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We report the synthesis, by solvothermal methods, of the tetradecametallic cluster complexes [Mi4(L)sOs(OMe);-
Cls) (M = Fe", Cr'") and [V14(L)sOs(OMe)15Cls—4O,] (L = anion of 1,2,3-triazole or derivative). Crystal structure
data are reported for the {Mis} complexes [Feis(CoHaN3)sOs(OMe)1sClg], [Cria(bta)sOs(OMe)isClg] (btaH =
benzotriazole), [V140s(Me;hta)s(OMe)15Cls—,0,] [Me btaH = 5,6-Me,-henzotriazole; eight metal sites are V', the
remainder are disordered between {V"-CI}?* and {VV=0}%"] and for the distorted [Fe"';,04(OH)(OMe)g(bta);-
(MeOH)s(H,0)Clg] structure that results from non-solvothermal synthetic methods, highlighting the importance of
temperature regime in cluster synthesis. Magnetic studies reveal the { Feis} complexes to have ground state electronic
spins of S < 25, among the highest known, while in contrast the {Cri;} complex has an S = 0 ground state
despite having a very similar structure and all complexes being dominated by intramolecular antiferromagnetic
exchange interactions. The { Feis} complexes undergo a magnetic phase transition to long-range ordering at relatively
high temperatures for molecular species, which are governed by the steric bulk of the triazole (Ty = 1.8 and 3.4
K for L = bta™ and H,C,N5 ™, respectively). The huge spins of the { Fe1} complexes lead to very large magnetocaloric
effects (MCE)—the largest known for any material below 10 K—which is further enhanced by spin frustration within
the molecules due to the competing antiferromagnetic interactions. The largest MCE is found for [Feis-
(C2H2N3)s05(OMe)15Clg] with an isothermal magnetic entropy change —AS; of 20.3 J kg™* K™% at 6 K for an
applied magnetic field change of 0-7 T.

Introduction cluster chemistry of benzotriaz8l¢btaH, Scheme 1), we
recently reported the synthesis and magnetic characterization
of the tetradecametallic Pecluster, [Fes(btayOs(OMe) e
Clg] (1).3 This molecule has a remarkably high electronic
—— spin in its lowest lying statesalthough preliminary mea-
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M4 Clusters with Huge Spins and Magnetocaloric Effect

Scheme 1. Structures of 1,2,3-Triazole Ligands Used in This Work
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an applied magnetic field).This is only surpassed by
Christou’s{ Mn"¢Mn""' ;gMn'V} cluster §= 51/2+ 1)*2and
Powell’'s{Mn"';o,Mn";} cluster §= 83/2)3° Such molecules
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Figure 1. Magnetic entropySy, as a function of temperatur€, for two

different applied magnetic fieldsl; and Hf whereH; < Hi. A — B:

isothermal magnetization with entropy chang&,; B — C: adiabatic
demagnetization with resulting temperature chande= Ti — T;.

are of interest because they can display important magnetic
phenomena, for instance, magnetic bistability in single in a reversible process we perform an adiabatic demagne-

molecule magnet{SMMs). In SMMs a significant negative
zero-field splitting (ZFSD) splits the 5 + 1 degeneracy
of the Ms substates in zero applied magnetic field with
Ms = £Slying lowest in energy. This magnetic anisotropy
provides an energy barrier of magnitud|D| to the

tisation (B— C). Under adiabatic conditions the total entropy
of the system must be constant, hence the increase in
magnetic entropyAS, must be compensated by a decrease
in the entropy of the lattice. This results in a decrease in
temperature AT) of the material. High-spin ground state

r_eorientation of sp@n and, hence, blogking_ of the r_nag_netiza— clusters, with potentially very large changesSg at low
tion below a certain temperature which, in part, Is dictated temperatures (i_e_, where almost all popu|ati0n is in the

by &|D|. Despite the very large value & 1 does not be-

ground state) are therefore attractive materials for low-

have as an SMM, and this is because the ZFS of the groundtemperature Coo|ir§g and in princip|e could be more
state is negligible (see later). However, this magnetically efficient than the lanthanide and intermetallic materials
isotropicnature of its giant spin has interesting consequences,conventionally used for this purpose. Tejada and co-workers
leading to an enormous magnetocaloric effect (MCE) below have performed such measuremérfisr the archetypal

10 K#

SMMs [Mnlzolz(OZCPh)G(Hzo)d “{Mnlz}” and [FQOQ-

The MCE is intrinsic to any paramagnet, dgscribing (OH)15(tacn}]Brs “{ Fes}” (tacn = 1,3,5-triazacyclononane)
temperature changes of the paramagnet on changing appliegoth of which haveS = 10 ground states. However, the
magnetic field, and is associated with the changes in significant ZFS of the ground states breaks ti& 2 1

magnetic entropy. Deby®and Giauqu® proposed that the
MCE could be exploited for refrigeration via adiabatic

degeneracy in zero field, leading to blocking of the magne-
tization at low enough temperature. This results in a lower

demagnetisation processes. This is illustrated by the magnetiaiCES therefore limiting the potential of SMMs in this area.

entropy Sn(T,H) curves for a paramagnet of sp@ in
Figure 14
A spinShas a 3+ 1 degeneracy in zero field (neglecting

In contrast, the very large and isotropic ground state spin of
1 results in a huge MCE at low temperatures, with charac-
teristic parameters of AS, = 17.64+ 2.8 J kg K~! and

ZFS), and hence, the full amount of the magnetic entropy is AT = 5.8+ 0.8 K for T; = 6 K and a magnetic field change

RIn(2S+ 1), whereR is the gas constant. On application of
a magnetic fieldH this degeneracy is lifted, the spin system
orders, ands,(T,H) decreasess, is nil on saturation of the
magnetization). Thus, if a strong magnetic fieldis applied

to a paramagnet at initial temperatureand fieldH; (say,

H; = 0), with the sample in thermal equilibrium with a heat
bath, we isothermally magnetize the sample<AB) with
decrease in magnetic entrop&XS, (Figure 1). If the

of 0—7 T, determined from variable-temperature, variable-
field specific heat and magnetization measuremeintsither
words, it should be possible to cabto 6 K by conventional
methods and then to achieve temperatures well below 1 K
by an isothermal magnetizatiomdiabatic demagnetization
cycle.

Given the interesting and potentially useful low-temper-
ature physics ofl, we set out to prepare new [ML)sOs-

paramagnet is then thermally isolated and the field removed (OMe),gX] complexes, {M14}”. In this work we report the

(4) Evangelisti, M.; Candini, A.; Ghirri, A.; Affronte, M.; Brechin, E.
K.; Mclnnes, E. J. LAppl. Phys. Lett2005 87, 072504. Evangelisti,
M.; Candini, A.; Ghirri, A.; Affronte, M.; Piligkos, S.; Brechin, E.
K.; Mclnnes, E. J. LPolyhedron2005 24, 2573.

(5) (&) Murugesu, M.; Habrych, M.; Wernsdorfer, W.; Abboud,
K. A.; Christou, G.J. Am. Chem. So@004 126, 4766. (b) Ako, A.
M.; Hewitt, I. J.; Mereacre, V.; Clac, R.; Wernsdorfer, W.;
Anson, C. E.; Powell, A. K.Angew. Chem., Int. Ed2006 45,
4926.

(6) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M Nature 1993
365 141. Sessoli, R.; Tsai, H-L.; Schake, A. R.; Wang, S.; Vincent,
J. B.; Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D.JN.
Am. Chem. Sod 993 115 1804.

(7) (a) Debye, PAnn. Phys1926 81, 1154. (b) Giauque, W. Rl. Am.
Chem. Soc1927, 49, 1864.

extension of the solvothermal route used to prefdceboth
different metal ions and different bridging 1,2,3-triazoles (L).
We report the isolation of Fg Cr'", and V'V {M4}
complexes-a very rare example where a high nuclearity
cluster type can be isolated for several different metal ions,
with the CH' example being the largest chromium cluster
reported to date. We discuss the importance of the solvo-

(8) For a recent review see: Evangelisti, M.; Luis, F.; de Jongh, L. J.;
Affronte, M. J. Mater. Chem2006 16, 2534.

(9) Torres, F.; Herfradez, J. M.; Bohigas, X.; Tejada,Appl. Phys. Lett.
200Q 77, 3248; Torres, F.; Bohigas, X.; HEmaez; J. M.; Tejada, J.
J. Phys.: Condens. Matte2003 15, L119.
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Figure 3. Comparison of metallic cores df (top) and8 (bottom), with
magnetic exchange interactions and ground-state spin structure shown for
1. Numbering of iron ions as in Figures 2 and 4.

multitude of low-energy, large spin excited states. We show
that this results in a significantly larger MCE férthan 1.

Results and Discussion

Synthesis and Structural Studies. (i) Analogues of 1
with Different Triazoles. We previously reported that
reaction of the basic iron carboxylate JREO,CMe)(H0)3)-

Cl with btaH in methanol at 100C under solvothermal
conditions givesl as a crystalline product direct from the
Figdeg rz(-) (b'\t";)l?(‘;l;/'lzf)l SHC&;f%f)tt%fmgﬁgiogxg)g(gMfglxﬁﬂte(la Lorp)en reaction solution in ca. 40% vyield (method A, see Experi-
gir::ul[ar 1t40 6and along, resgectfvely, the pseudo-3€)f%|d axis .(MA;)_ mental Sectionj.Curiously, this reaction fails if oxo-centered
The atom labeling is equivalent between the two complexes. Scheme: triangles with carboxylates other than acetate are used as
Fe (yellow), Cr (dark green), O (red), N (blue), C (black), CI (light  gtarting material, even though no carboxylate is found in the
green). product. We have now found thatcan also be prepared by

a simpler reaction of FeglbtaH, and NaOMe in MeOH,
again under solvothermal conditions, albeit in reduced yield
(ca. 20%, method B). Both these routes can be used to
. ) prepare analogues afwith different 1,2,3-triazoles. Thus,

We report that ai$ = 25 ground or very low-lying exglted [FerOs(L)s(OMe)sCl with L = 5-methylbenzotriazole
state-and hence very large MCHs general fo{ Feq} with (MebtaH; complex), 5,6-dimethylbenzotriazole (MetaH;
different L and hence that the triazolate has only a small 3), and 5-chlorobenzotriazole (ClbtaH) can be prepared.
influence on the intracluster magnetic exchange interactions.These all have very similar molecular structures and magnetic
In contrast, when M= Cr' we observe a8 = 0 ground  properties tol itself and only differ significantly in their
state rather than th8 = 15 which would be expected to  so|upilities and are not discussed further here. (X-ray
result from a similar magnetic structuretoWe also show diffraction data are only of sufficient quality to define the
that the steric bulk of the triazolate ligand, and hence of connectivities o2—4, and hence their molecular formulas.
the cluster, has a strong influence on the collective behavior Unit cell details are given in the Experimental Section for
of the complex. Specifically, the cluster [fz&a)Os(OMe) s completeness.)

Cle] (5), where ta is anion of 1,2,3-triazole (Scheme 1),  More significantly (see later), we can greatly reduce the
packs significantly closer in the solid state thhand this steric bulk of the cluster by using 1,2,3-triazole{eNsH;
results in long-range (antiferro)magnetic order at tempera- taH, Scheme 1). [Rg0s(ta)s(OMe)Cle] (5; Figure 2) is
tures belowTy = 3.4 K, which is an uncommonly large  prepared from the oxo-centered triangle precursor, as in
ordering temperature among molecular clusteis.addi- ~ method A forl, again crystallizing direct from the reaction
tion, slight differences in the intramolecular couplings solution in ca. 20% yield on slow cooling of the superheated
within this cluster cf.1 enhance the degree of magnetic solution. 5 crystallizes in theP2;/n space group a%-
frustration that characterize the spin systems{BE 4} 4.5MeOH (Table 1), and thig=eis} molecules have crystal-
complexes, making available the thermal population of a lographicC; symmetry.

thermal conditions in the synthetic chemistry of such species,
giving examples of the products that form under less forcing
conditions.

4970 Inorganic Chemistry, Vol. 46, No. 12, 2007
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Table 1. Unit Cell Details for5, 6, 7, and8

54.5MeOH 62CH,Cl,.4MeOH 7-1.3MeOH 8MeOH
chemical formula GaHg3ClsFeraN1g028 5 Cs0Ho4Cl10Cr1aN16028 Cé7.30H107.LCl2.10N18029.20V 14 CseHseClgFeraN21025
molecular weight 2194.78 5196.06 2423.32 2490.73
crystal dimens/mrh 0.10x 0.05x 0.01 0.26x 0.19x 0.12 0.10x 0.08 x 0.04 0.20x 0.10x 0.03
cryst syst monoclinic orthorhombic _triclinic orthorhombic
space group P2(1)h Pbca =1 Pnma
alA 13.049(2) 18.0588(5) 13.300(2) 21.848(2)
b/A 17.069(3) 19.8587(6) 14.938(2) 24.513(2)
c/A 16.566(3) 25.4792(8) 15.264(2) 17.335(1)
a/® 90 90 66.155(2) 90
BI° 108.139(2) 90 75.976(2) 90
yl° 90 90 76.399(2) 90
U/A3 3506.4(10) 9137.5(5) 2658.7(6) 9283.9(13)
z 2 2 1 4
Pealcd 2.079 1.889 1.514 1.782
TIK 150 100(2) 150 293
20ma/deg 48.44 52.76 59.3 52.74
data collected 18 509 66 844 26114 52 653
(unique) (18 509) (9335) (14 135) (9723)
data usedI[> 20(1)] 13220 6480 11021 4034
no. of params 464 628 630 534
R1(F) 0.0492 0.0542 0.0579 0.0730
wR2 0.1188 0.1456 0.1945 0.2084
Apmin/eA—3 —0.688 —1.442 —0.485 —1.608
ApmaleA3 0.750 1.251 0.180 0.173

The core structure is identical to thathfbeing based on
a hexa-capped hexagonal bipyramid of'Rsith the caps
on alternate faces (Figures 2 and 3), with idealii2g
symmetry (3-fold axis down the FeFelA vector). Fel and
FelA define the apexes of the hexagonal bipyramid, &5

low yield (ca. 5%) and only after slow evaporation of the
solution that results from the initial solvothermal reaction.
We reasoned that the lower yield 6fcf. 1 may be due to
the greater kinetic inertness of the'Gpn. However, higher
temperatures (up to 20TC) do not improve the yield. As

and symmetry equivalents (s.e.) define the equatorial plane,an alternative route we attempted a similar reaction but using
and Fe2-4 and s.e. are the face-caps (Figure 3). The threea CH starting material, CrG)] which we reasoned would react

face-capping iron ions and the apical iron on either half of
the molecule form twd Fey(ta)sCls} units, bound byus-ta-
with the central two nitrogens coordinated to Fel (or s.e.),
each separated by ning-methoxides and threes-oxides
[O1-3] from the centra{ Fes} ring. The face caps each have
a terminal chloride, while the coordination sphere of the
apical Fel is completed by tha)O1—3 which bridge it
to each of Fe24 and to the centrglFe;} ring. The{Fe;}
ring is near planar with each Fe ion bound to tweoxides
bridging to Fel and its s.e., two-methoxides bridging to
two face-capping Fe ions, and twe-methoxides bridging
within the {Fes;} ring.

(i) Analogues of 1 with Different Metal lons. Attempts
to prepare the chromium(lll) analogue bivia reaction of
[Crs0(O.CMe)(H.0):]Cl with btaH in MeOH under sol-
vothermal conditions, in strict analogy to method A for

quicker and would oxidize to the desired product. This
method proved successful, giving crystalliGen ca. 30%
crude yield direct from the reaction solution on cooling.
Single crystals separated manually from the reaction byprod-
ucts were of sufficient quality for X-ray diffraction analysis.
These were in thé2;/n space group (see Experimental
Section). However, in order to separd@drom insoluble
byproducts, and therefore to isolate it in sufficient quantities
for magnetic studies, it was necessary to recrystallize from
CH,CI,/MeOH. 6 crystallized in the orthorhombic space
group Pbca as 6:2CH,Cl,»4MeOH. The{Cris4 molecules
have crystallographically impose@; symmetry, and the
connectivity is identical to that il (Figure 2). Selected
structural parameters are in Tables 2 and 3 where we have
used analogous atom labelingtcs is the highest nuclearity
Cr'" species isolated to date, the next largest being dodeca-

failed. These reactions gave the decametallic wheelsmetallic?

[Cri0(OMe)o(O.CMe),q that also result from this reaction

in the absence of btaH, and that we have reported previ-

ously! However, following method B foll—reaction of
CrCl; with btaH and NaOMe in MeOH at 15@—does give
the desired product [GOs(bta)(OMe)sClg] (6), albeit in

(10) Laye, R. H.; Wei, Q.; Mason, P. V.; Shanmugan, M.; Teat, S. J,;
Brechin, E. K.; Collison, D.; Mclnnes, E. J. lJ. Am. Chem. Soc.
2006 86, 9020.

(11) Mclnnes, E. J. L.; Anson, C.; Powell, A. K.; Thomson, A. J;
Poussereau, S.; Sessoli, Bhem. Commun2001, 89. Low, D. M.;
Rajaraman, G.; Helliwell, M.; Timko, G.; van Slageren, J.; Sessoli,
R.; Ochsenbein, S. T.; Bircher, R.; Dobe, C.; Waldmann, Odeku
H-U.; Adams, M. A.; Ruiz, E.; Alvarez, S.; Mclnnes, E. J. Chem.
Eur. J. 2006 12, 1385.

There are very few high-nuclearity vanadium(lll), or even
mixed-valence vanadium(lll/IV), clusters in the literature due
to the easily oxidizable nature of this ié%'3 Therefore, the
vanadium analogue df was an attractive target given that
we had already shown that this chemistry was common to
both iron(lll) and chromium(lll). As with the chromium-
(11 chemistry, attempted synthesis of {¥Dg(bta)(OMe) s
Clg] from oxo-centered vanadium triangles failed, but

(12) Batsanov, A. S.; Timko, G. A.; Strutchkov, Y. T.; (Bééu, N. V.;
Indrichan, K. M.Koord. Khim.1991, 17, 662. Mabbs, F. E.; Mclnnes,
E. J. L.; Murrie, M.; Parsons, S.; Smith, G. M.; Wilson, C. C,;
Winpenny, R. E. PChem. Commurl999 643. Parsons, S.; Smith,
A. A,; Winpenny, R. E. PChem. Commur200Q 579.
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Table 2. Ranges of Selected Bond Distances (A)ir, 6, and7

Shaw et al.

1 5 6 7
M-u40 1.952(7)-2.152(8) 1.957(3)2.127(2) 1.970(4)2.036(4) 1.950(2y2.177(2)
M-u,0(Me) 1.959(10)-2.077(10) 1.971(3)2.016(3) 1.951(4)2.004(4) 1.938(2)y2.022(2)
M—N 2.114(13)-2.194(10) 2.142(3)2.160(3) 2.038(5)2.081(6) 2.103(3)y2.129(3)
M—CI 2.254(5)-2.270(4) 2.257(%)y2.278(1) 2.278(2)2.282(2) 2.115(7y2.256(2)
V=0 n.a. n.a. n.a. 1.625(4)1.676(6)

Table 3. Selected Interbond Angles (deg) In5, 6, and7

1 5 6 7
M1-0O1-M2  113.3(4) 114.30(11) 110.49(17) 112.28(10)
M1-01-M5  124.6(3) 124.71(12) 126.1(2) 124.67(10)
M1-01-M6  125.9(4) 124.86(12) 125.6(2) 125.02(10)
M2-01-M5 95.3(3)  95.76(10)  96.68(17)  96.84(8)
M2-01-M6 96.2(3)  95.65(9) 97.19(17)  96.56(8)
M5—01-M6 945(3)  94.60(10)  94.20(15)  95.03(9)
M1-02-M3  113.1(4) 113.61(12) 110.56(17) 112.18(10)
M1-02-M5  125.3(4) 124.68(12) 125.99(19) 125.00(11)
M1-02-M7  125.0(4) 124.45(23) 125.78(19) 124.46(10)
M3—02—M5 96.0(3) 96.01(10) 96.66(16)  96.97(8)
M3-02-M7 96.0(3) 96.16(10)  96.48(15)  96.66(9)
M5—02-M7 94.6(3)  95.26(10) 94.52(16)  95.21(9)
M1-03-M4  114.1(3) 113.41(12) 110.68(16) 112.39(9)
M1-03-M6  123.7(3) 125.08(1%) 125.77(19) 125.44(10)
M1-03-M7  124.7(4) 124.11(13) 126.01(19) 124.32(10)
M4—03-M6 96.5(3) 95.68(10) 96.67(16)  96.54(8)
M4—03-M7 96.1(3)  96.09(9) 96.91(16)  96.17(9)
M6—03-M7 95.3(3)  95.71(1%) 94.06(15)  95.35(8)
M3-04-M7  100.6(4) 102.20(11)  99.8(2) 102.56(11)
M3—-05-M5  101.7(4) 102.86(12) 98.6(2) 102.81(11)
M2-06-M5  101.2(4) 102.27(12)  98.2(2) 104.05(10)
M5-O7-M6  101.0(4) 100.44(11)  98.82(17) 101.34(10)
M2-08-M6 98.6(4) 102.20(11)  98.4(3) 103.81(10)
M4—-09-M6  100.1(4) 102.24(12) 97.69(19) 102.34(11)
M6—-010-M7  101.3(4) 101.48(12) 98.49(18) 101.16(9)
M4—-011-M7 100.8(3) 102.13(11)  99.00(19) 101.75(11)
M5-012-M7  100.4(3) 101.28(1%) 98.4(2) 101.30(10)

aFe6 not Fe5P Fe5 not Fe6.

reactions starting from metallic chloride were (partially)
successful. Reaction of VEwith NaOMe and btaH in
MeOH at 150°C gives crystals of [V4Os(btay(OMe)s-
Cle—xO,]. However, we found that better quality single
crystals could be obtained using M¢aH in place of btaH.

[V 1.06(Mesbta)y(OMe)sCls—O,] (7) crystallizes inP1 as
7-1.3MeOH (Table 1), with th¢ V14 molecules lying on
an inversion center. The connectivity tis analogous to
that in1 (Tables 2 and 3), with one major exception. Analysis
of the X-ray diffraction data shows two peaks corresponding
to terminal ligands at each of the face-capping vanadium
ions (V2—4 and s.e.). One of these is at 1.625(4)676(6)

A from the vanadium ions while the other is at 2.115(7)
2.256(2) A. The latter are consistent with the expectéd-V

Cl bonds, and these peaks refine well as chlorine. However,

the former distance is characteristic of the oxo-vanadium-
(IV) ion and these peaks resolve well as oxygen. Hence, i

be written alternatively as [Vs(V" Cl)s—x(V'Y O)Os(Mesbta)-
(OMe)g. Microanalytical data (C/H/N/V) are consistent with

x = 2, while refinement of the X-ray data with partial
occupancy givex = 4. These are likely to be average
parameters and in practice the solid state probably consists
of a solid solution ofx = 0—6. That these can cocrystallize

is due to the isoelectronic nature of tf&" CIl}?* and
{VIVO}?* fragments. We have as yet been unable to isolate
the purex = 6 or 0 complexes. Neverthele§ss an example

of an unusually highly reduced vanadium cluster.

Table 2 gives ranges of bond lengths involving the metal
ionsin1, 5, 6, and7, and Table 3 lists equivalent /O—M
angles.

(i) Importance of Solvothermal Conditions in the
Preparative Chemistry of {M 14} Clusters.All of the {M14}
clusters,1—6, above were prepared under solvothermal
conditions, i.e., in sealed reaction vessels allowing high-
temperature reactions and under favorable conditions for
crystallization of products direct from the reaction solufiéf.
We have explored the importance of the temperature regime
in this chemistry by attempting analogous reactions under
“conventional” conditions, i.e., reactions limited in temper-
ature by the boiling point of the solvent at atmospheric
pressure.

Reactions following method A for compourdgdbut under
ambient or reflux conditions, resulted in dark solutions from
which we failed to crystallize any product. In contrast,
following method B but at room-temperature we isolated
[Fe140o(OH)(OMe)(bta)(MeOH)(H20)Clg] (8) by slow
evaporation of the reaction solutioB.can also be isolated
in slightly improved yields by reaction of the monometallic
iron(l11) species [FeG(btaH)]*®> with NaOMe in MeOH at
room temperature.

8 crystallizes a8-MeOH in thePnmaspace group (Table
1), and the molecule lies across a mirror plane through Fe2,
Fe4, Fe7, and Fe8C{ point symmetry, Figure 4). The
metallic core has some close similarities to thatlpflso
being based on a hexacapped hexagonal bipyramid'bf Fe
with Fe2 and Fe7 at the apexes and Fel, Fe5, Fe9, and s.e.
forming the central, near-plandi~es} ring. However, in

t contrast tol, there are only three face-caps (Fe4,6,6A) and

appears that there has been partial oxidation of the desired€re are now three Feions (Fe3,3A,8) cappingdgesof

product [V140s(Me,bta)(OMe)sClg] to give 7, which can

(13) Kumagai, H.; Kitagawa, SChem. Lett 1996 471. Laye, R. H,;
Murrie, M.; Ochsenbein, S.; Bell, A. R.; Teat, S. J.; Raftery, Jd&u
H. U.; Mclnnes, E. J. LChem. Eur. 2003 9, 6215. Laye, R. H;
Larsen, F. K.; Overgaard, J.; Muryn, C. A,; Mclnnes, E. J. L,
Rentschler, E.; Sanchez, V.; Teat, S. J.gélyH. U.; Waldmann, O.;
Timco, G. A.; Winpenny, R. E. PChem. Commun2005 1125.
Tidmarsh, I. S.; Laye, R. H.; Brearley, P. R.; Shanmugan, M uSan
E. C.; Sorace, L.; Caneschi, A.; Mclnnes, E. J.Ghem Commun.
2006 2560.

4972 Inorganic Chemistry, Vol. 46, No. 12, 2007

the central Fes} ring (Figure 3). The “upper half” of the
molecule (as shown in Figures 3 and 4) is identical in
connectivity tol, with the samd Fey(us-bta)Cls} fragment
(Fe2,4,6,6A) bridged by,-O (08,9,9A) angi,-OMe (O1,-
1A,3,4) to the centra{ Fes} ring. The “lower half” differs
greatly: the apical Fe7 is five-coordinate trigonal bipyramidal

(14) Rabenau, AAngew. Chem., Int. EA.985 24, 1026.
(15) Jones, L. F. Ph.D. Thesis, The University of Manchester, 2003.
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Figure 4. Molecular structure of [FeOg(OH)(OMe)(bta)(MeOH)(H-0)- 0 . . . fan T .
Clg] (8) viewed parallel to the mirror plane containing Fe2, 4, 7, and 8. 0 20 40 60 80 100
and is bridged directly only to thgFes} ring, via threeus- T(K)
oxides (010,15,15A), with its remaining ligands being 240 -
terminal MeOH (O13) and water (O18). In place of face-
caps there are three edge-capping iretese fall into two o
types. Fe3 (and s.e.) is five-coordinate and caps the-Fel 200 g%ﬁr
Fe5 (and s.e.) edge of th€e;} ring via us-oxide (O7 and — ™t
s.e.); aus-bta binds Fe3 to Fel and to Fe8 (see below), % 160 | P"-'“'a [Fe, (bta),O,(OMe), ,Cl] 1
while aup-bta- 1,2-bridges to Fe5. Fe3 (and s.e.) also has & I * [Fe,(ta),O,(OMe),Cl] &
two terminal chlorides and its geometry is trigonal bipyra- X 4ol @
midal with N—Fe—N defining the axial direction. Fe3 and "’E :
Fe3A lie significantly below the plane of t§&e&;} ring. The S ! -
second type of edge-cap, Fe8, lies approximately in this | 80 : M
plane, capping the FetFelA edge via O12. Fe8 is bound = i
by two us-btar, bridging to Fe3 and s.e., and has two terminal 40r-
methanols and a terminal chloride trans to O12. The bridging ! . . L
0 50 100 150 200 250 300

within the centraf Fes} ring is viaus- andus-O?~ (010,15
and 08,9 respectively);-OMe~ (05,5A) and a single:,- T(K)
OH~ (O14). The oxidation state of all the metal ions i$'Fe  Figure 5. Plots of the ac magnetic susceptibilify)vs temperature (top)
as assigned by bond valence sum calculatiémghich also andy'T vs T (bottom) for5 measured in an ac magnetic field of 10 G and

; idai ; _ for frequencies 90, 1730, and 9300 Hz, as labeled. Inset (top): expanded
Zupposrt }he f?jrmma.tlon of the bndggg o.Xlgli_eSblemglhydrox x' vs T data for5 at 2-10 K. ¥'T vs T data forl (O) are included in the
ides. Selected metric parameters &are in Table S1 (s€€  bottom graph for comparison.
Supporting Information). _ S _ _

We reported recently that a similar non-solvothermal tripodal alcohols;” resulting in high nuclearity and high-
reaction with vanadium(lll) starting materials [ViOhith symmetry clustgrs. The lower coor(;hnatlon modes result in
Me,btaH and NaOMe in MeOH at room temperature] gives less compact (with respect to metal ions) and less-symmetric
the mixed-valence WV species [(WO)sV" o(Mesbtay(OH).- structures. Thus3 hasCs symmetry and contains three edge-
(OMe)d] (9).2°9 consists of a square-prism of vanadyl ions ¢aPping F& ions (capping the hexagonal bipyramid),
bridged to an internal ¥,(OMe), dimer. The edges of the =~ compared to the idealizeis symmetry ofl with only face-
square faces are formed via the 1,3-bridging mode of the €@PPing metal ions (Figure 3). Similarly in the vanadium
triazolates; four of these are and four areus. The analogous ~ chemistry, compound has only 2-fold symmetry and is
complex with btaH, rather than MataH, can also be much more open thah These two compounds also highlight

prepared, although the crystal structure is considerably more? Sécond important feature of the solvothermal conditions:
disordered. under conventional conditions we obtain a product with a

The differences between the structure8a@ind9 cf. the VI'/VWV ratio of 2:8, while solvothermal conditions give a
{Mi4} structuresl and 7 highlight two important features 12:2 (on average) product. Here the alcohol solvent is more

of the solvothermal conditions used to prephend?. Both r_educing under_ splvothermal conditions, thus allowing isola-
8 and9 contain a mixture ofi- and s triazoles, whereas tion of less OX|d|ze.d p.roducts..These contrasts bet.vxlleen
the species formed under solvothermal conditions containar.‘OI8 and7 and9 h'gh“ght the |mportanqe of exploring a
only the maximal«; coordination mode. We have previously wide temperaturg range in cluster chemistry.

noted the tendency of solvothermal conditions to force the . Magnetic StudEs.'I:he room-temperat_urgT value_ (?f.s
maximal coordination modes of bridging ligands, e.g., with is 61 cn? K mol™ (3" = molar magnetic susceptibility),

(17) Shaw, R.; Tidmarsh, I. S.; Laye, R. H.; Breeze, B.; Helliwell, M.;
(16) Brown, I. D.; Altermatt, D.Acta Crystallogr., Sect. BL985 41, Brechin, E. K.; Heath, S. L.; Murrie, M.; Ochsenbein, S:;dalj H.
244, U.; Mclnnes, E. J. LChem. Commur2004 1418.
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50~ and, hence, that the total spin states will be determined by
= the competinginteractions, leading to frustration. For the
ground state, a spin structure where the apical iron ions are,
say, “spin down” with all remaining ions “spin up” will result
if the J3/J,, Ji/J,, and Js/J, ratios are large enough to force
the spins of the face-capping'lféons and those of central
{Fes} ring to be parallel (Figure 3). This would giv&=
(12 x 5/2) — (2 x 5/2) = 25. Although modeling the
susceptibility data to determind,—J; by conventional
[Fe,(ta),0,(OMe),Cl] & methods is precluded by the size of the spin system, we have
, : , ; attempted to estimate them in the caselofia DFT cal-
2 4 6 8 culations coupled with Monte Carlo simulatioRgiving J;

uH (M) =22 chAl, Jb=-9 cmt J;=-30cnt! J;=—4cm?
Figure 6. Experimental magnetization vs applied magnetic field5at (H =. —JiSS) which suggest that the model above is
several temperatures. plausible.

However, a well-isolate® = 25 ground state would give
consistent with 14 high-spin Feions. On decreasing a low-temperature limiting'T value of 325 cri K mol~2,
temperature, this value increases steadily reaching a maxi-and clearly this is not achieved faror 5: the maximum in
mum of 180 crd K mol~* at ca. 19 K (Figure 5; data fdr %' Tis ca. 180 and 214 chK mol~ for 5 and1, respectively
are also shown for comparison), before decreasing rapidly (Figure 5). Possible causes of the downturn/i at low
to ca. 48 criK mol~ at 2 K. The large maximum value in  temperature are (i) ZFS of the ground state, (i) intermo-
%'T suggests low-lying states of very large spin. lecular interactions, or (i) population of low-lying excited

Low-temperature magnetization measurements as a funcstates. The first explanation can be ruled out by EPR
tion of applied magnetic field fob reveal that the molar  spectroscopy: Q- and W-band spectral@nd5 at 4 K, as
magnetization is tending toward saturation at aroun@t&0  powders and as frozen solutions, show only a single broad
(Figure 6), in an applied field of arodrv T at 2 K,consistent line of peak-to-peak width ca. 4000-@his implies that the
with a ground state spin @= 25 in this field. A saturation magnitude of the ground state ZFS is negligibt® (01 cnm?)

M (ug 1 f.u.)

magnetization of 5@ has also been observed fht albeit in both complexes.
at much lower applied fields (c& T at 2 K). ) Intermolecular interactions are expected to play an im-
Thus, changing the bridging ligand from btdo ta portant role at low temperatures, given the large magnetic

(compound1 to 5) has not grossly affected the molecular moment of the Feis} complexes. Irb these interactions are
magnetic propertle§, both. molecules having either g.round manifest in a sharp spike ji vs T at 3.4 K (independent of
states or very Iow-Iyl'ng e>§0|ted state§$)ﬁ 25. The massive frequency when measured by ac methods, see Figure 5 top
value ofScar_1 be ra'Flonallzed: conS|der|_ng the hexa-capped g inset), indicating the onset of long-range (antiferro)-
hexagonal bipyramidal topology of F'gFigure 3) and only  magnetic ordering of the lattice. This transition is also
considering magnetic exchange interactiods letween  gpserved in specific heat measurements (data not shown).
single-atom-bridged metal ions (Figure 2), there are only four \ye have observed a similar transitionlifi but at the lower
chemically distinct interactions iy and S: _ temperature oy = 1.8 K. This ordering temperature is too

(i) six J; interactions between the apical Fe ions (Fel and pigh to justify on the basis of a pure dipolar interaction
s.e.) and the face-capping ions (FeRand s.e.). These ions  petweens = 25 objects, and intermolecular superexchange
are bridged via.,-oxide with Fe-O—Fe angles in the range  nteractions must be playing a role. I the nearest

11:.3..41(12)—1.14.30(1.17, o intermolecular separations are 12.948 and 14.225 A (cen-
(i) 12 J; interactions bgtween the face_-capplng I0NS  troid—centroid), while the significantly smaller steric bulk
(Fe2-4 and s.e.) and those in the cen{rBk;} ring (Fe5-7 of the triazolate ligands i6 results in equivalent distances
and s.e.), vigu,-OMe [102.13(11)-102.86(12)] and u4- of 12.262 and 13.049 Al(and 5 pack equivalently, see
oxide [95.65(9)-96.16(10}], o Supporting Information) and we expect stronger intermo-
(iii) 12 Js interactions between the apical ions (Fel and |ecylar interactions. Hence, the closer molecular packing
s.e.) and those in thgFe;} ring (Fe5-7 and s.e.), viat- of 5 cf. 1 gives rise to a higher transition temperature to
oxide [124.11(13)125.08(12)], and long-range ordering fob. However, they'T vs T curves

(iv) six Js interactions between adjacent ions in the central tor 1 and 5 have their maxima at ca. 13 and 19 K,
{Fes} ring, via u,-OMe [100.44(11)101.48(12])] and us- respectively (Figure 5), i.e., well above the respective
oxide [94.60(10y95.71(10)]. _ ~ ordering temperatures. In addition, the valueybft Ty is

Assuming that all four interactions are antiferromagnetic, \ye|| below that expected fd8= 25 (Figure 5, inset). These

then from the Fe- O—Fe bridging angles, we would expect  gata imply that th& = 25 state is not exclusively populated
the relative magnitudes of these interactions to be in the orderg; 1, .

[Jal > |J1] > |Ja| & |J4], with the first two significantly larger
than the second two. Figure 3 shows that these four anti-(lg) Rajaraman, G.: Cano, J.. Brechin, E. K.. Mclnnes, E. JChem.
ferromagnetic interactions cannot be satisfied simultaneously ~ Commun2004 1476.
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Figure 7. Entropy-temperature curves fdr for applied magnetic fields
of H=0 (®) and 7 T ©O), determined from variable-temperature and field- Figure 8. Magnetic entropy changesS, for 1 (O, ref 4) and5 (M) as a
specific heat measurements (ref 4). function of initial temperature for an applied magnetic field changd ef

0—7 T, determined from the experimental magnetization data reported in

Hence, we conclude that the main contribution to the low- "6f 4 for 1. and in Figure 6 fos, respectively.

temperature/'T behavior ofl and5 has to be the presence o
. : . . the{Fe4 complexes becausk is significantly below the
of excited spin states at thermally accessible energies. The . .
. . : : temperature where the maximum MCE is observed. Hence,
frustration of the intramolecular exchange interactions results : .
. . S . the MCE is due to the very large spin. However, the observed
in low-lying states of similafs, but lower than 25, at relative

. . ; ASy is in fact too large to be explained simply by the large
energies determined by tlgJ,, Ji/J,, andJs/J, ratios. These . : ;
inhibit complete population of th8 = 25 state in the small value ofSbecause the maximum possible & 25 is|ASy|

applied fields of the susceptibility experiments. The fact _Rl '”ESJ“ h=3R, corr.espondmg 0 13.9 gnd 15.9J
: h ; kg~ K~1for 1 and5, respectively. The only possible source
that the maximum value of'T for 5 lies well below that . S
o L for the observed excess of magnetic entropy again lies in
of 1 indicates a larger degree of frustration in the former

and, hence, a greater density of low-lying spin states. This the large degree of internal frustration of the clusters (see

; : . . . above), leading to low-lying excited spin states that are
Is also apparent in the higher applied fields necessary tothermall accessible even at these low temperatures. We
saturate the magnetization fip and it is possible that th® y P )

T o . . . ., therefore hoped that the larger frustratiorbjras discussed
= 25 state is itself a low-lying excited state (in zero-applied . . :

. . . . : above, would lead to an even higher MCE for this material.
field) in 5. These subtle changes in relative energies of low- _. . : :

. ; . . Figure 8 gives\S, as a function off for 1 and5, determined
lying spin states would require only very small changes in from M(H.T) data (Figure 6) by methods described else-
the Jo/Jy, J/Jp, and Js/Js ratios and hence very small here? ' 9 y
differences in the metric parameters band5 (Tables 2 where-
and 3) The maximum response f6ris also at ca. 6 K, butAS,

T 0 ]
As described in the Introduction, the huge ground (or very is significantly enhanced by over 30% df, at 20.3 J kg

. . . K-l We thus emphasize thdt and 5 have significant
low-lying) stateSof 1 gives rise to a very large MCE because ial as | i refri b
of the large magnetic entropy changes on magnetization/pOtent'a as low-temperature magnetic refrigerants because

demagnetization. Figure 7 gives entropy-temperature curvesmc their huge spin lowest lying states, withbeing better
gr -9 9 Py ber than1 due to the higher degree of frustration. Direct MCE
determined forl, by methods described previously, for

: o : measurements, as well as a detailed theoretical investigation
applied magnet'c fields of 0 ano_l 74TThe maximum MCE of the electronic spin configurations, of these materials are
response is revealed by plotting the isothermal entropy

change as a function of temperature (Figure 8), andLfor underway and will be reported later.
the maximum in-ASn s 15.3 J kg* K- at T = 6 K. This The magnetic behavior of the distortgBe s} structures

corresponds to a temperature change on adiabatic demag'—S very different. The room-temperature valu€gris 16.5

netization ofAT = 5.8 + 0.8 K# These values are higher cm® K mol~t and decreases almost linearly down to ca. 30

; K where it plateaus at a value of around 93k mol!
than those for any other material for temperatures below 10 (Figure 9). This low-temperature value suggestsSan 4
K, at least 30% larger than the alloys {EDyAl, (x > 9 : b 99

0.5), which are the next best materidls ground state. A lower spin ground state tHaand5 is easy
.M,agnetic phase transitions are as.sociated with Iargeto rationalize, as there is no direct link between the “bottom”

entropy changes in a narrow temperature range ardnd apical iron ion (Fe7) and the edge caps (Fe8,3,3A; Figure

which may lead therefore to a significant MCEHowever, 3), hence these spins can align antiparallel with those of the

. X . central{ Fes} ring. However,S = 4 cannot be rationalized
this cannot be the main reason for the very large MCE in on the basis of a simple “spin tspin down” model as for

1 and5 and suggests that the competing antiferromagnetic

(19) Manuel, E.; Evangelisti, M.; Affronte, M.; Okubo, M.; Train C.;
Verdaguer, M.Phys. Re. B 2006 73, 172406. Evangelisti, M;
Manuel, E.; Affronte, M.; Okubo, M.; Train, C.; Verdaguer, M. (20) Lima, A. L.; Gschneider Jr., K. A.; Pecharsky, V. K.; Pecharsky, A.
Magn. Magn. Mater2006 in press. O. Phys. Re. B 2003 68, 1344009.
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18+ the Cr complex6, the angles corresponding to thk
o interactions (via oxide, 013) andJ, andJ; interactions (via
16 .‘..__.-" alkoxide, 04-8,9—12) are significantly smaller (by a few
deg) than in the kg analogues. However, predicting the
e - effect of these changes on the magnetic structure is not
<) ey .
£ .r"'. straightforward.
p 4 12 The magnetic properties af were not measured given
g the likely solid solution nature of [MVCI)s—x(VO)x(Mezbtak-
g (OMe)g] in the solid state.
10
= [ Conclusions
8

In summary, we have developed a general synthetic route
T/K have illustrated the importance of the solvothermal heating
_ _ _ o regime on the compactness of the resulting molecular
Figure 9. T vs T for 8, measured in applied magnetic fields of 2000 structures (by forcing the maximums-coordination modes
(300-50 K) and 500 G (562 K). . L
of the 1,2,3-triazolates) and on the level of oxidation of the

P L 91 cluster when M is redox active (V). We have shown that
1. :.22 the M = Cr and Fe clusters have remarkably different
L 20 magnetic behaviors, witls = 0 andS < 25 ground state
- 124 L 18 electronic spins, respectively, despite both being dominated
© 104 16 ™, by intramolecular antiferromagnetic interactions. Within the
E 8 :-14 ~ series of Fe complexes we observe major differences in the
ME N F12 3 intermolecular interactions leading to long-range magnetic
O -10 3"» ordering at temperatures governed by the steric bulk of
|: 4 8 O the triazolates. We also observe a more subtle intramole-
= o -6 cular effect where very small changes in the exchange
0. }4 couplings lead to small changes in the relative energies, and
—rr—7+2 density, of the low lying spin states. This latter phenomenon
100 150 200 250 300 enhances the magnetic entropy available at low temperatures,
T/K already very large due to the huge spins involved, and
Figure 10. »T vs T for 6, measured in applied magnetic fields of 500 consequently to an enhanced MCE (as judged by the
(2—100 K) and 1000 G (106300 K). isothermal magnetic entropy changes). For this readuas

an even larger MCE (by ca. 30%) thanHence, this work

not only further illustrates that very large MCEs can be
derived from molecular cluster species but also that it can
be tuned by simple chemical modifications. The MCE found
for these materials are by far the largest reported to date in
the temperature regime below 10 K, and hence, these
materials are of potential interest in low-temperature cooling
applications.

exchange interactions @are similar in magnitude to each
other. The complexity and low symmetry of the structure
negate modeling of the susceptibility data.

The magnetic behavior @, the CH' analogue ofl, is
very different again. At room temperatupgl is at a value
of 15.7 cn? K mol~* and is already decreasing rapidly with
decrease in temperature (Figure 1§)! vs T is linear
between 300 K and ca. 50 K (Figure 10), and fitting to this
region gives a Curie constant of 23.4tKimol 2, close to Experimental Section
the value expected for 14 tions with ag-value less than
2. At low temperaturegT is tending toward zero, indicating
a diamagnetic ground state. Thus, the competing antiferro-

magnetic interactions tﬂat result !n thes 25 ground_state techniques for anaerobic synthetic procedures. Manipulations of
of 1 and5 lead to anS = 0 state in6 and not theS = 15 CrCl, were performed in a dinitrogen-purged glove box, and for

state that would result from a similar spin structure. This the synthesis o, all manipulations were conducted under anaerobic
implies that thely/J,, Ji/J2, and Js/J, ratios must be much  conditions.

smaller in 6, such that the competing antiferromagnetic  Physical Measurements. Crystallography Crystal data, data
interactions lead to a very low (or zero) net spin in the ground collection, and refinement parameters figr5, 6, 7, and8 are in
state. Unfortunately, this frustrati®nprecludes the use of Table 1, and selected bond lengths and angles are Tables 2 and 3.
Quantum Monte Carlo methods for modeling the susceptibil- Single-crystal X-ray diffraction data were collected on a Bruker
ity data. The very different magnetic behavior may have its Smart APEX CCD area detector using MaxKadiation ¢ =

roots in the different M-O—M angles in6 cf. 1 (or 5). In 0.71073 A) andv scans 2, 8), an Oxford Diffraction XCalibur2
area detector using Mod<radiation ¢ = 0.71073 A) andv scans

(21) The term “frustration” strictly only applies in the case of a degenerate (3, 4, 6), or a Brlﬂker Smart APEX CCD area detector using
ground state, see Kahn, Ghem. Phys. Lett1997, 265 109. synchrotron radiationi(= 0.68930 A) andv scans at Daresbury

Materials and Procedures.All chemicals were purchased from
Aldrich and were used without further purifications. Solvents were
purchased from BDH; methanol was distilled using standard

4976 Inorganic Chemistry, Vol. 46, No. 12, 2007



M4 Clusters with Huge Spins and Magnetocaloric Effect

Laboratories station 9.&( 7). All diffractometers were equipped

699 (w), 572 (m), 467 (m). Unit cell details: tricliniel, a =

with an Oxford Cryosystems low-temperature device. Data were 15.003(2) Ab = 16.881(2) A,c = 23.393(3) A,a = 95.627(23,
corrected for Lorentz and polarization factors. Absorption correc- = 91.418(2),y = 106.937(2), V = 5390.8(12) & z = 2. 3:

tions were applied to all data. All structures were solved by direct
methods using SHELXS-97. All structures were completed by
iterative cycles of AF-syntheses and full-matrix least-squares
refinement. All refinements were agaifstand used SHELX-97
Data for2—4 were of insufficient quality to allow full structure

Elemental analysis, observed (calculated for 1,E@Hgo
CleN1g024): C, 28.59 (29.48), H, 3.61 (3.69), N, 10.51 (10.32),
Cl, 9.59 (8.72), Fe, 32.49 (32.10). IR (KBr)cm™t 2923 (m),
2820 (m), 1437 (w), 1269 (m), 1224 (m), 1059 (s), 835 (w), 807
(m), 765 (w), 573 (s), 473 (m). Unit cell details: monoclift2-

analysis but were suitable for the structures to be confirmed as (1)/n, a= 15.6975(32) Ap = 13.6998(31) Ac = 20.3164(44) A,

[Fe1406(L) s(OMe)1sClg] (unit cell details given below). The crystals
of 5 were found to be twinned, and a twin correction had to be
applied (see cif for full details). Fov, all atoms were refined
anistropically except for the partially occupied and disordered
solvent molecules. The hydrogens on the methyl groups of the Me

B = 94.868(17), V = 4353.33 B, Z = 2. 4. Elemental analysis,

observed (calculated for B£54H7,Cl1o2N1g024): C, 24.13 (25.29),

H, 2.48 (2.83), N, 9.65 (9.83), Cl, 16.94 (16.59), Fe, 29.91 (30.49).
IR (KBr) v/cm™% 2926 (w), 2822 (w), 1465 (w), 1431 (w), 1276
(w), 1220 (w), 1056 (s), 941 (m), 813 (s), 723 (m), 600 (s), 473

bta ligands were found, and these were refined using a riding model. (). Unit cell details: triclinicP1, a = 14.5095(26) Ap = 18.3622-
H-atoms on the methoxides and solvent molecules could not be (31) A, ¢ = 19.4758(28) Ao = 83.726(13), = 71.622(14), y

found and were omitted from the refinement. For all other
molecules, all non-H atoms were refined anisotropically, except

= 83.814(149, V = 4879.93 R, Z = 2.
[Fe1404(ta)s(OMe)15Cl¢] (5). A similar reaction forl (method

those of any partially occupied solvent molecules, and H atoms A), but substituting triazole (§4,NsH, taH) (0.09 g, 1.43 mmol)
were included in calculated positions except those of any solvent for btaH, gives5 in 20% yield. Elemental analysis of dried (fully

molecules which were not included.

Magnetic Measurements.For complexesl and 5, magnetic
moment and susceptibility data dowm2 K and for the 0< H <
7 T magnetic field range, were obtained with commercial Quantum
Design magnetometers with an ac option. Magnetic daté tord
8 were measured by dc methods, in applied fields of 500 (below
100 K) and 1000 Gthere was no significant dependence of the
low-temperature data with applied field. All data were collected
on powdered samples of the compounds.

Synthesis. [Fg/Og(bta)s(OMe)1¢Clg] (1). Method A.3 A solution
of [Fes0O(O,CMe)s(H20)3]Cl (0.30 g, 0.48 mmol) and btaH (0.17
g, 1.43 mmol) in methanol (9 mL) was heated in a Teflon-lined
autoclave at 100C for 12 h under autogenous pressure. Cooling
to room temperature at a rate of 0.85 min~! gives red crystals

desolvated) sample, observed (calculated for,4ERHss
ClgN1g024): C, 17.00 (17.51), H, 2.88 (3.23), N, 12.27 (12.25),
Cl, 11.11 (10.34), Fe, 37.01 (38.00). IR (KBrcm™L: 2924 (w),
2819 (m), 1445 (w), 1205 (m), 1124 (m), 1060 (s), 976 (m), 808
(s), 722 (w), 575 (s), 471 (m).

[Cr1406(bta)s(OMe)1gCl¢] (6). Method 1. A solution of CrCh-
6H,0(2.4 mmol), btaH (0.29 g, 2.4 mmol), and NaOMe (0.07 g,
1.2 mmol) in MeOH (9 mL) was heated in a Teflon-lined autoclave
at 150°C for 12 h. Slow cooling to room temperature gives a dark
green solution. Slow evaporation gave green hexagonal plate-shaped
crystals, together with an insoluble brown precipitate, after 6 weeks.
The crystals were separated manually (ca. 5% crude yield).

Method 2. A similar reaction to method 1, but using Cs@0.30
g, 2.4 mmol) in place of CrGi6H,0, yielded small block-shaped

and an orange precipitate. The insoluble precipitate was separatedyreen crystals o directly from the reaction solution, together with

by repeated washing and decanting, leaving the red crystdls of
which were air-dried (40% yield based on iron). Elemental analysis
(%), observed (calculated for E€s4H7sClsN15024): C, 26.51
(27.40), H, 3.10 (3.33), N, 10.21 (10.69), Cl, 9.56 (9.02), Fe, 32.03
(33.16). IR (KBr)v/cm™L: 2924 (m), 2821 (m), 1574 (w), 1491
(w), 1444 (w), 1348 (w) 1274 (w), 1223 (s), 1136 (w), 1057 (s),
996 (w), 926 (w), 788 (m), 757 (s), 642 (w), 573 (s), 471 (s).

Method B. A solution of anhydrous Fe€(0.30 g, 1.85 mmol),
btaH (0.22 g, 1.85 mmol), and NaOMe (0.10 g, 1.85 mmol) in
methanol (9 mL) was heated in a Teflon-lined autoclave at°*T0
min~! for 12 h under autogenous pressure. Cooling to room
temperature at 0.08C min~! results in red crystals and an insoluble
orange precipitate. The red crystals bfvere isolated as above
(20%). Elemental analysis, observed (calculated for,CeH7s
ClgN1g024): C, 27.00 (27.40), H, 3.12 (3.33), N, 10.33 (10.69). IR
(KBr) v/lcm™1: 2923 (m), 2820 (m), 1572 (w), 1489 (w), 1444 (w),
1349 (w) 1272 (w), 1223 (s), 1137 (w), 1055 (s), 998 (w), 926
(w), 788 (m), 755 (s), 641 (w), 574 (s), 470 (s).

[Fe1406(L) s(OMe)16Clg] [L = Mejbta™ (2), Mebta™ (3), Clbta~
(4)]. Similar reactions as fat, but substituting L (0.48 mmol) for
btaH, yield2—4 in 20—40% yield.2: Elemental analysis, observed
(calculated): C 30.20 (31.38), H 3.62 (4.07), N 9.68 (9.98), CI
9.01 (8.42), Fe 30.40 (30.95). IR (KBr)cmt: 2926 (m), 2821
(m), 1566 (m), 1487 (m), 1458 (m), 1437 (m), 1284 (w), 1285
(w), 1222 (m), 1172 (w), 1058 (s), 1000 (m), 854 (m) 824 (w),

(22) SHELXL-PC PackageBruker Analytical X-ray Systems: Madison,
WI, 1998.

an insoluble brown precipitate. The crystals could be separated
manually [28% crude yield; unit cell details: monocli#g(1)mn,
a=15.004(2) Ap=19.315(3) Ac=23.320(2) A = 110.158-
(3)°, V=3890.0(10) &, Z = 2]. However, for an analytically pure
sample, the crystals and powder were filtered, washed with
methanol, dried, then dissolved in gEl,, filtered, and layered with
MeOH to obtain X-ray quality crystals (Table 1). Elemental analysis
of dried sample, observed (calculated ®BCH,Cl,): C, 26.55
(26.76), H, 3.30 (3.31), Cl, 17.18(16.63), Cr, 28.05 (28.45), N, 9.76
(9.85). IR (KBr): v/em™t 3432 (br), 2925 (s), 2821 (w), 1629
(w), 1439 (w), 1280 (m), 1230 (m), 1067 (s), 796 (m), 759 (m),
621 (s), 538 (s), 439 (w).

[V 1406(bta)s(OMe)1sCls—xOx] (7). A similar reaction to method
B for iron was performed. A mixture of VE(0.25 g, 1.59 mmol),
MesbtaH (0.46 g, 3.18 mmol), and NaOMe (0.17 g, 3.18 mmol) in
methanol was heated in a Teflon-lined autoclave at XG@or 12
h. Slow cooling to room temperature yielded small brown block-
shaped crystals df, which could be separated by decanting and
washing with methanol to leave the crystals which were dried under
dinitrogen (15%). Elemental analysis of dried sample, observed
(calculated for GgH102N18026ClsV14): C, 31.06 (32.78), H 3.93
(4.25), N 10.38 (10.42), CI 5.99 (5.86), V 29.01 (29.49). IR (KBr)
vicm™1 2924 (m), 2817 (m), 1445 (w), 1228 (w), 1064 (s), 968
(m), 793 (m), 755 (m), 605 (m), 495 (m).

[Fe140o(OH)(H»0)(OMe)g(bta);(MeOH)s(Cl)g] (8). Addition of
addition of NaOMe (0.17 g, 1.25 mmol) to a solution of FeCl
(0.5 g, 1.25 mmol) and btaH (0.37 g, 1.25 mmol) in MeOH (40
cm?) was left standing for 24 h then filtered to remove an insoluble
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precipitate. Slow evaporation of the filtrate gave red platelike Trust, the EPSRC, and the EC (NMP3-CT-2005-515767
crystals of8 (ca. 25%). Elemental analysis (%), observed (calculated “Magmanet”) for funding.
for C55H75024N21CI8F614): C, 26.20 (2661), H, 2.55 (302), N,

12.13 (11.85); Selected IR bands (KBfcm™t: 1618 (m), 1573 Supporting Information Available: Crystallographic cif files
(W), 1443 (m), 1272 (m), 1222 (s), 1146 (w), 1036 (m), 993 (w), and thermal ellipsoid plots fob—8; metric parameters foB;
789 (s), 748 (s), 641 (m), 595 (w), 563 (w). packing diagrams fofl and 5. This material is available free of
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