. 2007, 46, 7250.

(5) (a) Tang, J.; Hewitt, I.; Madhu, N. T.; Chastanet, G.; Wernsdorfer,
W.; Anson, C. E.; Benelli, C.; Sessoli, R.; Powell, A. K. Angew. Chem.,
Int. Ed. 2006, 45, 1729. (b) Luzon, J.; Bernot, K.; Hewitt, I. J.; Anson,
C. E.; Powell, A. K.; Sessoli, R. Phys. Rev. Lett. 2008, 100, 247205.
(c) Chibotaru, L. F.; Ungur, L.; Soncini, A. Angew. Chem., Int. Ed.
2008, 47, 4126.

3502 Inorganic Chemistry, Vol. 48, No. 8, 2009

Until recently, manganese clusters showed the slowest
relaxation times for SMMs, but with the discovery of lanthanide-
based SMMs, even longer times can be measured. In fact, the
spin-reversal mechanism in pure lanthanide systems is different
from that in operation for the 3d SMMs mentioned above, and
according to some previously reported results,*> the energy
barrier of spin reversal in lanthanide-based SMMs mainly arises
from the zero-field splitting of the ground states of angular
momentum (J) with (2J + 1)-fold degeneracy.6 Unlike in the
case of the D value, which is mainly governed by the single-
ion anisotropy in concert with the exchange coupling between
metal centers, the energy differences between the sublevels of
J are mainly controlled by the ligand field.* ¢ Although the
two mechanisms of slow relaxation are different, it is of interest
to see what happens when these effects are combined in one
molecule, which is a significant motivation in the fabrication
of 3d—4f heterometallic clusters.

The natural choice of the 3d metal ion would be Mn'" for
the reasons already outlined. We and other groups have
investigated clusters containing Mn and Ln™ ions, such
as MHzDY2,7a MH6Dy6,7b MH“Dy4,7C MnnGdz,S"‘ Ml’l5LIl4,8b
Mn,oLn, (Ln = Pr and Nd),** and Mn;;Eus.** Among them,
Mn;sDy,® has the highest energy barrier for 3d—4f SMMs at
38.6 K. Although this value is less than those of pure Mn'™- or
Ln"™-based SMMs, it indicates a promising avenue toward
producing SMMs with higher energy barriers, with the challenge
being to discover how the interplay of the mixed 3d and 4f
ions can be optimized to achieve this goal. At present, many
parameters need to be explored and a useful way forward is to
compare properties for an isostructural series of compounds,
as we show here.
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Following our previous work on the construction of pure 3d
transition-metallic clusters such as Mny, Fe;, and Feg in systems
incorporating the ligand N-butyldiethanolamine (bdeaH,),” we
now are able to expand its use in synthesizing 3d—4f hetero-
metallic clusters with the aid of pivalic acid (piv) as the coligand.
We have already reported that the reaction of light lanthanide
ions resulted in tetranuclear Mn'™,Ln", (Ln = La, Ce, Pr, and
Nd) clusters.'® We now report that using the heavier lanthanides
in this reaction system'' results in a family of isostructural
compounds [Mn",Ln;(bdeaH)s(bdea),(piv)s] - MeCN [Ln =Y
(1), Tb (2), Dy (3), Ho (4), and Er (5)] in which the metals
form an unprecedented semicircular Ln"™'—Mn'"'—Ln"—Mn!—
Ln'™ strand.

Single-crystal X-ray diffraction studies'? reveal that 1—5 are
isomorphous, and only the structure of 3 will be described here.
The metal centers form an alternating Dy™—Mn!!!—Dy—
Mn'—Dy™ strand, in which adjacent pairs of metals are bridged
by two alkoxide O atoms from two different bdea®~ (for the
central portion) or bdeaH™ (for the outer metals) ligands and
one syn, syn-carboxylate bridge. The Mn'+--Dy™" distances
range from 3.3521(8) to 3.3902(8) A. This strand of five metals
is pulled into a semicircular shape by the fifth bdeaH™ ligand,
whose oxygens, O(9) and O(10), each bridge two outer pairs
of metals (Figure 1). With the exception of this ligand, the
molecule has idealized C,, symmetry; the pentanuclear core is
close to planar, with Mn(1) and Mn(2) displaced by +0.654

(9) (a) Ayuk, A. M.; Mereacre, V. M.; Hewitt, L. J.; Clerac, R.; Lecren, L.;
Anson, C. E.; Powell, A. K. J. Mater. Chem. 2006, 15, 2579. (b) Ayuk,
A. M.; Waldmann, O.; Mereacre, V.; Klower, F.; Hewitt, I.; Anson,
C. E.; Gudel, H. U.; Powell, A. K. Inorg. Chem. 2007, 46, 756.

(10) Akhtar, M. N.; Lan, Y.; Mereacre, V.; Clérac, R.; Anson, C. E.; Powell,
A. K. Polyhedron 2008, doi:10.1016/j.poly.2008.10.062.

(11) Synthesis of 1: A solution of bdeaH, (0.64 g, 4.0 mmol) in 10 mL of
MeCN and Y(NO3);+6H,0 (0.22 g, 0.5 mmol) was added to a stirred
solution of Mn(OAc),*4H,0 (0.12 g, 0.5 mmol) and pivalic acid (0.20
g,2.0 mmol) in 10 mL of MeCN to give a dark-brown solution. After
48 h, brown crystals were collected by filtration and washed with
acetonitrile. Yield: 25% (based on Mn). Anal. Calcd for
CgH6sMn, Y3NgOo6 (1): C, 48.62; H, 8.11; N, 4.15. Found: C, 48.45;
H, 7.95, N, 4.08. IR (KBr, cm™!): 3425 (b), 3073 (m), 2959 (vs), 2928
(s), 1580 (s), 1550 (vs), 1482 (vs), 1411 (vs), 1374 (s), 1227 (s), 1088
(s), 907 (m), 792 (w), 746 (W), 638 (s), 606 (m), 550 (w). Syntheses
for 2—5: Same as that for 1 but using Ln(NO3),*6H,0 with Ln = Tb,
Dy, Ho, and Er. Further details are given in the Supporting Informa-
tion.
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2246.56 ¢ mol ™! monochmc P2y/n, T= 150K, a = 17. 5013(6) A,
b = 29. 8075(13) A, ¢ = 20.5822(7) A, p = 100.699(3)°, V =
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CsoHi63ErsMnyNeOq, M = 2260.84 g mol™ ! monoclinic, P2, /n T=
100 K, a = 17.2846(4) A, b = 29.7522(7) A c=20.5363(5) A, f =
100.764(1)°, V = 10375.1(4) A3, Z = 4, o= 1447 gem™, u =
2.704 mm™'; total/unique data 64 453/23 388, Ry, = 0.0457, 1079
parameters, WR2 =0.0936, S = 1.020 (all data), Rl =0.0402 [17 868
with I = 20(1)], largest peak/hole +1.74/—0.70 e A=3. Crystallographic
data (excluding structure factors) for 1, 3, and 5 deposited as
supplementary publication nos. CCDC 716071—716073. 2 and 4 were
shown to be isomorphous to 1, 3 and 5. Crystal data for 2: a =
17 457(15) A, b=29.649(18) A, ¢ = 20.555(16) A, , = 100. 93(7)°

= 10446(13). Crystal data for 4: a = 17.361(3) A, b =29.762(3)
e =20.5744) A, B = 100.888(7)°, V = 10439(6) A°.
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Figure 1. View of complex 3 (a) and the semicircular Mn',—Dy"!; strand
(b). Color code: Mn, pink; Dy, green; N, blue; O, red; C, black. The elongated
Jahn—Teller axes of Mn"" ions are shown as dashed lines.
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Figure 2. Plots of 7 vs T at an applied field of 0.1 T for 2—5. Inset: Plot
of ¥T vs T at an applied field of 0.1 T for 1. Solid red line: Fitted by the
model of a single Mn"" ion.

and —0.705 A out of the Dyj plane. The bridging bdeaH ™ ligand
does not conform to the C,, symmetry of the rest of the
molecule, and in contrast to the other two bdeaH™ ligands, it is
the central N atom that carries the proton rather than one of
the alcohol arms. This ligands is 50:50 disordered, with the
protonated nitrogen N(5) forming a hydrogen bond either to
0(22) (as in Figure 1) or to O(20), the corresponding oxygen
on the other side of the molecule. It should be noted that the
Jahn—Teller axes of the two Mn" ions are almost parallel,
subtending an angle of 14.63°, with a Mn'™-++Mn'" distance
of 5.873 A. Moreover, the molecules are well separated within
the crystal structure, and no intermolecular hydrogen bonds were
observed in the crystal packing.

Direct current (dc) magnetic susceptibility data for com-
pounds 1—5 were collected in the 1.8—300 K temperature range
under a field of 0.1 T (Figure 2). For all five compounds, the
%T product at 300 K is close to the expected value for two Mn™
ions and the three respective Ln™ cations. All of the y7 products
remain almost constant above 100 K, where they can be well
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Table 1. Ground-State and Room Temperature y Values for the Mn,Ln; Core

Curie constant predicted xT' observed yT Weiss constant
compound ground state of Ln for Ln (cm® mol™! K) (cm® mol™! K) 6 “ (K)
Mn,Y; (1) diamagnetic 0 6.0 6.5 —1.17
Mn,Tbs (2) "Fy 11.82 415 40.0 —4.91
Mn,Dy; (3) Hysn 14.17 485 47.7 —1.47
Mn,Hos (4) Sk 14.07 482 488 —2.66
Mn,Er; (5) My 11.48 405 38.7 —6.46
“ 0 is obtained by fitting of the Curie—Weiss law from 100 to 300 K.
fitted by the Curie—Weiss law with results summarized in Table (a) 12 (b) 1
1. However, even if the 7T product decreases with a small 10} =i o e 1
. . . . . —e— M Hr —s— 800 e - —a—20Hy —e— B0
negative Weiss constant, it is not possible to be sure that this % 8t it it ] B, =Rl —
.. . . . .. . L £ Sl : I —e—t000
behavior is associated with antiferromagnetic interactions within t° E
the complex due to the presence of strong spin—orbital coupling T N
effects in these Ln™ jons. 2t
The increase of y7 of 3 below 5 K may indicate the presence o A
of ferromagnetic interactions between spin carriers within the .

strand. However, the magnetic interactions of this series of
compounds arise from the sum of interactions of Mn™—Mn'",
Mn"—Ln™, and Ln™—Ln™ in addition to the intrinsic magnetic
properties of the Ln™ ions, which hamper attempts to determine
the exact constants of the magnetic interactions among them.
Fortunately, insights can be gained by studying the Y™ analogue
(1) in order to quantify the magnetic interactions between Mn'™
ions. The compound can be first viewed as a dimer of Mn
ions; the interaction (J) between Mn™ and Mn™ is calculated
as J/kg = —0.31(1) K with g = 2.08(1) (see Figure S1 in the
Supporting Information). Alternatively, we can effectively
regard compound 1 as containing only two isolated Mn™ ions.

The spin Hamiltonian of a single Mn'" ion is given by

I

A=D[S’ - %S(S + 1] + gugHS

This model was able to reproduce the experimental data in the
full temperature range with the incorporation of the mean-field
approximation, zJ". The best set of parameters found is |D|/kg =
42(3) K, g =2.074(1), and |2/'|/kg = 0.055(7) K with the sign of
D probably negative given the nearly parallel elongated Jahn—Teller
axes of the Mn™ ions.! The amplitude of the D value indicates
that the magnetic anisotropy is large and the zJ* value suggests
that the interactions between the two Mn" ions are weak, which
indicates that in the other compounds of this family the Mn™ ions
are likely to contribute a large magnetic anisotropy with weak
magnetic coupling between them.

The field dependence of the magnetization at low temperature
for each of the compounds 1—5 shows a relative increase of
the magnetization at low fields, followed by an almost linear
increase without clear saturation up to 7 T, where it reaches
7.3,19.1,22.9,24.6, and 21.0 ug for 1—S5, respectively (Figures
S2—S6 in the Supporting Information). The non-overlapping
M vs H/T curves unambiguously indicate significant magnetic
anisotropy in these compounds (Figures S2—S6 in the Sup-
porting Information).

As a result of the magnetic anisotropy present in these
compounds, the alternating current (ac) susceptibility measure-
ments were checked under zero dc fields. There is no out-of-
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Figure 3. Temperature dependence of the in-phase (a and ¢ for 2 and 3,
respectively) and out-of-phase (b and d for 2 and 3, respectively) ac
susceptibilities at the indicated frequencies.

phase signal shown above 1.8 K for compounds 1, 4, and 5,
while for 2 and 3, out-of-phase signals are clearly detected
(about 10% and 16% of the in-phase signal for 2 and 3,
respectively) below 4 K (Figure 3), supporting the conclusion
that these compounds exhibit slow relaxation of the magnetiza-
tion and are SMMs.

Since in this series of Mn"™,Ln™; compounds only 2 and 3
exhibit slow relaxation and no of out-of-phase signal is observed
in compound 1, it is impossible that slow relaxation originates
from the Mn™ ions alone. Thus, we can conjecture that the slow
relaxation arises either solely from the anisotropic Ln™ ions or
from a combination of the Mn™ and Ln ions.

In summary, a family of heterometallic complexes with a
semicircular Ln™—Mn"—Ln™—Mn™—Ln™ strand is described.
The observation of magnetic slow-relaxation behavior in 2 and
3 suggests that highly anisotropic Ln™ ions (i.e., Tb™ and Dy™)
are an essential contribution for the existence of an energy
barrier for spin reversal.
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