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The syntheses, structures, and magnetic properties are reported of the mixed-metal complexes [CesMng010(OMe)g(O2-
CPh)le(NO3)2(MeOH)z(HzO)z] (1) and [TheMn10022(oH)z(OzCPh)le-(NOg)g(HzO)g] (2), which were both prepal’ed by
the reaction of (NBu";)[Mn4O,(O,CPh)s(H,0)] (3) with a source of the heterometal in MeCN/MeOH. Complexes 1
and 2 crystallize in the monoclinic space group C2/c and the triclinic space group P1, respectively. Complex 1
consists of 10 Mn", 2 Ce", and 2 Ce" atoms and possesses a very unusual tubular [CesMny010(OMe)e]*8* core.
Complex 2 consists of 10 Mn" and 6 Th' atoms and possesses a [ThsMn;oO4,(OH),]*®* core with the metal atoms
arranged in layers with a 2:3:6:3:2 pattern. Peripheral ligation around the cores is provided by 16 bridging benzoates,
2 chelating nitrates, and either (i) 2 each of terminal H,O and MeOH groups in 1 or (ii) 8 terminal H,O groups in
2. Complex 1 is the largest mixed-metal Ce/Mn cluster and the first 3d/4f cluster with mixed-valency in its lanthanide
component, while complex 2 is the first Th/Mn cluster and the largest mixed transition metal/actinide cluster to
date. Solid-state dc and ac magnetic susceptibility measurements on 1 and 2 establish that they possess S = 4
and 3 ground states, respectively. Ac susceptibility studies on 1 revealed nonzero frequency-dependent out-of-
phase (yv'") signals at temperatures below 3 K; complex 2 displays no yv'" signals. However, single-crystal
magnetization vs dc field scans at variable temperatures and variable sweep-rates down to 0.04 K on 1 revealed
no noticeable hysteresis loops, except very minor ones at 0.04 K assignable to weak intermolecular interactions
propagated by hydrogen bonds involving Ce"-bound ligands. Complex 1 is thus concluded not to be a single-
molecule magnet (SMM), and the combined results thus represent a caveat against taking such ac signals as
sufficient proof of a SMM.

Introduction hysteresis loops display increasing coercivity with decreasing

High-nuclearity transition metal cluster chemistry has been €mperature and increasing field sweep rates, the character-
attracting intense interest during the last several years. ThisiSti Signature of superparamagnets. This magnetic behavior
is due to the combination of the aesthetically pleasing Of SMMs results from the combination of a large ground
structures that many such molecular clusters possess and théPin state § with a large and negative Ising (or easy-axis)
often unusual and even novel magnetic properties that somelype of magnetoanisotropy, as measured by the axial zero-
of them display. In particular, some of these clusters have field splitting parameteD."? In addition, there is extensive
been found to be single-molecule magnets (SMMs), which
are individual molecules capable of functioning as nanoscale (1) (&) Christou, G.; Gatteschi, D.; Hendrickson, D. N., SessolMRS
magnetic particles and which thus represent a molecular Eﬂ‘f"jfogglf:r"e&_ax r‘gﬁrrii’t"g&s é?frﬁ',?p@, A,_rf’rg"'; ?:'c;)@r?gb,mk.;s'
approach to nanomagnetisSnSuch molecules behave as Hendrickson, D. N.; Huffman, J. C.; Squire, R. C.; Tsai-H.; Wang,
magnets below their blocking temperatufig)( exhibiting S.; Wemple, M. W.Polyhedron1998 17, 3005. (c) Christou, G.

.. L. . Polyhedron2005 24, 2065.
hysteresis in magnetization versus dc field scans. These (2) (a) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, MNAture1993

365 141. (b) Sessoli, R.; Ysai, H. -L.; Schake, A. R.; Wang, S.;
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bioinorganic interest in 3d metal clusters, and this includes molecular complex to date. We herein describe the syntheses,
Mn carboxylate clustefsbecause of their relevance to crystal structures, and magnetic characterization of these
elucidating the nature and mechanism of action of thg-Mn species; portions of this work have been previously com-
Ca core of the water oxidizing complex (WOC) of photo- municated:!

synthesis'

In this paper, we report some recent progress in our
ongoing program to develop high-nuclearity, mixed-metal  Syntheses.All manipulations were performed under aerobic
cluster compounds involving 3d and 4f metals. As we shall conditions using chemicals as received. (fpMn40,(0,CPh)-
describe, we have now also extended this work to a mixture (H20)]* (3) and [MrsO(O.CPh)(py)z(Hz0)]** (4) were prepared
of 3d and 5f metals for the first time. Most high-nuclearity, s previously reported.
high-spin metal clusters are homometallic Mn species, asmé]’\(')%”i';“)i(e)('é%)ﬁ] LA) stg:tti:’e”at‘:d(\’/\'v:;'lf])Z;:zg\lﬁéﬁn(i? l\?EiEZer

2,5
ngjve?;' ssehcgalpg;?;ztggi v\%?ggé%%%;ﬁﬁgi?ﬁore (18 g, 55 mmol) in HO (30 mL) to give a fine orange precipitate.

v b lori h lic 3d/af . The mixture was stirred for a few more minutes, filtered, and the
recently been exploring heterometallic SPECIES aS a4 washed with EO and dried in vacuo. The yield was 90%.

route to cluster compounds with interesting magnetic proper-  1ce,mMn ;10 1o(0Me)s(0,CPh)1s(NOs)2(MeOH)o(H,0)5] ().
ties. Our own work has resulted in a number of new SMMS, \ethod A. A solution of complexd (1.0 g, 0.62 mmol) in MeCN

namely MrCe/ Mn11L.n4,% MnzDy,,8 and FelLn.® clusters, (20 mL) was treated with solid (NB),Ce(NOy)s (0.98 g, 0.98

although the MgCe SMM actually contains diamagnetic mmol) and was left stirring for 20 min. The resulting brown solution
CéV. In addition, both mixed 3d/4d and 3d/5d SMMs was filtered to remove an off-white precipitate, and the filtrate was
containing Mn are now know#. then layered with MeOH (10 mL) and left undisturbed at room

The present results were obtained as part of our continuingtémperature. After-2 weeks, the X-ray quality reddish-brown
efforts in Mn/Ce chemistry and have now led to a'Ge gryﬁf"st,om"zo': '\geo.'t':]eéﬂg(m éhg\t. hgq formed V:ﬁ re 9()||(;ected
CeVMn 1 product [CaMN:O(OMEWO-CPRY«(NO2)- y filtration, washed wi , and dried in vacuo; the yield was
(MeZOH)Z(Il-(l)zg)z] (1) t[ha?[ is ltohelogirst e);(sz(aniple gf(a I\/I3|)12/Ce 25%. Dried crystals analyzed aA4H,0. Anal. Calcd (Found) for

. - ; " 1:4H,0 (CraH11606:N2MnyoCey): C, 39.06 (39.25); H, 3.22 (3.25);
K/'Iu‘j‘gvto coan CE& In dadd'tr'lonhouf previous results W'FL‘I N, 0.76 (0.80) %. Selected IR data (KB, cht 3408(s, br), 1599-

n made us wonder whether it might prove possible (q) " 1556(s), 1449(w), 1385(s), 1025(w), 716(s), 676(m), 610(m,

to extend this chemistry to a mixed 3d transition metal/ br), 563(m, br), 437(w).

actinide cluster, namely a Mn/Ac(Ac = actinide) species. Method B. Complex1 can also be prepared by treatidd1.0
Indeed, we report the successful preparation of"dgMmn' 1 g, 0.92 mmol) in MeCN (20 mL) with solid (NBY),Ce(NQy)s (0.91
complex [ThMN100OH)(O,CPh)¢(NOs)x(H-0)g] (2), which g, 0.91 mmol) followed by stirring for 20 min. The subsequent
is the highest nuclearity mixed transition metal/actinide workup was as described in Method A. The product was identified
as1-4H,0 by IR spectroscopy and elemental analysis. The yield
(3) (&) Mukhopadhyay, S.; Mandal, S. K.; Bhaduri, S.; Armstrong, W. was 20%. Anal. Calcd (Found) fdr4H,0O (Cio0H116062N2MnN1o-

H. Chem. Re. 2004 104, 3981. (b) Mishra, A.; Wernsdorfer, W.; . . . 0
Abboud, K. A.; Christou, GChem. Commur2005 54. Cey): C, 39.06 (39.21); H, 3.22 (3.20); N, 0.76 (0.78) %.

(4) (a) Loll, B.; Kern, J.; Saenger, W.; Zouni, A.; BiesiadkaNature [TheMn 1602(OH) 2(O2CPh)16(NO3)2(H20)g] (2). To a slurry of
2005 438, 1040. (b) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.;  complex3 (0.25 g, 0.16 mmol) in MeCN/MeOH (20/1 mL) was

gzﬁzjr' KJ }l<vlv§;a, '\?Sgg?‘ceﬁooésgggéggsl-z(g)z ;(aCha”dfa' V.K:  added solid Th(Ng),*3H,0 (0.17 g, 0.31 mmol), and the mixture
(5) (a) Miyasaka, H.. Clec, R.; Wernsdorfer, W.; Lecren, L.: Bonhomme, ~ WaS stirred for 30 min. The resulting brown solution was filtered

C.; Sugiura, K.; Yamashita, M. AAngew. Chem., Int. EQ004 43, and the filtrate concentrated by very slow evaporation. Dark red-
2801. (b) Milios, C. J.; Raptopoulou, C. P.; Terzis, A.; Lloret, F.;  prown crystals oR-10MeCN slowly grew over a few weeks, and

Vicente, R.; Perlepes, S. P.; Escuer,Aagew. Chem., Int. EQ003 3 : : :
43, 210, (c) Brechin, E. K.. Soler, M. Davidson, J.; Hendrickson, D. these were collected by filtration, washed with acetone, and dried

N.; Parsons, S.: Christou, @hem. Commur2002 2252. (d) Price, overnight in vacuo; the yield was 20%. Dried material analyzed as
D. J.; Batten, S. R.; Moubaraki B.; Murray, K. Shem. Commun fully desolvated. Anal. Calcd (Found) f@& (C;12HggO70NMnN; -

2002 762. (e) Sanudo, E. C.; Wernsdorfer, W.; Abboud, K. A.; . . . 0
Christou, G.Inorg. Chem 2004 43, 4137. (f) Tasiopoulos, A. J.; The): C, 29.67 (29.52); H, 2.18 (2.15); N, 0.62 (0.48) %. Selected

Vinslava, A.; Wernsdorfer, W.; Abboud, K. A.; Christou, &ngew. IR data (KBr, cnt?): 3392(s, br), 1598(m), 1522(s, br), 1448(w),
Chem., Int. Ed2004 43, 2117. (g) Zaleski, C. M.; Depperman, E.  1384(s, br), 1025(w), 718(s), 685(m), 615(s, br), 571(w), 482(w).
C.; Dendrinou-Samara, C.; Alexiou, M.; Kampf, J. W.; Kessissoglou, X-ray Crystallography. Data were collected on a Siemens

?éS%Q.K"k’ M. L.; Pecoraro, V. LJ. Am. Chem. So@005 127, SMART PLATFORM equipped with a CCD area detector and a

(6) (@) Osa, S.; Kido, T.; Matsumoto, N.; Re, N.; Pochaba, A.; Mrozinski, graphite monochromator utilizing Mo Kradiation ¢ = 0.71073
J.J. Am. Ch?m. So@OOékt 126, 420. (b) Zaleski, C. M.; D?]pperman, A). Suitable crystals of the complexes were attached to glass fibers
E. C.; Kampf, J. W.; Kirk, M. L.; Pecoraro, V. lLAngew. Chem., Int. ; i ;
Ed. 2004 43, 3912, (c) Costes, J.-P.: Dahan, F.. Wernsdorfer, W. using silicone grease and transfgrred to.a.gonlostat where t.hey were
Inorg. Chem2006 45, 5. (d) Mori, F.; Nyui, T Ishida, T.; Nogami,T..  cooled to 173 K for data collection. An initial search of reciprocal
Choi, K.; Nojiri, H. J. Am. Chem. So2006 128 1440. space revealed a monoclinic cell fband a triclinic cell for2; the

(7) Tasiopoulos, A. J.; Wernsdorfer, W.; Moulton, B.; Zaworotko, M. J.; - chojce of space group@2/c, andP1, respectively, were confirmed
Christou, G.J. Am. Chem. So@003 125 15274.

Experimental Section

(8) (a) Mishra, A.: Wernsdorfer, W.; Abboud, K. A.. Christou, &.Am. by the subsequent solution and refinement of the structures. Cell
Chem. So0c2004 126, 15648. (b) Mishra, A.; Wernsdorfer, W.;
Parsons, S.; Christou, G.; Brechin, E.8hem. Commur2005 2086. (11) Mishra, A.; Abboud, K. A.; Christou, Gnorg. Chem2006 45, 2364.

(9) Murugesu, M.; Mishra, A.; Wernsdorfer, W.; Abboud, K. A.; Christou, (12) Wemple, M. W.; Tsai, H.-L.; Wang, S.; Claude, J.-P.; Streib, W. E.;
G. Polyhedron 2006 25, 613. Huffman, J. C.; Hendrickson, D. N.; Christou, Borg. Chem1996

(10) (a) Sokol, J. J.; Hee, A. G.; Long, J. R.Am. Chem. So2002 124, 35, 6450.

7656. (b) Schelter, E. J.; Prosvirin, A. V.; Dunbar, K RAmM. Chem. (13) Vincent, J. B.; Chang, H. R.; Folting, K.; Huffman, J. C.; Christou,
Soc.2004 126, 15004. G.; Hendrickson, D. NJ. Am. Chem. S0d.987, 109, 5703.
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Table 1. Crystallographic Data fot-H,O-4MeOH6MeCN and
2:10MeCN

1 2
formula GizeH14NgOsaMN10Cey Ci3H12eN12070Mn10Thg
fw, g/mol 4010 4944
space group  C2/c P1
a, 32.408(2) 15.0752(13)
b, A 16.9687(11) 16.0141(14)
c,A 27.6545(17) 17.8295(15)
a, deg 90 80.900(2)
B, deg 95.942(2) 72.585(2)
y, deg 90 66.351(2)

vV, A3 15126.2(17) 3758.5(6)
Z 4 1

T, K 173(2) 173(2)
radiation, & 0.71073 0.71073
Peale, g/CITP 1.750 2.183

w, mmt 2.074 6.819
R1be 0.0805 0.0707
wR2 0.1866 0.1647

a Graphite monochromato?.l > 2¢(1). ¢ R1= 1005 (||Fo| — |Fel[)/3|Fol-
dwR2= 100[3 [W(Fs2 — FAY/ S [WFAF] Y2 w= U[o¥F + [(ap)? +bp,
wherep = [max (F¢?, O) + 2F7)/3.

parameters were refined using up to 8192 reflections. A full sphere
of data (1850 frames) was collected using direcan method (03
frame width). The first 50 frames were remeasured at the end of
data collection to monitor instrument and crystal stability (maximum
correction onl was <1 %). Absorption corrections by integration

with a 7 Tmagnet and operating in the 800 K range. Samples
were embedded in solid eicosane to prevent torquing. Magnetization
vs field and temperature data were fit using the program MAG-
NET.!® Pascal's constants were used to estimate the diamagnetic
correction, which was subtracted from the experimental susceptibil-
ity to give the molar paramagnetic susceptibiligu). Studies at
ultralow temperatures<(1.8 K) were performed on single crystals

at Grenoble using an array of micro-SQUIBS he high sensitivity

of this magnetometer allows the study of single crystals of the order
of 10—-500 um; the field can be applied in any direction by
separately driving three orthogonal coils.

Results and Discussion

Syntheses High-nuclearity Mn clusters have previously
been obtained by the reaction of preformed,Miusters with
bi-, tri-, or tetradentate (N/O) chelat&€sAmong the various
Mn'" sources that have been explored, (RN 402(O,-
CPh)(H20)] (3; 4Mn'") and [MrsO(O.CPh)(py)(H20)] (4;
2Mn'"', Mn") have proven particularly effective, being found
to often give higher nuclearity products. We also employed
a modification of this strategy to access heterometallic
species by treating complex@®r 4 with a heterometal salt,
which allowed preparation of Mn/Ca and Mn/lln(lLn =
lantahanide) specié€&82° Such reactions were carried out
in a mixed solvent system such as MeCN/MeOH, which

were applied based on measured indexed crystal faces. Theensures solubility of all reactants and also can provide

structures were solved by direct methods in SHELXT%and
refined onF2 using full-matrix least-squares. The non-H atoms were

bridging MeO ligands. Hence, we employed the same
general strategy in the present work with"Cand TH", but

treated anisotropically, whereas the hydrogen atoms were placedyith one modification: for the C¥éreaction, more crystalline

in calculated, ideal positions and refined as riding on their respective
carbon atoms.

For 1-H,0O-4MeOH6MeCN, the unit cell consists of the cluster
and both ordered (#0) and disordered (four MeOH and six MeCN)
solvent molecules of crystallization. The contribution of the
disordered solvents to the overall intensity data was removed using
the program SQUEEZEP a part of the PLATON¢ package of
crystallographic software. One of the phenyl rings on C71 was
disordered and was refined in two parts with site occupation factors
dependently refined. A total of 858 parameters were included in
the structure refinement of? using 49 819 reflections with >
20(1) to yield R1 and wR2 of 8.05% and 18.66%, respectively.

For 2:10MeCN, the asymmetric unit consists of half the cluster
and five MeCN solvent molecules of crystallization. The latter were
disordered and could not be modeled properly, and the program
SQUEEZE* was used to calculate the solvent disorder area and
remove its contribution to the overall intensity data. A total of 791
parameters were included in the structure refinemerfEfounsing
16 874 reflections witH > 20(l) to yield R1 and wR2 of 7.07%
and 16.47%, respectively.

Unit cell data and details of the structure refinementsifé,O-
4MeOH6MeCN and2-10MeCN are listed in Table 1.

Other Studies. Infrared spectra were recorded in the solid state
(KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the
400-4000 cm! range. Elemental analyses (C, H, and N) were
performed by the in-house facilities of the University of Florida
Chemistry Department. Variable-temperature dc and ac magnetic
susceptibility data were collected at the University of Florida using
a Quantum Design MPMS-XL SQUID susceptometer equipped

(14) (a) Sheldrick, G. MSHELXTL6 Bruker-AXS: Madison, WI, 2000.
(b) van der Sluis, P.; Spek, A. lActa Crystallogr.199Q A46, 194.
(c) Spek, A. L.Acta Crystallogr.199Q A46, C34.

product was obtained by introducing the MeOH at the
layering stage after the initial reaction had been carried out
in MeCN. Several Mn/Ce(Th) ratios were explored, and we
report only the ones that gave clean products. Thus, reaction
of complex3 with (NBu";),.Ce(NQ)s in a 5:8 molar ratio

led to subsequent isolation of compléxthe same product
was obtained using comple4 The preparation ofl is
summarized in eq 1.

5[Mn,0,(0,CPh)(H,0)]” + 8[Ce(NQ)*> +
16MeOH-+ 9H,0 + 4e" — 13PhCQH + 19H"+
2[Ce,Mn,0,(OMe)s(0,CPh) (NO,), —
(MeOH),(H,0),] + 44NQ,™ (1)

A similar reaction was investigated with Yhand this time
the MeOH was needed in the reaction solution to help
solubilize the Th(N@)43H,O that was employed. Thus,
reaction of comple with Th(NG;)4:3H,0 in a 5:12 molar
ratio in MeCN/MeOH led to subsequent isolation of complex
2. The same reaction but with an increased'\Mih' ratio

(15) Davidson, E. RMAGNET, Indiana University: Bloomington, IN.

(16) Wernsdorfer, WAdv. Chem. Phys2001, 118 99.

(17) (a) Brechin, E. K.Chem. Commun2005 5141. (b) Piligkos, S.;
Rajaraman, G.; Soler, M.; Kirchner, N.; Slageren, J.; Bircher, R;
Parsons, S.; Gudel, H.-U.; Kortus, J.; Wernsdorfer, W.; Christou, G.;
Brechin, E. K.J. Am. Chem. So@005 127, 5572. (c) Boskovic, C.;
Wernsdorfer, W.; Folting, K.; Huffman, J. C.; Hendrickson, D. N.;
Christou, G.Inorg. Chem.2002 41, 5107. (d) Brechin, E. K;
Boskovic, C.; Wernsdorfer, W.; Yoo, J.; Yamaguchi, A.; Sanudo, E.
C.; Concolino, T. R.; Rheingold, A. L.; Ishimoto, H.; Hendrickson,
D. N.; Christou, GJ. Am. Chem. So2002 124, 9710.
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Ce2'

Figure 2. (Top) PovRay representation of the labeled corg;bottom)

a stick representation from a viewpoint approximately down the tubular
axis. Color scheme: Mh yellow; Cé" dark green; C¥ light green; N
Figure 1. (Top) PovRay representation of the structurd.ofrith H atoms dark blue; O red; C gray.

and the benzoate rings omitted for clarity except for the ipso C atoms:
(bottom) a stereopair. Color scheme: 'Wygellow; Cé' dark green; C¥

light green; N dark blue; O red; C gray.

of 1:3 or 1:4 gave the same product. No isolable products
were obtained when only MeCN was used. The preparation
of 2 is summarized in eq 2.

5[Mn,0,(0,CPh)(H,0)]” + 12Th(NOy),-3H,0 +
13H,0 — 2[ThgMn; 40, (OH),(0,CPh) (NO),(H,0)g] +
44NO;” + 13PhCQH + 59H" + 206 (2)

It is interesting that compleXx contains 10 M# atoms
whereag contains 10 MiY atoms (vide infra), and this may
partially be due to the greater quantities of MeOH in the
former reaction, the alcohol being capable of acting as a
reducing agent, as well as providing the Mekridges inl.

The other main difference betweérand?2 is that the former
contains both Cé and Cé&’, whereas the latter contains only
Th', and this can be rationalized on the basis that Gea
stronger oxidizing agent than ThWhen the reactions were .
carried out in the presence of EtOH rather than MeOH, we
were unable to isolate clean products.

Description of the Structures of 1 and 2.PovRay
representations ofl and 2 and their labeled cores are
presented in Figures 1 and 2 (fay and 3 and 4 (for2),
respectively. Selected interatomic distances and angles forrigure 3. (Top) PovRay representation of the structur@ efith H atoms
1 and 2 are listed in Tables 2 and 3, respectively. For and the benzoate rings omitted for clarity except for the ipso C atoms:
convenience, mention below of a particular atom will also Eﬁggog)rgds.tecrztigs'r' Color scheme: Muyan; TH" light green; N dark
implicitly include its symmetry-related partner. ' ' '

Complex1-H,0-4MeOH6MeCN crystallizes in the mon-  and these are held together by faurO?~, six 1402, four
oclinic space grou|C2/c with the cluster lying on a center  u,-MeO~ (022, 026), and twas-MeO~ (020) ions (Figure
of symmetry. It contains 2 Cg 2 CéV, and 10 MH' atoms, 2, top). The resulting [C#&n;100:o(OMe)] 8" core ofl has

D Inorganic Chemistry
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Figure 4. (Top) PovRay representation of the labeled corg;¢bottom)

a representation emphasizing the 2:3:6:3:2 (Mn/Th/Mn/Th/Mn) layer
structure. Color scheme: Nihcyan; THY light green; O red.

an approximately tubular structure, comprising a central
[CeVoMn'",Os(OMe),] unit attached at either end to a [Ge
Mn';0,(OMe),] distorted open-cubane unit (Figure 2); the

latter would be a distorted (closed) cubane if the long, weak 9"0UP

Ce2--022 (2.966 A) interaction is considered an additional

the Mn ions. The JT distortions all take the form of axial
elongations, as is almost always the case for high-spifi,Mn
with JT elongated bonds being 6-0.3 A longer than the
other MA'—0 bonds £1.8-2.0 A). BVS values for O atoms
of O?~, OH~, and HO groups are typically 1:82.0, 1.0-
1.2, and 0.2-0.4, respectively, reflecting the non-inclusion
of contributions from strong ©H bonds that are not usually
observed with accuracy in X-ray studies. Participation of the
group in hydrogen bonds will also affect these values.
Oxygen BVS calculations are invaluable in high-nuclearity
cluster chemistry, such ak where the presence of, for
example, a bridging © vs OH™ may not be unequivocal
from other considerations. Faythe BVS calculations clearly
established the absence of bridging OHroups. The
obtained Mn BVS values are shown in Table 4. Thé'€®
and C&-0O bonds are in the ranges 2.3986.845 and
2.231-2.540 A, respectively, both typical ranges for'CeD
and C& -0 bonds in the literatur27.2°The corresponding
BVS values clearly establish Cel and Ce2 a¥ @ad Cé',
respectively:8

Inspection of the crystal packing id-H,O-4MeOH
6MeCN reveals intermolecular hydrogen bonds between the
nitrate and MeOH groups attached to Ce2 at each end of
the molecule and the corresponding MeOH and nitrate groups
attached to Ce2 of the neighboring molecule. This gives a
one-dimensional, hydrogen-bonded chain with each chain
connection comprising two DO---HOMe hydrogen bonds
with an O--O distance of 2.73 A, typical for such an
interaction. Since the groups involved are all attached to the
paramagnetic Ceatoms, it is anticipated that they may result
in noticeable intermolecular magnetic exchange interactions,
albeit very weak ones since the pathways involve 4f orbital
overlaps. We shall return to this point later (vide infra).

Complex 2:10MeCN crystallizes in the triclinic space
P1, with the cluster lying on an inversion center. It
contains 10 MY and 6 TR atoms held together by #-

bond. The tubular structure is ‘sealed’ at each end by a @+ 16 u0*", 2 u-O*, and 2u-OH" ions (Figure 3).
benzoate group bridging across the open face (Figure 2,Peripheral ligation around the resulting [Nmn100;>-

bottom). Peripheral ligation is provided by 42- and 4us-
benzoate groups, a chelating nitrate group on ea¢haf@m
(Ce2, Ce2, a terminal HO molecule on each Geatom
(Cel, Cel), and a terminal MeOH group on each'Catom.
The doubly bridging O atoms of the foug-benzoate goups
in one case bridge a Mhpair (Mn4, Mn5) and in the other
a Cd'/Mn"" (Ce2/Mn3) pair. All the Mn atoms are six-

(OH),]*8* core is provided by 1&-PhCQ~ groups in their
familiar syn, syn binding mode, a chelating nitrate group on
Th3, and a total of 8 terminal @ groups on the other Th
atoms, 3 on Thl, and 1 on Th2. Thebenzoate groups
bridge either Mn/Th or Mn/Mn pairs, none of them thus
bridging Thy pairs. The latter are instead bridged by only
oxide ions, and this is consistent with the known high

coordinate with near-octahedral geometry. In contrast, the ©Xophilicity of actinides. Indeed, Th2 and Th3 are each
two Cé" atoms (Ce2) are nine-coordinate (or 10-coordinate Pound to six oxide ions and Thl to five. In fact, it is
if Ce2:--022 is included) and the two Ceatoms (Cel) are noteworthy that there are so many oxide ions in the complex,

eight-coordinate. The metal oxidation states and the proto-  total of 22 oxides bridging 16 metal atoms. This is clearly

nation levels of &, OMe", and HO groups were deter-
mined by bond valence sum (BVS) calculatidh’inspec-

a manifestation of the high oxidation state-b4 for all the
Mn and Th atoms ir2, and the resulting high preference for

tion of metric parameters, charge balance considerations, and'a'd oxide ions as ligands. A closer examination of the

clear observation of JahiTeller (JT) distortion axes at all

centrosymmetric [TéMn10022(OH)2]*®" core (Figure 4)

(18) BVS values are 4.19 for Cel and 3.09 for Ce2. We employBg a
value of 0.37 A, and, = 2.151 A for a C# —0 bond, and = 2.09
A for a Cé¥—0 bond. (a) Roulhac, P. L.; Palenik, GIdorg. Chem.
2003 42, 118. (b) Brese, N. E.; O’Keeffe, MActa. Crystallogr, Sect.
B 1991 47, 192.

(19) (a) Brown, I. D.; Altermatt, DActa. Crystallogr, Sect. B1985 41,
244. (b) Liu, W.; Thorp, H. H.Inorg. Chem.1993 32, 4102. (c)
Palenik, G. JInorg. Chem.1997, 36, 4888.

(20) Tasiopoulos, A. J.; O’Brien, T.; Abboud, K. A.; Christou, @gew.
Chem., Int. Ed2004 43, 345.
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for Complex

Cel-028 2.231(6) Ce2013 2.509(7) Mn+010 2.051(7) Mn2:-Mn3 3.115(2)
Cel-014 2.240(8) Ce2017 2.521(8) Mn1022 2.072(8) Mn2:-Mn2 3.127(2)
Cel-023 2.267(6) Ce207 2.526(7) Mn+020 2.115(6) Cet-Mn2 3.2907(15)
Cel-026 2.281(7) Ce2019 2.615(8) Mn4-023 1.846(7) Cet-Mn4' 3.3165(15)
Cel-011 2.389(6) Ce2020 2.620(7) Mn4-028 1.867(7) Cei:-Mn5 3.3774(17)
Cel-024 2.392(6) Ce2018 2.629(7) Mn4-027 1.999(6) Ce2-Mn3 3.3653(18)
Cel-027 2.393(7) Ce2012 2.845(8) Mn4-O1 2.031(7) Ce2-Mn2 3.6257(16)
Cel-025 2.540(7) Mn1-021 1.855(6) MrD6 2.129(7) Mn4--Mn4' 3.160(3)
Ce2-016 2.396(9) Mn%08 1.936(7) Mn4-027 2.278(6) Mn4-Cel 3.3165(15)
Ce2-024 2.425(7) Mn+03 2.050(7) Mn&Mn7 2.812(2) Ce2-022 2.966(7)
028-Cel-024 67.3(2) Mn2-Cel-Mn5 127.53(4) Mn3-Mn1—Mn2 61.52(5) Mn2-Mn3—Ce?2 67.07(4)
014-Cel-024 79.6(3) 026-Ce2-Mn3 35.18(14) MntMn2—Mn3 59.06(5) CetMn3—Ce2 84.09(4)
023-Cel-027 69.1(2) Mn3-Ce2-Mn2 54.19(4) MntMn2—Cel 119.59(5) Mn4-Mn4—Cel 59.66(5)
026-Cel-027 65.0(2) 022Mn1-Mn2 37.05(19) Mn2-Mn3—Cel 61.22(4) Cet+Mn4—Cel 124.69(4)

Mn3—-Cel-Mn5  116.24(4)  0206Mn1-Mn2  84.82(17)  MntMn3—Ce2 73.47(5)

Table 3. Selected Interatomic Distances (A) and Angles (deg) for Complex

Th1-03 2.376(14) Th3016 2.397(13)  Mn:Ol 1.820(16) Mn&Mn2 2.695(4)
Th1-07 2.393(12)  Th3015 2.424(11)  Mnt024 1.909(16) Mn8Mn3' 2.821(7)
Th1-025 2.425(17) Th3029 2.484(16)  Mn021 1.945(17) Mn2-Mn3 2.763(5)
Th1—-011 2.455(14) Th3013 2.491(13) Mn1t022 1.984(14) Mn#-Mn5 2.702(6)
Th1-08 2.479(13) Th3011 2547(13)  Mn307 1.828(14) Th2-Mn5 3.362(3)
Th1-06 2.501(19) Th3017 2.584(15)  Mn3016 1.831(13) Th2-Mn1l 3.420(4)
Th1-02 2.514(14) Th3018 2.59(2) Mn3-012 1.856(14) Th2-Mn4 3.489(3)
Th1-05 2.538(17) Th3012 2.655(12) Mn3012 1.900(13) Th3--Mn5 3.348(3)
Th1-04 2.54(2) Mnt-03 1.802(13)  Mn3013 1.928(13)  Th3-Mn4 3.400(3)
Th3-014 2.354(14) Mnt02 1.807(15)  Mn3027 1.970(16) Mn3-Th3 3.460(3)
Th3-032 2.384(16)
02-Th1-Mn4 133.4(4) MnEThi-Mn2  46.35(8) Mn5-Th3-Mn4  47.19(10) Mn2Mn3—-Th3  125.43(11)
Mnl-Thl-Mn4  104.58(10)  Mn4Thl-Mn2  115.92(9)  Mn2Mnl-Thl  70.16(11) Mn3-Mn3-Th2  77.49(12)
03-Th1-Mn2 66.4(3) 016-Th2—-01 140.0(5) Mn2Mnl-Th2  73.42(12) Th3-Mn3—-Th2  106.87(9)
O11-Thl-Mn2  88.0(3) Mn5-Th2-Mn4  46.40(10)  Th:Mnl—Th2 69.06(7) Th3Mn3—Th2 63.24(5)
08-Th1—Mn2 134.6(4) MnETh2—Mn4  100.92(9)  MniMn2—Mn3  127.94(15)  Mn3-013-Th3 107.9(6)
Table 4. Bond Valence Sums for the Mn Atoms fnand 22 Table 5. Bond Valence Sunidor Selected Oxygen Atoms in Complex
1 2 2
atom M Mt MV Mn' M MV atom BVS assignment atom BVS assignment
Mn(1) 3.16 2.89 3.04 4.50 4.12 4.33 8‘51 8%3 Hg O?.é ]2'?-2 g
Mn(2) 3.27 2.99 3.14 4.33 3.96 4.15 06 0'40 F&O 012 2'06 o
Mn(3) 3.24 2.96 3.11 4.37 4.00 4.20 o ’ H : e
Mn(4) 320 293 309 438 400 420 °. 0 HO 016 2.06 g
Mn(5) 3.22 2.95 3.10 4.32 3.95 4.15 013 1.03 o 014 187 G
' ' ' ' ’ ) 08 1.05 OH 010 2.07 G
aThe italicized value is the one closest to the charge for which it was 02 2.30 G 03 1.96 G-
calculated. The oxidation state of a particular atom can be taken as the O11 1.93 G o7 191 G

nearest whole number to the ftalicized value. aBVS values for O atoms of ©, OH~, and HO groups are typically

1.8-2.0, 1.0-1.2, and 0.2-0.4, respectively? The abnormally low value
reveals that each half can be described as two distortegh[Mn for an oxide ion is assigned to hydrogen bonding. See the text for details.

ThyO4] cubane units sharing a common vertex (Th2). The

two cubanes comprisgMn1, O1, Mn2, O2, Thl, O7, O3,  geen that all the Mn atoms hare Mi¥. The Mn—O bond
Th2} and{Th2, 014, MnS, 010, Mn4, O15, Th3, OlLand distances ir2 are in the range 1.8622.027 A, consistent
are also connected pyOH™ oxygen atom O8, whichisthe  ih the MV oxidation level. Similarly, all the Th atoms
only hydroxide ion in each half of the cluster (Figure 4, top). \yere concluded by BVS calculations to be[# and the
Each of the two dicubane units is then linked by three oxides T, pond range of 2.3542.655 A is indeed typical of

(012, 013, 016, and their symmetry partners) to central MN v _g ponds in the literatur® The O BVS calculatiord€
atoms Mn3 and Mn3 All the Mn atoms are six-coordinate (Table 5) suggested 2020and 4 OH ions, which was

with near-octahedral geometry. In contrast, four Th ions \\heynected and in conflict with the overall charge balance
(Thi, Th2) are nine-coordinate, and the remaining two (Th3) 5| jated from the metal oxidation states. The conflict was
are 10-coordinate. The metal oxidation states and thetracked down tgi-O atom 013, which has a BVS of 1.03,
protonation level of &, OH", and HO groups were suggestive of an OHion. However, this was concluded to
determined by BVS calculatior$, inspection of metric be in reality an @ ion whose abnormally low BVS is the
parameters, and charge balance considerations. The BVS.q it of its participation in two strong-©@H—0 hydrogen
values for the Mn ions are listed in Table 4, and it can be p;n4s with two terminal kD groups, O6 and O9on Thi

(21) ro=2.167 A andBy = 0.37 A for a TH—0 bond. (b) Brese, N. E.; (22) Kim, J.; Norquist, A. J.; O’'Hare, DJ. Am. Chem. SoQ003 125,
O’Keeffe, M. Acta. Crystallogr, Sect. B1991, 47, 192. BVS values 12688. (b) Sullens, T. A.; Albrecht-Schmitt, T. Borg. Chem2005
gave the range 4.234.31 for the Th ions of. 44, 2282.
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and Th2, respectively (018:06 = 2.796 A; 013:-09 = 40
2.834 A). This lengthens the corresponding Md13 and
Th—013 bonds and leads to a lower BVS for O13. Thus, o o
013 is indeed an © ion, consistent with charge neutrality o °
for the complete molecule. ®

The core o2 can be considered as consisting of alternating
layers of Th and Mn atoms, as emphasized in Figure 4
(bottom). The metal topology can be described as five layers o 20
with a 2:3:6:3:2 pattern of metal content. The Th atoms thus
occur as two Thisosceles triangles, the Thirh2 and Th2
-Th3 distances (3.829 A) being significantly shorter than
the Tht--Th3 (4.808 A) distance. In fact, one can also 10‘5
describe the core of as consisting of layers, in this case
seven layers of CeMn and Min an alternating A:B:A:B:
A:B:A arrangement. There are no significant intermolecular 0 . . . . . .

interactions in2. 0 50 100 150 200 250 300

The ThMn,o complex2 is the largest mixed transition Te

- ) enperatur

metal/actinide complex to date and the first Th/Mn cluster. ature (K)
Currently there are metabrganic framework@2and organi- ~ F'9ure 5. Plots ofyuT vs T for complexesl-4H;0 (@) and2 (O).
cally templated thorium c'omplex@s.kn.own, and the largest 2. TheywT values at 5.0 K indicate relatively small ground
molecular Th complex is T7* Similarly, the CeMny, state spins fofl and 2
complexl is the largest mixed-metal Ce/Mn cluster and the Complex1 contains 10 MH (S= 2) and 2 C# (S=1/,)

first 3d/4f cluster with mixed-valency in its lanthanide spin carriers and therefore has total spin values in the range
component. C8Mn'"" and C&Mn'V clusters have both been 0—21. Similarly, with 10 MA (S =3,) atoms, complex2

reportgd previously, but this is the first to contain both | < toial spin values in the range 05. Owing to the size
oxidation states of Ce. Note that both of these complexes ;4 |ow symmetry of the molecules, a matrix diagonalization

contain heterometallic cubane units containing high-oxida- method to evaluate the various pairwise exchange parameters

tion-state (Ill, IV) Mn ions, which is also of relevance to (J;) between metals Mand M in the complexes is very
the lanthanide-substituted Mba site of the water oxidizing  5nerqys. In addition, application of the equivalent operator

complex of photosynthesfs\where the corresponding N g55r6ach based on the Kambe vector coupling métried
Ln cubane may be forming. Such Mn-containing heterome- o hossible. Therefore, we focused only on identifying the

tallic cubaneg were u.nkngwn in inorganic chemistry until ground state spirS values and the zero-field splitting
seen for the first time in mixed Mn/lanthanfd@nd Mn/Ca parameters forl-4H,0 and 2; these would in any case

complexes reported recently. dominate the ultra-low-temperature studies we subsequently
DC Magnetic Susceptibility Studies Solid-state, variable-  performed (vide infra). Hence, magnetizatidf)(data were
temperature magnetic susceptibility measurements werecollected in magnetic fields up @ T and in the temperature
performed on vacuum-dried microcrystalline samples of range 1.8-10 K, and these are plotted as reduced magnetiza-
complexesl-4H,0 and2, which were suspended in eicosane tion (M/Nug) versusH/T in Figure 6. The data were fit, using
to prevent torquing. The dc magnetic susceptibility)(data the program MAGNET? by diagonalization of the spin
were collected in the 58300 K range in a 0.1 T magnetic ~Hamiltonian matrix assuming only the ground state is
field, and are plotted aguT vs T in Figure 5. populated, incorporating axial anisotrofy%?) and Zeeman
For 1-4H,0, yuT decreases steadily from 34.38 tmol ! terms, and employing a full powder average. Thus, the
K at 300 K to 10.26 crhimol~! K at 5.0 K, which indicates complexes are modeled for the magnetization fit as a ‘giant
the presence of predominantly antiferromagnetic exchangespin’ with Ising-like anisotropy. The corresponding Hamil-
interactions within the molecule. The calculatggT for a tonian is given by eq 3, wheues is the Bohr magnetors,
Cé'',Cev,Mn'' 14 cluster with non-interacting metal ions is  is the easy-axis spin operatgris the electronig factor, 1o
31.6 cn? mol! K, taking gun = 2.0 andgce = 0.86 (free is the vacuum permeability, artd is the applied field.
Cé" ion, ff, S= 1/2, L = 3, ?Fsp, yuT = 0.81 cn¥ mol?

K)

s .
E

xmT (cm

K). For 2, xuT decreases only very slightly from 17.54 tm H=DS?+ qugu,SH 3
mol~ K at 300 K down to~25 K and then decreases more
rapidly with decreasing temperature to 7.42%enol™* K at The last term in eq 3 is the Zeeman energy associated with

5.0 K. The 300 K value is slightly lower than the 18.75%cm the applied magnetic field.

mol~! K value expected for a cluster of 10 non-interacting  Preliminary attempts to fit the data collected upto 7 T
Mn" ions (THY is diamagnetic), again indicating the presence were unsuccessful, which was as anticipated given the high
of dominant antiferromagnetic exchange interactions within

(24) Barnhart, D. M.; Butcher, R. J.; Clark, D. L.; Gordon, J. C.; Watkin,
J. G; Zwick, B. D.New J. Chem1995 19, 503.
(23) Kim, J.; Norquist, A. J.; O’'Hare, DChem. Commur2002 2198. (25) Kambe, K.J. Phys. Soc. Jpril95Q 48, 15.
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12 but still we could not obtain an acceptable fit even if we

used only data collected in the 68:0.5 T range. We believe

10 1 this must be due to a particularly high density of low-lying

excited states, and this is supported by the ac studies (vide

8 1 infra). The best (but still poor) fit was witls = 4, D =

v —0.81(16) cm?, andg = 1.85(2), shown as the solid lines

in Figure 6 (bottom), and this is also unacceptable on the

— basis of theD ya}lue, which is. unrea;onably high for a

(1):$T molecule containing only near-isotropic Mratoms. Thus,

21 the magnetization fit was taken as indicating merely a rough

— fiting value of S= 3—5, and it was clear that a better means of

obtaining a reliable value for the ground st@®f 2 was

. . . : necessary. For the latter, we turned to ac susceptibility

0 5 10 15 method<#11:26 In addition, the ac methods would allow us
H/T (kG/K) to ascertain if either complekor 2 might be a new addition

to the growing family of SMMs.

AC Magnetic Susceptibility Studies.Alternating-current
magnetic susceptibility studies were performed on vacuum-
dried microcrystalline samples df-4H,0O and 2 in the
temperature range 1-80 K with a 3.5 G ac field oscillating
at frequencies in the-51000 Hz range. The ac susceptibility
experiment probes the dynamics of the relaxation of the
magnetization (magnetic moment) vector of a system. The
in-phase xv') component of the ac susceptibility b#4H,O
and 2 is shown asym'T vs T in Figures 7 (top) and 8,
respectively. The in-phagg:'T signal serves as a useful tool
0 , i i i i for determining (or confirming) the ground state spin of a

00 05 10 15 20 25 30 molecule, since it avoids the Zeeman complications men-
HT (kG/K) tioned earlier arising from low-lying excited states in an
Figure 6. Magnetization i) vs field (H) and temperatureT} data, plotted applied dc field. They'T extrapolated, from a temperature
as r|¢d(;l<ggclid213?geitrigagOTMé'r\]lgsi)n\/; eH/lT ,81‘10(; f(tfir;)mcoefp;ﬁlfrzl'riﬂzgla;nd high enough to avoid the effects of any weak intermolecular
?t?c?ttlc?m) comple>é at épplied fields of '0.%0.5 T an% in the 1.8%0’ K interactions or slow relaxatiorp O K (where iny the ground .
temperature range. The solid lines are the fit of the data; see the text for State would be populated) should thus be in agreement with
the fit parameters. am'T = (g%8)(S+ 1), whereSis the ground state spin, for
complex2. However, for complex., the analysis is more
nuclearity of the complexes and the many constituent complicated becaudeandJ become increasingly important
pairwise exchange interactions; most if not all of the latter due to the presence of Cdons.
are expected to be antiferromagnetic, and some of them are For 1-4H,0 (Figure 7, top), the in-phage,'T data above
undoubtedly very weak. Competing antiferromagnetic in- 3 K increase with increasing temperature, in agreement with
teractions within the many triangular Msubunits of the  the presence of low-lying excited states with spin greater
structures will also lead to spin frustration effects. The than that of the ground state, and sporbit effects from
expected net result is a high density of low-lying (relative the Ce(lll) ions. ExtrapolatiorotO K from aboe 3 K gives
to kT) excited states il-4H,O and2. Since many of these @ value 0f~9.2 cn¥ mol~* K, which is consistent witts ~
would be expected to have &@walue greater than that of 4 if the spin-orbit contributions from C# are considered
the ground state, the application of a large dc field will cause small; the latter conclusion seems reasonable given that even
problems adVis levels of excited states under the influence the free C# ion has a magnetic moment of only 0.81%tm
of the field will approach in energy and even cross with those mol™* K, and there will be some quenching of its orbital
of the ground state. This would lead to poor fits of the angular momentum withit. For2 (Figure 8), theyw'T data
magnetization data, since the fitting model assumes only theincrease very rapidly with increasing temperature, more than
ground state is populated. To avoid this, we used in the fits doubling over~8 K from 6.80 cni mol™* K at 1.8 K to
only data collected at low dc fields in order to obtain 14.30 cnrimol™* K at 10 K. This is steeper than the rise for
estimates ofs. For complex1-4H,0, the fit (solid lines in 1-4H,0 (note the difference in scales between the vertical
Figure 6 (top)) using data in the 6-B.0 T range gavé = axes in Figures 7 (top) and 8) and is consistent with a higher
4, D = —0.57(2) cm! and g = 2.09(1). This must be  density of low-lying excited states i compared withl-
considered only an approximation since it ignores first-order 4H:O. This is also consistent with the failure to obtain a
spin—orbit effects from the C& ions, and this is also . : : —
undoubtedly the cause of the highvalue. For complex, (26) (caﬁem%’og'AXVseéES.d?SeF%gﬁéﬁ\?ﬁ’igﬁ%.5A§;5ﬂfﬁ'<s.t?\.“;’c?{Sau,
there are no such spirorbit effects from the T (f°) atoms G. Chem. Commur2005 4282.

M/Nig

4bmOO
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Figure 7. Ac susceptibility of complex in a 3.5 G field oscillating at
the indicated frequencies. (Top) In-phase siggal) plotted agym'T vs T:
(bottom) out-of-phase signgh'’ vs T.
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Figure 8. Plot of the in-phase ac susceptibility signats'T vs T for
complex2.

good fit of the dc magnetization data f&reven using only
low-field data. Nevertheless, extrapolation of thgT to O

would give values ofyw'T of 3.0, 6.0, and 10.0 cfrmol*
K for g = 2 (slightly less forg < 2), clearly identifyingS =
3 as the true ground state 2f

The frequency-dependent decrease inghd@ of 1-4H,0
belonv 3 K suggested there would also be a corresponding
frequency-dependent out-of-phagg'() signal, and this was
indeed observed (Figure 7, bottom), or rather the tails of
frequency-dependent peaks whose maxima lie below 1.8 K,
the operating limit of our SQUID susceptometer. An out-
of-phase fv'') ac susceptibility signal is observed when the
rate at which the magnetization of a system relaxes is close
to the operating frequency of the ac field. At low enough
temperature, wheRT is lower than the relaxation barrier,
the magnetization vector cannot relax fast enough to keep
in-phase with the oscillating field, and a frequency-dependent
v’ signal will be observed, together with a concomitant
decrease in the in-phasgs'T signal. Such frequency-
dependent signals are characteristic of superparamagnets in
traditional magnetism and also of SMMs. This (Figure 7,
bottom) suggests complek might be an SMM, butyy"
signals do not by themselves prove it since intermolecular
interactions and phonon bottlenecks can also give such
signals?” It will be important for the discussion that follows
below to note that we repeated the ac studies with a sample
of crystals of1-H,0-4MeOH6MeCN still wet with mother
liquor, and we saw the samg ' signals as those for dried
1-4H,0 in Figure 7, bottom. CompleR exhibited no out-
of-phase signals.

Hysteresis Studies below 1.8 KlIn order to confirm
whether compleX is a new SMM, we performed magne-
tization vs applied dc field measurements on single crystals
of 1-H,0-4MeOH6MeCN at temperatures down to 0.04 K
using a micro-SQUID apparat%.The observation of
hysteresis loops in such studies represents the diagnostic
property of a magnet, including SMMs and superparamagnets
below their blocking temperaturd«). The observed mag-
netization responses farH,0-4MeOH6MeCN are shown
in Figure 9 (top) at a fixed dc field sweep-rate of 0.035 T/s
and at temperatures in the range of 6:640 K and (bottom)
at 0.04 K and in the sweep-rate range 0:083280 T/s. Some
minor hysteresis was observed but with a very narrow
coercivity that did not change noticeably with either decreas-
ing T or increasing scan rate in the 0-08 K, and 0.035
0.280 T/s ranges. This is clearly not the superparamagnet-
like behavior expected of an SMM, and the small coercivity
is assigned as due primarily to a phonon bottleneck rather
than a real, single-molecule barrier to magnetization relax-
ation, i.e., an artifact of the depletion of the appropriate
energy phonons required to assist in the magnetization
relaxation via a two-phonon Orbach process. However, the
tiny hysteresis at 0.04 K appears to be real, and this is
assigned as due to the weak intermolecular interactions
propagated by the intermolecular hydrogen bonds between
the chelating nitrate and MeOH groups on one molecule and
the corresponding MeOH and nitrate groups on each

K, where only the ground state would be populated, gives a heighboring molecule, as described above, giving one-

value of ~5.2 cn? mol™ K indicative of anS = 3 ground

state andy =~ 1.86. Note thaB = 2, 3, and 4 ground states

(27) Chakov, N. E.; Wernsdorfer, W.; Abboud, K. A.; Christou,l@org.
Chem 2004 43, 5919.
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1 4 L L ' L L in contrast, there are only very few structurally characterized
0.035T/s = mixed-metal carboxylate complexes containing actinides, and
' these are small nuclearity species.

Magnetic characterization of complexeand?2 has been
carried out, and they are both relatively low-spin complexes
with spin values o6~ 4 andS= 3 for 1 and2, respectively.

Ac susceptibility studies ofrH,O-4MeOH6MeCN still wet

with mother liquor and dried-4H,0 both display frequency-
dependent decreases held K in thein-phase susceptibility
and concomitant frequency-dependent out-of-phase signals.
However, magnetization vs dc field sweeps down to 0.04 K
revealed true (but very slight) hysteresis only at 0.04 K,
which we assign to the intermolecular hydrogen bonding seen
in the crystal structure. We conclude that there is an absence
of any significant single-molecule barrier (¥3) to mag-
netization relaxation. Thus, compléxs not an SMM. The
clear observation of the out-of-phagg’’ ac signals below

3 K is thus surprising. The tiny barrier responsible for the
0.5 - almost insignificant hysteresis at 0.04 K is not expected to
give yv'' signals at the higher temperatures up to 3 K.

o Typically, complexes that give significant tails of gg"
g 04 i signals at>1.8 K then reveal clear hysteresis in dc
magnetization sweeps assignable to an SMM with blocking
0.5 o501 temperatures of at least0.6 K or more. Nor can the answer
=U. - 5 s -

0,140 s be due to whether the sample was used wet with mother
0.070 Tfs liquor or first dried. We have certainly seen in the past that
. 0085 Ts the latter sometimes causes significant differences in the

! T T T ' relaxation barrief%229.3%or example, wet crystals showing
) 0.5 (I)-I M 0.5 1 noym" signals down to 1.8 K but dried solid showing strong
Ho ones at>1.8 K2° For complexi, in contrast, wet and dried

Figure 9. Magnetization §) vs applied magnetic fieldH) hysteresis loops ; ; ; alll o o ;
for 1 at the indicated temperatures and a fixed-field sweep rate of 0.035 samples give essentially identigal” signals, so it is valid

T/s (top), and at the indicated-field sweep rates and a fixed temperature 0 COmpare the ac data in Figure 7 with the single-crystal
0.04 K (bottom). The magnetization is normalized to its saturation value, data in Figure 9. Thus, we cannot offer an unequivocal

Ms. explanation of the origin of thegy' signals, except to state
. . . the obvious that it must be due to a combination of factors
dimensional chains. These would be expected to be very . . )
such as intermolecular interactions, phonon bottlenecks, and

weak, particularly since they involve the €éons because N :
Ianthar?i des areyknown toy always give weak exchange perhaps other contributions. Note that the groups involved

interactions because of the ‘buried’ nature of their 4f orbitals. the hydrogen bonds between neighboring molecules are

. : attached to metal ions and thus would not be expected to be
We therefore conclude that any real hysteresis is only ewdentloSt on drvina. as confirmed by the elemental analvsis of
at 0.04 K and that this is in any case not due to single- ying, Y y

molecule properties but to intermolecular interactions. Thus, drr]'ed m?t(;r:al_. :Ne tr:us :jo hnoc: anumgatz any §|g_n|f|c%r:_t
complex1-H;0-4MeOH6MeCN is not an SMM. change to the intermolecular hydrogen bonds on drying. This

is consistent with the observation that wet and dried samples
give essentially identicaly'’ signals. In any case, much more
Conclusions important is the overall conclusion from the combined results
of this study that, as we have stated before, the appearance
of yu" signals is necessary but not sufficient proof of a
SMM. Complexl is now another example of this important

We have described two new developments within our
program directed toward the preparation and study of high-
nuclearity transition metal clusters of paramagnetic metal

7
ions. Complexl is the largest mixed-metal Ce/Mn cluster caveat
and the first 3d/4f cluster with mixed valency in its lanthanide (28) Petukhina, M. A Sergienko, V. 5. Sadikov. G. G T |
; ; : etrukhina, M. A.; Sergienko, V. S.; Sadikov, G. G.; Tat'yanina, .
component, while compleR is the first Th/Mn cluster and V.. Torchenkova, E. AKoord. Khim, (Russ.) (Coord. Chey.99Q

the largest mixed transition metal/actinide cluster to date. 16, 354.

i i i (29) Boskovic, C.; Brechin, E. K.; Streib, W. E.; Folting, K.; Bollinger, J.
The latter pOII’]lt SqueSf‘smlght be the. proto_type of a rich C.; Hendrickson, D. N.; Christou, G. Am. Chem. SoQ002 124,
new area of mixed 3d/5f cluster chemistry with carboxylates 3795,

and other ligand types. The next largest member of this (30) '&a) Tasiogﬁulos, IA.tJ.;E \évzeggzdggeggg A(l%l;o$d,,K. A';|Chri,sqt°lj'e'
O ) ngew. em., Int. , . asiopoulos, A. J,;
family is a CuMo,U polyoxometallaté’. Indeed, polyoxo- Wernsdorfer, W.; Abboud, K. A.; Christou, Gnorg. Chem.2005

metallates are relatively common in actinide chemistry, but 44, 6324,
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