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The tripodal alcohol 1,1,1-tris(hydroxymethyl)ethane (Hsthme) interest in Co clusters that display nonzero spin ground states
directs the formation of heptanuclear cobalt metallocycles in which is their magnetic behavior at low temperature. Because of
the metal ions are coupled ferromagnetically. Ising-type anisotropy for Co ions, one might expect to

observe high blocking temperatures of the magnetization.
We have been exploring the reactions of tripodal alcohols
In recent years, the synthesis of paramagnetic 3d transitionsuch as 1,1,1-tris(hydroxymethyl)ethanestfiine) and its
metal clusters has given rise to a plethora of beautiful analogues in the synthesis of 3d transition metal clusters,
complexes-some containing more than 80 metal centers and particularly those of Mn, Fe, and Niwhen fully deproto-
some with spin ground states as largeSas 51/2+ 1 and nated (tripod), these ligands direct the formation and
S> 2313 These large spin ground states usually arise from isolation of elaborate polymetallic arrays comprising linked
competing antiferromagnetic exchange interactions ratheror fused [M] units that are often characterized by high-spin
than ferromagnetic exchange, especially as the nuclearity ofground states. Here we extend this work to the synthesis of
the metal cluster increases. Despite the numerous polyme-+two new ferromagnetic cobalt clusters TBA[tBd'¢(thme)-
tallic Co clusters characterized to date, very few have (O.CCMe&)sBr;]-MeCN (1-MeCN) and Ng[Co" Cad's(thme)-
displayed ferromagnetic interactions between the metal (O.CMe)o(OH,)4](O.CMe)-4.6MeOH3H,0 (2:4.6MeOH
centers. To the best of our knowledge, the only examples of 3H,0) whose structures are based on centered hexagons.
ferromagnetic (homometallic) Co clusters are confined to  Since both clusters display essentially identical behavior,
[Co4] cubaned, a [Ca;] complex whose structure is based we will limit our discussion to compled. Full details of
on a central cubaneand a [Cag,] wheel® Further examples ~ complex2 can be found in the Supporting Information.
of ferromagnetic exchange and the coexistence of ferro- and Reaction of CoBrwith Hsthme, NaQCCMe;, and TBABr
antiferromagnetic exchange can be found in polyoxometalatein MeCN affords the complex TBA[CHCA's(thme}(O2-
chemistry in complexes with nuclearities up to nirnother CCMe;)sBr]-MeCN (1-MeCN, Figure 1), which crystallizes
in the monoclinic space group21i with two crystallo-
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Figure 2. Top, M = f(H) for [Co7] at T = 2 and 6 K (O) exp and )
calculated (see text for parameters); ingaiT = f(T) for an applied field
uoH = 0.05 T. Middle, the magnetic exchange topology employed to fit
the magnetization data.

30 K Thus, the decrease gf,T upon cooling is due to

the presence of such sptrbit coupling and low-symmetry
ligand field effects, while the increase below 36 K can be
assigned to the presence of ferromagnetic exchange coupling

7
.\° between anisotropi€ = 1/2 local Kramers doublets. The
@ Q\. '\. xmT value at low temperature (28.3 €k mol™t) corre-
® ° V] sponds well to six effectiv€ = 1/2 states, each with gi-

- L Molecular structure of e viewed dicular. (& value of 4.34, interacting in a ferromagnetic mant¥é¢The
Fire L olecar suctre of complet vened perpendcuer (90), M = f(H) plots were measured 8t= 2 and 6 K (Figure ).
ligand (bottom). At T=2 K andH = 5.5 T, saturation is almost reached
with a value of 13ug corresponding to an effective spin of
directly above and below the plane of the seven metal atomsthe clusterS = 3 with a g'-value of 4.33. This is in line
with each O-arm forming one [®Co',0]¢* triangle. This with the ymT value at low temperature which confirms the
is the largest coordination mode ever seen for this ligand assumption of a ferromagnetic interaction between the six
(Figure 1). The carboxylate ligands surround the periphery Co?** ions. Examination of the metallic core @fsuggests
of the cluster and bridge in two ways: the commgy*,u- the existence of two distinct magnetic exchange pathways
mode and the less-commagf;?,u-mode. There are two Br that involve two carboxylates and one alkoxide between Co2
ions in the complex, each of which bridge between twé'Co  and Co3 (and symmetry equivalents) and that involving one
ions along one edge of the outer [Gp‘'wheel. alkoxide and one bromide between Co3 and Co4 (and
All the Co ions are in distorted octahedral geometries with symmetry equivalents). The €X—Co angles (X= O, Br)
the central Co displaying distinctly shorter bond lengths between all of the Co ions fall in the ranges 88.3438.73
(1.887-1.907 A) than those in the outer wheel (2.636495 (Co—O(O,LCR)—-Co0), 81.66 (Co—Br—Co), and 89.36
A). The oxidation states of the Co ions were assigned on 99.98 (Co—O(OR)-Co). Such values are expected to lead
the basis of these bond length considerations, charge balancep ferromagnetic exchange coupling between the peripheral
and BVS calculation¥® Magnetic studies were performed Cao?* ions!213 Thus, two different exchange parametets,

using a SQUID magnetometer operating in the3R0 K andJ, were considered (see Figure'2)lhe magnetization

temperature range with applied magnetic fields of up to 5.5 data were calculated using the MAGPACK package assum-

T. Upon cooling from room temperature, thaT product ing an axial anisotropy for the six €oions which leads to

(H = 0.05 T) decreases from a value of 18.8%dfhmol 1,

corresponding to six noninteractir®— 3/2 with ag-value (11) Palii, A. V.; Tsukerblat, B. S.; Coronado, E.; Clemente-Juan, J. M.;

of 2.58. to a minimum af = 36 K and then increases to Borras-Almenar, J. Jinorg. Chem2003 42, 2455. Boa, R.Struct.
T . Bonding200§ 117, 1.

reach a value of 28.3 chK mol~* at T = 3 K (Figure 2, (12) At very low temperature, only one Kramers doublet is populated. The

inset and Figure S3). In octahedral symmetry, high-$pin Zeeman perturbation splits this doublet into two components so that

=3 G | h bitally d ' & it can be treated as an effecti8e= 1/2. In such a case the appropriate

= 3/2 Co" complexes have an orbitally degeneralg spin Hamiltonian isH = -S-g'-H whereg' is the tensor associated

ground electronic term. The combination of a lowering of to the effective spir8 = 1/2. The effect of the orbital momentum is

; ; ; s included into the values af'. An average of the principal values of
symmetry and spirorbit coupling leads to a splitting of the the g' tensor are in this case equal to 4.33. Banci, L.; Bencini, A.;

12 degenerate ground terms into six Kramers doublets. At Benelli, C.; Gatteschi, D.; Zanchini, Gtruct. Bondingl982 52, 37.

sufficiently low temperature, only one Kramers doublet (13) Clemente-Juan, J. M.; Coronado, E.; Forment-Aliaga, A.; Galan-
y P y Mascaros, J. R.; Gimenez-Saiz, C.; Gomez-Garcia, l@odg. Chem.

corresponding to an effective sp# = 1/2 is populated. 2004 43, 2689,
The exchange interaction can then be considered to occur(14) The spin Hamiltonian that describes the exchange interaction is the

. _ following. H = — Z—xy [J(S192 + S4Ss) + J/(S295 + G384 +
between effectiv& = 1/2 states at temperatures lower than 9196 + 9:S¢)] whered, are thex, y, andz components. In the present

case, we assumed that the exchange interaction is dxial §, = Jo
(10) Brown, I. D.; Altermatt, D Acta Crystallogr 1985 B41, 244. andJ; = J).
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axial parametersy(, Jo, J', Jo', g/ andd'n) where theg'- 1
values were assumed to be the same for each of the Six Co
ions!® The model reproduces tHd = f(H) experimental
data extremely well al = 2 and 6 K with the following
parametersJ =20 cm?, Jp=13cmt, J =12 cnt?, I
=78cm? g =5.2, andgp = 4.116

To probe possible single-molecule magnetism behavior,
single-crystal hysteresis loop measurements were performed
using a micro-SQUID setufd. A transverse field methdé
allowed us to establish that the compound has an easy axis S
of magnetization. Figure 3 presents typical magnetization 1 oorems
(M) vs. applied dc fieldl) measurements at fields parallel
to the easy or hard axis at a sweep rate of 0.014Tand
temperatures between 0.04 and 7 K. Despite the Ising-type
anisotropy, no opening of a hysteresis was observed below
7 K, indicating that no blocking of the magnetization occurs.

This is in line with the lack of out-of-phase’() signals
in ac susceptibility studies carried out in the 238 K

0.014 Tis

i ) "12 08 04 0 04 08 12
temperature range at= 100 and 1000 Hz in zero applied BgH (T)
magnetic field (see Supporting Information, Figure S2). The Figure 3. Single-crystal magnetizatioh) of 1 vs. applied magnetic field

absence of a blocking of the magnetization may be due to (H); the magnetization is normalized to its saturation value and shown at
different temperatures at the indicated field sweep rate. The upper picture

the presence of a rhombic (transverse) component of theghows the data when the field is applied parallel to the easy axis and the
anisotropy that induces a mixing of the low-lying sublevels lower picture when the field is applied parallel to the hard axis.

and leads to a fast relaxation of the magnetization. Indeed,
the complex possesses a principal 2-fold symmetry axis that
lies within the plane of the molecule so that the transverse
component of the anisotropy tensor will be nonzero.

The rhombic component may be canceled out only if the
molecule has a symmetry axis with an order strictly larger
than two. Slow relaxation of magnetization may possibly be
observed by carrying out the ac studies in the presence of

(15) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, an applled magnetlc field using Iar.ger frequenqles. This may
B. S.Inorg. Chem1999 38, 6081. Borfa-Almenar, J. J.; Clemente- ~ Nelp to cast light on the relaxation mechanisms of such

Juan, J. M.; Coronado, E.; Tsukerblat, BJSComput. Chen001, anisotropic complexes.
22, 985.
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