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The reaction of the trimetallic species [FesO(PhCOO)s(H,0)s]JNO3 with 1,1,1-tris(hydroxymethyl)ethane (Hsthme)
affords either the octametallic species [Feg(PhCOO):»(thme),] 1 or the hexadecametallic species [Feis(EtO)s(PhCOO);6-
(Hthme)12](NO3)4 2, depending on the nature of the solvent used for crystallization. The structure of 1 can be
described as a nonplanar wheel of eight Fe'" ions bridged by a combination of PhCOO~ and thme®~ ligands, and
2 as a nonplanar wheel of sixteen Fe"" ions bridged by PhCOO~, Hthme?~, and EtO~ ligands. Both compounds
can be broken down into simple units of two metal ions and the bridging ligands that connect them. The best fits
of the  vs T curves in the 300—10 K temperature range were obtained with the parameters g = 2.0, J; = —24.0
cm~, and J, = —8.59 cm~! for [Feg] and g = 2.0, J; = -25.0 cm™?, J, = =11.73 cm?, and J; = —69.3 cm™!
for [Fey]. Density functional theory (DFT) calculations show that the antiferromagnetic interactions between the
metals in the dinuclear units decrease when two types of bridging ligands are present, as expected for an orbital
counter-complementarity effect.

Introduction in the synthesis of novel transition metal clusters with Mn,
Ni,6 Co,” and F€® We previously communicated the synthesis
of the two Fé' wheels [Fg] 1 and [Fag 2,° and now we
report a detailed study of their magnetic properties.

The study of the magnetic behavior of large metal clusters
is a topic of great current intere’skuch of this has resulted
from the discovery that some metal clusters that have a large
spin ground state and a significant negative zero-field
splitting of that ground state possess a molecular magnetic
memory effect An intriguing class of cluster in this respect Computational Details. A detailed description of the compu-
is the “molecular wheel”. Most even-membered wheels are tational strategy adopted in this work has been described elsévhere
antiferromagnetic and characterized®y 0 ground states$, and is only briefly reviewed here. For the evaluation of the coupling
and although they cannot function as single-molecule constant of dinuclear models, two separate calculations are carried
magnets (SMMs), they represent ideal model systems forout by means of density functional thed#yone for the triplet and

the study of one-dimensional (1-D) magnetic materials, f'inother for the singlet state. The hybrid B3LYP methdas

quantum effects, and magnetic anisotrépy implemented in Gaussian98has been used in all calculations,
We have been investigating the chemistry of the pro-ligand
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mixing the exact HartreeFock exchangé with Becke's expression
for the exchange and with the Le&¥ang—Parr correlation func-
tional > Double< quality and triple€ quality basis sets proposed
by Ahlrichs and co-worket§ have been employed for non-metal

and metal atoms, respectively. For the metal atoms, we have also

added two extra polarization p functions. The presence of a low-
energy excited singlet makes it difficult to accurately evaluate the
energy of the lowest singlet by a single-determinant method. To
solve this problem, broken-symmetry wave functions, as proposed
by Noodleman et al., have been uséd® Previously, it has been
found that, among the most common functionals, the B3LYP
method combined with the broken-symmetry treatment is the
strategy that provides the best results for calculating coupling
constantd®2+23 |t is clear that for broken-symmetry HartreEock
calculations it is necessary to make a correction due to the
multideterminant character of the wave function of the low-
multiplicity state?® On the other hand, for DFT calculations we
adopt single-determinant wave functions for which DFT is well-
defined?4-26 Then, we use the broken-symmetry energy calculated
by DFT methods as the real energy of the state.

Structural Descriptions. The structure of [F€PhCOO),-
(thme)] 1 (Figure 1) can be described as a wheel of eight Fe
ions bridged by a combination of PhCO@nd thmé- ligands.
The PhCOO ligands bridge neighboring Feions in their usual
u-manner, while the triply deprotonated thindigands show much
greater flexibility in each bridging four iron centers, with each arm
providing au,-oxygen for adjacent iron centefghus each Fe center
in 1 is bridged to its neighbor either by two alkoxides and one
carboxylate or by one alkoxide and two carboxylates. The structure
of [Feis(EtOu(PhCOO)¢(Hthme)s(NO3)s 2 (Figure 2) is best
described as a wheel of sixteen"F@ns bridged by PhCOQ
Hthme~, and EtO ligands. The PhCOOagain bridge in their
familiar u, mode, but in this structure the tripodal ligands are only
doubly deprotonated (Hthrfig). Eight of these ligands use their
two deprotonated arms as bridges, forming a nearly linear chain
of three metals, with the third protonated arm bonded only to the
central iron center. Four Hthrfieligands occupy the central cavity
of the wheel: the deprotonated arms again acting.aridges,
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Figure 1. Structure ofl.

Figure 2. Structure of2.

with the protonated arm hydrogen bonding to the monodentate arm
of an adjacent Hthnfe ligand and to a water molecule above the
central cavity of the wheel. There are now also four Eti@ands
present, each bridging two iron centers on the outside edge of the
wheel. The result is that each Fe centeRirs bridged either by

two alkoxides and one carboxylate, by one alkoxide and two
carboxylates, or solely by two alkoxides.

Results and Discussion

Initial studies of the magnetic behavior for both complexes
showed the presence of dominant antiferromagnetic inter-
actions, suggestin§= 0 ground state$Herein we analyze
the data in more detail. Both and2 can be broken down
into simple units of two metal ions and the bridging ligands
that connect them. These simple units will be referred to as
“basic interaction units” (BIU). Despite the small structural
changes between similar BIW, and 2 could be modeled
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Figure 4. Experimental and theoretical (solid lineg) vs T curves for
Fes (O) and Fg (O).

us to assign theg; and J, values to the found constants.
However, in the interaction topology associated vdthl,
Figure 3. Scheme of the exchange interactions i EH and Fes (2). IS more prevglent thag andJs, so the analys'ls of thﬁ" vs
The three different basic interaction units are shown. T curve of this compound allows us to assign a value for
the J, coupling constant but not fal andJs. The value of
following the interaction schemes shown in Figure 3. In these J, obtained for2 helps us to assign a value fér andJ; in
schemesJy, J,, andJ; are the magnetic coupling constants 1. In the same way, thd andJ, values inl help us to find
between two P& ions, for each one of the three different the values fod; andJ; in 2. Thus, the best fits of the vs
BIU found in these systems. These three BIU have different T curves (Figure 4) in the 36610 K temperature range are
kinds and numbers of bridging ligands. Thus, BIU1 repre- obtained with the following parameterg:= 2.0004 0.004,
sents one alkoxo and two carboxylate bridging ligarlds (  J; = —24.04 0.3 cm'!, andJ, = —8.59+ 0.06 cmt (F =
BIU2 represents two alkoxo and one carboxylate bridging 1.4 x 1075 andR? = 0.9995) forl andg = 2.0004- 0.003,
ligands (,); and BIU3 represents only two alkoxo bridging J; = —25.04+ 0.8 cnT?, J, = —11.734 0.04 cn1?, andJ;
ligands (3). = —69.3+1.2cm!(F=8.9 x 10 % andR? = 0.9998) for
To analyze the magnetic behavior dfand 2, we have 2. This assignment is in agreement with thealues found
found exact analytical equations for th@ product as a  for the previous [Fg] (J. = —9.8 cnT?), [Fej] (J = —10.1
function of the temperature, using the interaction topologies cm™* andJ, = —15.8 cn1?), and [Feg (J; = —19.1 cn1?
shown in Figure 3 and the phenomenological Heisenbergand J, = —8.0 cm?) ferric wheels and Fé dinuclear
HamiltonianH = —J3;; SS. These equations have been complexe$®-34
developed following the classical spin approach and the To understand the electronic factors that rule the magnetic
methodology previously described by Fisher for one- exchange couplings in these compounds, we have performed
dimensional systen®. This methodology can be applied DFT calculations on the series of models shown in Figure
since the spin correlation paths generated by the interaction5. To avoid expensive and time-consuming calculations, the
schemes shown in Figure 3 are large enough to neglect spirbridging ligands have been simplified. These series of models

autocorrelation contributions through an entire 18®fFhe allow us to study how the simplification of the bridging

obtained analytical laws are shown in the electronic Sup- ligands can affect the magnitude of the magnetic interaction.

porting Information. These models have been built from the crystallographic
Fits of the molar magnetic susceptibility curvegsys T, structure of2. For modelsla, 2a, and3a, the metal ion and

have been performed by use of the Mathematica pac¥age. the bridging ligands have been fixed in their experimental
The fit obtained forl is unique, but in the case of compound geometrical positions, while the peripheral ligands have been
2 two sets of values have been obtained from the fit of the substituted by ammonia groups and the nitrogeetal

x vs T curve, for different starting values di, J,, andJs. distances have been optimized, fixing the bond direction.
One of these two sets has been discarded, however, becausthe optimization of the FeN bond distances allows a proper
the g-factor obtained for the Mk ions is too big (2.13). tuning of the ligand field of the ammonia group. Models in
Moreover, the agreement factor of the fit, definedFas

By — )12 YR (30) Taft, K. L.; Delfs, C. D.; Papaefthymiou, G. C.; Foner, S.; Gatteschi,
{20 ooli) = 2earcdDIFH 3 [xcared )]} is rather worse than D.; Lippard, S. JJ. Am. Chem. S0d994 116, 823.

that obtained for the other set. (31) Raptopoulou, C. P.; Tangoulis, V.; Devlin, Angew. Chem., Int. Ed.
From an analysis of the molar magnetic susceptibility @2) i%ozl\jll, 2386.A L Cano. 1. Christian. P Mallah. T Rad
- . u-Nawwas, A. H.; Cano, J.; Christian, P.; Mallah, T.; Rajaraman,
curve,y vs T, the interaction topology of does not allow G.: Teat, S. J.. Winpenny, R. E. P.: Yukawa, @hem. Commun.
2004 314.

(27) Fisher, M. EAm. J. Phys1964 32, 343. (33) Watton, S. P.; Fuhrmann, P.; Pence, L. E.; Caneschi, A.; Cornia, A.;
(28) Cano, J.; Journaux, Y. Monte Carlo Simulation: A Tool to Analyse Abbati, G. L.; Lippard, S. JAngew. Chem., Int. Ed. Endl997, 36,

the Magnetic Properties, IMagnetism: Molecules to Materials 2774.

Drillon, M., Ed.; Wiley—VCH: 2004; Vol. 5 (in press). (34) Scarpellini, M.; Neves, A.; Bortoluzzi, A. J.; Vencato, I. H.; Drago,
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Figure 5. Structure of the models of the three familids 2, and3) corresponding to the three different basic interaction units presentiin Fe

Table 1. Calculated) Values for the Studied Models

la 1b 1c 2a 2b 2c 3a 3b 4 5 6 7
Ja -18.1 -13.3 —-235 -13.1 -15 +1.3 —65.3 -15.9 -0.6 —-21.7 -15.3 -32.1
Jp —-25.0 -11.7 —69.3

a|n reciprocal centimeters$.Experimental values for ke

Figure 5 have been grouped into families, representing theThis can be explained since the energies of the orbitals of
three different BIU. In some models, the alkoxide and the benzoate and acetate groups involved in the transmission
benzoate ligands have been replaced by simpler methoxideof the magnetic interaction are different, and consequently,

and acetate groups, repectively. the magnitudes of their interaction with the magnetic orbitals
The calculated values for the studied models are shown of the metal ions are also different. However, there is another
in Table 1, together with the experimentalvalues for2. possibility. The methyl group has a weaker electrophilic

First of all, it can be seen that there is good agreement character than the phenyl group, and so the electronic density
between the calculated values of theonstants for models  on the OCO exchange pathway in the acetate ligand is higher
1a, 2a, and3a and the experimental values &f J,, andJs. than in the benzoate ligand. This therefore involves a stronger
This agreement confirms the previous assignments ofithe interaction with the magnetic orbitals of the metal ion, a
experimental values. On the other hand, there is a non-larger energy gap between the SOMOs (single occupied
negligible change in thd value when the benzoate group is molecular orbitals) and, in line with the Hayrhibeault-
replaced by an acetate ligand (skealues forlb and1c). Hoffmann (HTH) modef® a stronger antiferromagnetic
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contribution. This has been seen previously in a theoretical Me
study on carboxylate-bridged dinuclear'Gzomplexes®

Neves et af’ observed that the magnitude of the antifer-
romagnetic interaction in dinuclear hisélkoxo) F¢' com- HeN {\ Nig Q /
plexes is rather variable (from4.4 to—57.2 cn?) but did \ : / HSN'_"f\ PNy /
not find any correlation between the exchange coupling HSN;FE'—/:'NHS ;ﬁe{ﬂi o— ~Few0,-—Fe<"' HHs
constants and the structural parameters consideredd@Fe HsN / NHs \J NH;
Fe angles and FeFe distances). From the experimental data NHs HsN ME  OH  OH
in the literature, we have observed that (Table S3), in the 4 5
same way as the Ruiz studies of dinuclear /isydroxo) on
and bisfi-alkoxo) CU complexes?°the magnitude of the y OH: gy,
interaction depends on the angle formed between th®C “’”\'f"f/ Hzo\'f/NHs N HO, | NHs
bond in the alkoxo group and the & plane,r, that ranges /Ff\\ /FT\ /F; “\D/F‘T\
from 136 to 18C°. The antiferromagnetic contribution is N’ O FETR T N O HsN NHs
stronger wherr is equal to 189, i.e., when the CO group ))\ 3}\
of alkoxo bridging ligand is placed in the same plane as the Me " Me
Fe,0, motif. The average value afin model3a (153) is Me 6 © 7

not high enough to explain the strong exchange coupling
found in BIU3 {Js). Another remarkable point is the strong
decrease of the magnetic interaction following the substitu- metal ion is attached to three peripheral Fe ions arranged in
tion of the polyalkoxide ligand by a simpler methoxide group a centered triangle. However, only our compound,s{Fe
(seeld values for model8a and3b). We have verified that  (thme)(C3sH;OH)eClg], presents the OCCCO exchange path-
these particular results are not due to an error in the way thanks to the polyalkoxide ligand that bridges the metal
evaluation of thel constant by DFT calculations on these ions. Since both systems show similar#&—Fe angles and
types of systems: we have evaluated dheonstant in the  exhibit similar antiferromagnetic interactions, we can con-
experimental compounds [keidi)(H.O),] and [Fe(acac)- clude that the large OCCCO pathway is not efficient for the
(OEt)] (where Hheidi and acac= [N(CH,COOH)Y(CH,- transmission of the magnetic interaction. Consequently, the
CH,0OH)] and pentane-2,4-dionate, respectivéfyf,and the polyalkoxide ligand transmits the magnetic interaction
calculated values{21.6 and—22.6 cn1?, respectively) agree  through an exchange pathway consisting of only an oxygen
with the experimental ones-@6.8 and—22.0 cnt?). atom. Furthermore, the efficiency of the OCCCO pathway
There are three possible reasons to justify the decrease ohas been tested on mode(Figure 6), which has been built
the exchange coupling from modda to 3b: (1) the long avoiding steric effects. The obtainddsalue is—0.6 cni.
OCCCO exchange pathway is efficient in the transmission This value confirms the inefficiency of this pathway and
of the magnetic interaction in mod&a; (2) there is an  Vvalidates the chosen interaction topology ®yrwhere the
important peripheral ligand influence, as has been reportedinteractions between nearest non-neighbors have been ne-
for some system® due to the substitution of the alkoxide 9glected. The effect of the peripheral ligand is not large
ligands by ammonia groups; or (3) the different electrophilic €nough to explain the strong decrease Jaf values from
character of the substituent in the alkoxo group. A tetra- models3ato 3b and cannot explain thé; value obtained
nuclear F& compound of formula [F&thme)(CsH;O0H)sCl] from the experimental data. From tabulated Hammet param-
made by ug3and a complex of formula [REOMe)(dpm)]* eters, we can deduce that an alcohol substituent presents a

both contain similar metaloxygen cores in which the central weaker electrophilic character than a methyl group. This
electrophilic character decreases even more in the basic

Figure 6. Structure of modeld—7.

(35) Hay, P. J.: Thibeault, J. C.; Hoffmann, ®.Am. Chem. Sod.975 (alkoxo) form of the substituent, and a stronger antiferro-

(36) ??ZS(i%?JiZ—Fortea A.; Alemany, P.; Alvarez, S.; Ruiz,Ghem. Eur magnetic interaction C?‘n be eXp-eCted from the- mQand
J.2001 7, 627, T T ' B than from the acetate ligand. This would explain dhalues

(37) Neves, A.; Rossi, L. M,; Vencato, I., H.; Haase, W.; WernerJR.  found for models3aand3b. The high experimentals| value

=8) %Eiezn"Ef"ACIérE:r']‘;”PT;raA?faﬁgg’739;705";?05‘3%?%15;”1“_ersec')’(‘iggz obtained here can therefore be explained in the same way.
119 1297. The small deviations in the DFT results from the experi-

(39) gsugé, E.; Alemany, P.; Alvarez, S.; Canoldorg. Chem.1997, 36, mental values for modelsa, 2a, and3a can be explained

(40) Powell, AK.; Heath, S. L.; Gatteschi, D.; Pardi, L.; Sessoli, R.; Spina, DY replacement of the peripheral ligands with ammonia
G.; Del Giallo, F.; Pieralli, FJ. Am. Chem. S0d.995 117, 2491. molecules.

(41) fghs'i”é?'ggé%"esana' O.; Tarantelli, T.; Zanazzi, Plriérg. Chem. Finally, in model3a, the antiferromagnetic interaction is

(42) Ronia, P.; Guzma-Miralles, C.; Luque, A.; Beltia, J. L.; Cano, J.;  Stronger than in modé&a. A similar situation is found when
Lloret, F.; Julve, M.; Alvarez, Sinorg. Chem.1996 35, 2858. model2b or 2cis compared with modedb. For model2b,

(43) Moragues-Qaovas, M.; Collison, D.; Jones, L. F.; Piligkos, S.; Rieig . . . .. .
E.: Ricard, L.: Paulsen, C.: Wernsdorfer, W.: Brechin, E. K. Mallah, €ven a ferromagnetic interaction is found. Surprisingly, this

s) -IL; Adv-AMEteE 2004(;](1 FKe%:S)- o A Fabrizi de Biani. E.- Gattesch means that an additional bridging ligand (sysyn carboxy-
arra, A. L.; Canescnl, A.; Cornia, A.; Fabrizi de blani, r.; Gattescnl, H : P H
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121, 5302. butterfly distortion observed in the §&, core cannot account
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for these results. It is well-known that sysyn carboxylate  approximate solutions of partition functions are uge@d:65°

and alkoxide bridging ligands that usually transmit antifer- However, this can be an arduous task in big systems. Some
romagnetic interactions can, when present simultaneously insystems present several exchange coupling constants where
some Ct} systems, give rise to the orbital counter-comple- many sets of parameters are possible, and in general, there
mentarity phenomena, weakening the antiferromagneticis no way to resolve these solutions in any meaningful way.
contribution?® In other words, two different bridging ligands  In these cases, a preliminary estimate oftlvenstants from

can interact with the magnetic orbitals in the metal ions in the electronic structure of the system (or small fragments of
a different way, destabilizing the in-phase combination in it) is a very useful way to search for the correct set of
one case and the out-of-phase in the other. So, in systemgarameters. We have shown in previous work the efficiency
with two bridging ligands, there is a counterbalance and a of this procedure to study magnetic properfies? In our
compensation of their effects in the formation of the SOMOs. method we evaluate exchange constants from DFT calcula-
This leads to a decrease in the energy gap between thdions. Weihe and Gudéf,on the other hand, use a different
SOMOs, and therefore a reduction in the antiferromagnetic method for the same purpose, and the results obtained from
contributions of each bridge, that can almost cancel eachboth methods are good. Although the latter method is more
other out, such that the ferromagnetic term dominates. Tointuitive from a classical point of view, it is less useful in
verify this hypothesis, we have performed DFT calculations quantitative analysis and predictions since (1) it only
on models5, 6, and7, shown in Figure 6. These models considers a small set of molecular orbitals, (2) some energies
have been built from the optimized modésand2a, where are parametrized and calculated from the qualitative AOM,
the carboxylate ligands have been replaced by water mol-and (3) some parameters are fitted in order to reproduce the
ecules. The results are shown in Table 1. The antiferromag-physical properties found in known complexes.

netic interaction decreases from modeto model 2a, as
expected for an orbital counter-complementarity situation.
A similar decrease is observed from modeb model6 or The theoretical evaluation of the exchange coupling
la It must be pointed out that a relevant orbital counter- constants present in structurally related &ed Fes wheels
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