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The susceptibility of the large transition-metal cluster [Mnyg01,-
(MOE)14(MOEH)1o]'MOEH (MOE = OCZHzo—CH3) has been fitted
through classical Monte Carlo simulation, and an estimation of
the exchange coupling constants has been done. With these
results, it has been possible to perform a full-matrix diagonalization
of the cluster core, which was used to provide information on the
nature of the low-lying levels.

The development of inorganic chemistry and molecular
magnetism nowadays has kept pace with the synthesis of
larger and larger transition-metal clustérshe increase in
the size of these clusters has made the achievement of exact
solutions through full-matrix diagonalization, to study the
magnetic behawo_r, very d|ff|cult or even impossible. Alter- Figure 1. Diamond view of [MngO:1{MOE)14{MOEH):J-MOEH. The
native methods, like density functional theory techniques, black spheres correspond to Mn atoms, while O, C, and H atoms are
have been utilized to solve the problérbut the drawback represented by different shades of gray, from darker to brighter, respectively.
is that they are very time- and resource-consuming. Simpler
b'\ljltcequ?lly ?[Lfecnve methodhs Ibase%on clag_smal_ Mct)nte Car:cospace is greater than>6 10*; therefore, it is impossible to
(MC) a:gorl ms are mducr;] esbs eman mgf 'n etr_Ts do' fully diagonalize the spin Hamiltonian.
computer resources and have been successfully utilized in "+ v oioe the magnetic properties of [MDir

many3 cases to calculate the susceptibility of these Sys'(MOE)14(MOEH)1o]-MOEH, the curve of the produgtyT

tg(n;sH ghecwnlglolz(MﬁOE)“(MOEFgl.O]'“é.OEH gMOE d: has been fitted by making use of a classical MC algorithm,
¢ 129 2Mr;' -Hs) cluster; rt(ejpresentef In Figure he ma g UP \which allows us to compute average macroscopic observ-

0 lons, Is a good system for testing the goodness g through the extraction of random numbers, combined
*To whom correspondence should be addressed. E-mail: With the MINUIT® minimization routine, which makes the

of this type of approach because the dimension of Hilbert's

da?ﬁﬂgﬁg&“&?ﬁ%jgb . parameters vary in order to reproduce as best as one can the
* Stockholm l_Jnive'rsity.. experimental behavior. The details of the programs and the
§ Uppsala University. calculations have been reported in the Supporting Informa-

@ gzM%egj '?kj)K?g;g;gggsm,‘i_ssj_.A'\X\:{S':/g,gordA".Cc\fg?r'lgfoff%?lW'. tion. The system is defined by the classical spin Hamiltonian:
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Figure 3. Experimental data (full circle) and MC calculation (line) plots

Figure 2. Atom-numbering and exchange coupling scheme between Mn of ym AGAINSET for [Mn 1601(MOE)14(MOEH);g]-MOEH.

ions of [Mnlgolz(MOE)u(MOEH)lo] -MOEH.

The magnetic susceptibilityy,, has been obtained from
the magnetization fluctuatior?s:

= Wk DLy 170~ B uid] (2)

where o is a space directiono( = X, Yy, 2), xy" is the

macroscopic magnetic susceptibility;’ = gusS* is the
magnetic moment along, kg is Boltzmann’s constang; is

the Landefactor, ug is the Bohr magneton, an§* is the
projection of theith spin alonga. Because (1) is isotropic,
I = i = - Several simulations have been carried out
with different starting conditions to find the best one and to
test the reproducibility of the calculation.

Because of the fact that the system lies on a 3-fold
rotoinversion axis, seven types of bridges between nearest-
neighbor M# ions have been found corresponding to seven
different exchange pathways. To reduce the number of
parameters, some coupling constants have been considered
to be equal to each other. The strength of superexchange
magnetic interactions comes from three principal factors: the
nature of the bridging ligands and the distances and angles
between interacting magnetic atoms. Even for ions with a Figure 4. W-band EPR spectra of [MgO1a(MOE)14(MOEH)yq|-MOEH:
high-spin & configuration, the coupling constant varies with (&) 'ow-field transition; (b) high-field transition.
the anglé€’.

The seven different exchange interactions can be groupe
into three different macro groups: one that contains sym-
metric bisfis-0x0) bridges, another one that contains sym-
metric (u3-0xo0)(us-alkoxo) bridges, and the last one that
contains distorted bigg-alkoxo), {u,-alkoxo){us-alkoxo), and
(us-0x0)(uz-alkoxo) bridges, which we refer to dg J,, and
Js, respectively. In Figure 2, the exchange coupling scheme
between Mn atoms is shown. Setting thealues of all MA

(fonsidered, ang/™™ and 5™ are the experimental and

calculated magnetic susceptibilities, respectively.

In Figure 3, the best fif vs T curve, together with the
experimental data, is shown. The interesting feature is that
the shoulder at ca. 12 K is well reproduced. A good fit was
also obtained for thgT vs T curve. As expected, we have
found antiferromagnetic interactions between "Mions;
moreover, the strength of these interactions diminishes upon

ions to 2.00, a best fit through a least-squares analysis Ofpassing from symmetric bis{-oxo) bridges to distorted bis-
the data has been found wifh = 24 K, J, = 16 K, andJ; (us-alkox0), fuz-alkoxo){uz-alkoxo), and gs-0x0){uz-alkoxo)
=3 K, with R= 2.1 x 104, with ones. .
Electron paramagnetic spectra (EPR), at W-band (95-GHz)
n n frequency, of [MRgO12(MOE);4{(MOEH),0]-MOEH have
R=[Y 6™~ 1%y (791 ) been recorded from room temperature to 10 K and are
= = reported in Figure 4. We can observe two signals, one around
16 800 G and the other around 33 600 G. The low-field

whereR is the agreement facton, is the number of points . ; . »
9 P feature is attributed to forbiddefimg = +2 transitions.

(6) Gould, H.; Tobochnik, J. An Introduction to Computer Simulation
Methods Applications to Physical System&nd ed.; Addison- (7) Le Gall, F.; Fabrizi de Biani, F.; Caneschi, A.; Cinelli, P.; Cornia, A.;
Wesley: Reading, MA, 1996. Fabretti, A. C.; Gatteschi, Onorg. Chim. Actal997 262 123.
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Table 1. First Six Spin States and Their Relative Energies of the Mn7

Cluster
eigenvector eigenvalue
|35,6811,1539,1455.6.11.155,6,11.15.9.1$D Eground state Eexcited stat&cmil)

|12235%0 0

2224 67,0 4.6
1122 4%,0 6.0
12234 7%0 19.8
1112 3%0 22.7
23358 1/,0 454

ground state for the reduced cluster $s= %, and its
Figure 5. Field dependence of the magnetization at 2.0, 3.6, and 5.0 K of glgenvgctor could be visualized ?‘S thEt antiferromagnetic
[Mn1601(MOE)14MOEH);g] -MOEH. interaction between the central Mion, with S= %/, and

the six external Mhions with a total spin o6= 5, leading

The signal shows a continuous increase of its intensity to theS= %, ground state. The intermediate st&e 5 is

upon a decrease in the temperature, with a maximum atstabilized by spin-frustration effects in antiferromagnetic
around 60 K. Below this temperature, down to 10 K, the triangles. This is in good agreement with the experimental
intensity decreases. This behavior suggests that there is odata if we consider that, as obtained from the MC simulation,
there are some excited states Wk /> whose population  the 12 external Mhions are weakly interacting with each
reaches a maximum at around 60 K; then they begin to other and with the strongly coupled Mn7 core.
depopulate as the temperature decreases. The high-field (HF) In this case, at high temperatures we could have a value
transition is an isotropig = 2 signal, and it is typical fora  of ymT resulting from 12 uncoupled Mnspins plus the
system of strongly coupled Mrions. In this case, the signal  contribution of the Mn7 corguT = 0.125n"[12Sun" (Sun
abruptly increases as the temperature decreases, making 1) + Sy (ST + 1)] with gun' = 2.0, Sy = %>, and
recording of the spectra impossible because of saturation of§}9"" = 5 as derived from the high-temperature valuey of
the detector and loss of matching of the cavity, even with of the Mn7 cluster, making use of the spin-only formula:
high attenuation. Moreover, HF-EPR spectra at 285 GHz

have been recorded from 150 to 16 K, but they have not NPug

given any new results because they show the same structure x= 3kgT SS+1) (4)
as the 95-GHz ones, i.e., a broad signal arogre 2 and

the problem of its saturation. which leads toyuT = 67.5 emu K mot?, compared with

The nature of the ground state is not defined by the abovethe experimental value of 58.86 emu K mbl At low
results, and the MC method does not help. Magnetization temperature, antiferromagnetic interactions among the 12
data in the range of-25 K are shown in Figure 5. The field  external M ions and between them and the Mn7 core
dependence is almost linear, and no evidence of saturationproduce spin frustration in the system. If we suppose that
is achieved. However, at 6.5 T, the magnetization reachesthe external ring gives a null contribution to the produgT,
15.6us, indicating that levels witls > 8 are populated. The e obtain yuT = 0_12@Mnllz[gaﬁ’7T( 0‘;]V7T + 1)] = 4.375
linear dependence is indicative of the presence of a quasi-emy K mot?, with owT — 5/, compared with the experi-
continuum of levels, as observed in an Fe30 clubter. mental value of 3.43 emu K mdt otherwise, we should

In an attempt to gain more insight into the low-lying levels, -qnsider the coupling between all Mn atoms and, conse-
we investigated the energy of the spin levels of the seven guently, the Mn7 approximation should no longer be suitable.
Mn ions of the core, that is, referring to Figure 2: Mn5, |5 conclusion, we have fitted the experimental magnetic
Mn6, Mn9, Mn10, Mn11, Mn14, and Mn15, which we refer  gata of [Mn ¢O;(MOE),J(MOEH);¢]-MOEH utilizing a MC
to as an Mn7 cluster. In this case, it is possible to perform jgorithm together with a minimization routine. The quality
a full-matrix diagonalization of the reduced system, utilizing of the results thus obtained confirms the goodness of MC
the coupling constank andJ, obtained from the MC simu-  techniques for the study of a high-nuclearity metal cluster
lation of the whole cluster and a quantistic Hamiltonian, re- \ithout the need for high-performance workstations.
ported in equation S3 in the Supporting Information, together i
with the CLUMAG subroutind. Theoretical values for the Acknowledgment. This work was supported by the EU
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