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The magnetic behavior of the clusters [(Ph8iCus(O.SiPh}]-6EtOH (1), Nay[(PhSiG,)1,Cuw]+8"BUOH (2), and
K4[(C2H3Si0,)1.Cw]-6"BUOH (3) has been investigated by combined magnetic susceptibility measurements and
variable-temperature EPR techniques (9.25 and 245 GHz). The six copper(ll) ions in the dgreviuth
approaches Bimmsymmetry, are ferromagnetically coupled as a result of the geometry at the bridging siloxanolate
oxygen atoms (CtO—Cu= 91.5-94.6"; J= —42 cntiwith H = J 32 |S:S41, S; = S1). The groundS= 3

spin state is split in zero field mainly due to anisotropic exchange contributidrs @.30 cnT?). Notably, both

the magnitude and the sign of the zero-field splitting parameter have been determined from HF-EPR spectra.
Large antiferromagnetic Cu-Cu interactiods~ 200 cntl) and anS= 0 ground state have been detected in the
tetranuclear clustedand3 as a consequence of the larger-&d—Cu angles. The results presented in the paper

are relevant to the search for new molecule-based magnetic materials.

Introduction R R

Large metal ion clusters are currently intensively investigated, R_ /
for many different purposes, ranging from the design of new
magnetic materials of nanometric size the interest for the
mechanism of biomineralizatioh.One of the challenges to be
met in order to grow large clusters is that of finding suitable 0 0]
ligands which can prevent the growth of finite size particles.

Up to now many different ligands have been used for this R=Ph

purpose, like carbogylatéspolyketonateéamlnes"] ete. . form sandwich-like complexes by coordinating up to eight metal
A new class of ligands has been recently produced using jons. |n all the sandwich-like polymetallaorganosiloxanolate
polysiloxanolates, which have been found to be particularly (PMOS) complexes described up to néwdditional solvent
attractive for their ability of combining the properties of the  olecules coordinate the transition metal atoms, expanding the
inorganic and organic moieties which constitute them. In fact coordination number. In most cases the molecules are addition-

they are polymeric, due to the formation 0FGi—O networks, |y stabilized by encapsulating bridging anionic ligands like
gnd their properties can in prlnmple be fine tuned by substitu- ue-Cl™, uz-OH™, andus-O?~ in the metal layefa 9! We have
tions on the aromatic moieties. previously shown that the encapsulated group has a relevant

A particularly suitable ligand is the hexaphenylcyclohexasi- role for the mechanism of exchange between metal ions like
loxanolate ligand [PhSi©]s (structurel). Two such ligands nickel(Il).”" We wish to report here the magnetic properties of
a hexanuclear complex [(PhSigCus(O,SiPh)]-6EtOH (1)7¢

*To whom correspondence should be addressed. and two tetranuclear complexes JN&hSiQ,);.Cu]-8"BuCH
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Experimental Section

Synthesis.All three complexes were prepared by following proce-
dures described elsewhéfé.

Instrumentation and Physical Measurements Magnetic suscep-
tibilities of microcrystalline samples were measured using &dihégue
Ingéniérie MS03 SQUID magnetometer in the temperature range 50
260 K for compound. and 2.6-280 and 2.5-270 K for compound®
and3, respectively, with an applied field of 1 T. Further measurements
were made in the range 230 K for compoundl with an applied
field of 0.1 T. The contribution of the sample holder was determined
separately in the same temperature range and field. Diamagnetic
corrections were estimated from Pascal’s constants.

EPR spectra of as a powdered sample were obtained with a Varian
E9 spectrometer operating at X-band frequency, equipped with an
Oxford Instruments ESRO liquid helium continuous flow cryostat. The

high frequency EPR spectra have been recorded on a laboratory-made

spectrometer. An optically pumped far-infrared laser is used as the
radiation source. The derivative of the absorption of the far-IR radiation
is recorded by a InSb bolometef.

Calculations. The calculations for the fittings of the magnetic data
were performed on RISC computers, using the program Clifriag.
SilmTi%05—ym T1%24 /S [ mTi°°42 was minimized in the least-squares
cycles.

Calculation of the spectra at X-band frequency has been carried out
by matrix diagonalization of the full Hamiltonian matri%assuming
oo = 2.22 andg, = 2.05. The high frequency spectra (245 GHz) have
been simulated by assumigg= 2.221 andy, = 2.055 with anisotropic
line width AH; = 300 mT andAH,; = 450 mT, whereas the zfs term

of the spin Hamiltonian has been treated as a second order perturbation

to the Zeeman term. The thermal population of the different M levels
has been taken into account as a function of the applied magnetic field.

Results and Discussion

Structural Properties. In general, the StO and Cu+-O
bond lengths have similar characteristics as in the nickel-
containing siloxanolate complexes previously descritheth
the further discussion the oxygen atoms of the siloxanolate
ligand bound to the metal atoms will be indicated ag Whereas
the others belonging to the ligand will be written ag O

In the hexanuclear complek the distance$ in the Cu, O
skeleton, which approacheshmsymmetry, show only minor
variations. The Cu atoms are coordinated by foyr i® an
approximately square-planar fashion with bond lengths between
1.92(2) and 1.98(2) A, which nicely compare with the sum of
the ionic radii of G~ and square-planar @ti1(1.93 A)11 A
long bond (2.34, 2.38 A) to the solvent oxygen atom gives rise
to a distorted tetragonal pyramidal coordination of th&'Gans.

The angles at the bridging oxygen atomg &re found in the
range 91.594.6". Intermolecular contacts are observed be-

tween the carbon atoms of the phenyl rings along the hexagonal

crystal axis with distances down to 3.38 A. Fewer intermo-

lecular contacts are observed between the oxygen atoms of thé

siloxanolate ligand and phenyl carbon atoms but even they are
well below 4 A. The crystal packing is shown in Figure 2.

In contrast to the compled and the nickel siloxanolate
complexes described earliérthe two copper complexes
Nay[(PhSi(;)1,Cy]-8"BUOH (2) and Ky[(C2H3Si0,)12C W] -6
BuOH (3) contain as basic structural units the cyclododecasi-
loxanolate ligands, |= —[PhSiQ)]—1, and —[C,H2SiO;]—12,
respectively® as shown in Figure 3. In both complexes these
24-membered cyclic ligands coordinate with their exocyclic
oxygen atoms, @, four Cu atoms which are placed on the

(8) Barra, A. L.; Brunel, L. C.; Robert, J. BZhem. Phys. Lett199Q
165 107.
(9) Gatteschi D.; Pardi LGazz. Chim. 1tal1993 123 231.

(10) The program to calculate the intensities of the transitions has been
kindly provided by H. Weihe, Inst. f. anorg. u. phys. Chemie, Bern,
Switzerland.

(11) shannon, RActa Crystallogr., Sect. A976 32, 75.
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Figure 1. Structure of complexl. The phenyl rings of the cyclo-
cyclohexasiloxanolate ligands and the alkly chains of the ethanol
molecules have been omitted for clarity. Average bond lengths and
angles areas follows: CtOp 1.94(2) A, Cu-Ogoy 2.36(2) , StOm
1.64(3) A, S-0:1.62(2) A; Q,—Cu—0r, 88.7(97, On—Cu—Osony 98.3-

(9)°, Cu—Opn—Cu 92.8(9), On—Si—0O 110(1y, O.—Si—O, 110(1y.

0

Figure 2. Crystal packing ofl.

vertices of an elongated tetrahedron. As shown in Figure 3,
these tetrahedra are built up by two almost paralled@ wnits
placed crosswise. In contrast to the tetragonal-pyramidal
oordination in1, the Cu atoms have here a square planar
coordination. The average €O distances (1.92 and 1.94 A
for 2 and3, respectively) correspond to the reported sum of the
ionic radii, as forl.}* The angles at the bridging oxygen atoms,
Cu—0;—Cu (2) and Cu-0O,—Cu (3) are widened up to 101.7-
(3) and 101.2(4) respectively. The CuCu distances in the
CwOg units are found to be 3.02 and 3.06 A, whereas the
distances between these dimeric units are 3.899(3, And
3.386(3) A,3. In both cases the distances between the dimeric
units are such as to exclude apical coordination of a Cu atom
by an O atom of the neighboring €, unit.

Magnetic Properties. The magnetic behavior dfis shown
in Figure 4 as &T »s Tplot. The value ofyT increases upon
cooling from 2.8 emtK-mol~! at 260 K tending to a plateau
of 5.80 emuK-mol~1 below 8 K. This description corresponds
to a pattern of moderate ferromagnetic coupling in which the
highest value ofT is near to that expected for a spin-aligned
S = 3 ground state (6.0 ervi§i-mol™Y), in which all six spins
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Figure 5. EPR spectra of a polycrystalline powderlét 9.25 GHz:
(a) calculated, assuming= 3, go— 2.221,g,= 2.055, andD = 0.3
cm%; (b) recorded at at 4 K.

Figure 3. Structure of the core of complex&sand 3. The phenyl

rings and vinyl chains of the cyclododecasiloxanolate ligands have been
omitted for clarity. Averaged bond length and angles are:—Opy [
1.916(7), Si-On 1.600(8), Si-O 1.642(7), Cu-Opn—Cu 101.7(3) for 0.0015
2 and Cu-Op, 1.938(9), Si-On 1.60(1), SO 1.63(1), Cu-On—Cu L
101.2(4y for 3.
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[ 1 Figure 6. High frequency EPR spectra (245 GHz) of polycrystalline
- Sy S — powder ofl pressed in a pellet at different temperatures.
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Figure 4. Temperature dependence)df for compoundL. The solid reported by Hatfield and Hodgson for Riskydroxo)-bridged
line represents the calculated values with the best fit paramgters copper(ll) complexes, wherex represents the CtO—Cu
2.14,J = —42.0 cnt* and§ = —0.045 cn1* (see also text). bridging angle® The correlation predicts that far < 97.5°

o ) ] the ground state is a triplet. The here observed deviation of
are parallel to each other. Taking into consideration only the ine apsolute value affrom the expected one (26@50 cnT?)
data aboye 4_0 K thgT curve could be well reproduced using  ¢an pe explained due to the nonplanarity of the gmdgroup,
the Hamiltonian which includes angles of 18&nd 149 between the planes;©

6 Cu—0g, O;—Cwp—0g and Q—Cu—07, O,—Cw,—0y, respec-

, tively.

H=J) SSu @) In order to obtain first hand information on the splitting of
= the grounds= 3 state, we recorded EPR spectra at liquid helium
temperature. At X-band frequency (9.25 GHz) a strong absorp-
tion near zero field is observed (Figure 5) suggesting that two
levels are separated by ca. 0.3dmAssuming axial symmetry
the involved zero field split levels can ¢ = +3 and+2, or
+2 and+1, or +1 and 0. Therefore the zero field splitting
parameter may correspond@o=~ M x 0.3 cnT?, whereM =
5, 3, 1. The last option seems the most probable.

In order to obtain an unambiguous assignment we recorded
2,9 also high frequency EPR, HF-EPR, spectra with an exciting
:w 2) frequency of 245 GHz. In Figure 6 are shown the HF-EPR

wherei +1 = 7 is equivalent ta =1.

The data at low temperature are well below the curve resulting
from the obtained values gfandJ. This effect can in principle
be explained through intermolecular contacts, which are remark-
able, as outlined above, or by zero field splitting effects of the
ground S state. We took them into account by a Weiss
correction at low temperatufé.

3KT— 0 spectra for several temperatures ranging from 5 to 100 K. The

. spectra at high temperature clearly show the advantage of HF-

whereS = 3. The best fit values arg = 2.14,] = —42.0 EPR on conventional EPR. In fact at least four equally spaced
cmt, andf = —0.045 cn1! as shown in Figure 4. transitions are observed at low field, a clear indication of a fine

The resulting value ad is only in qualitative accordance with  strycture for a spin multiplet wit > 2. The relative intensities
the linear correlation

(13) Crawford, W. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;
(12) O’Connor, C. JProg. Inorg. Chem1982 29, 203. Hatfield, W. E.Inorg. Chem.1976 15, 2107.
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H(T)

Figure 7. High frequency EPR spectra (245 GHz) of polycrystalline
powder ofl at 5 K: (&) recorded; (b) calculated, assum®g 3, go

= 2.221,¢gy = 2.055,D = 0.3 cn1?, D/E = 0, and line widths= 300

mT for the transitions perpendicular to the field and 450 mT parallel
to the field.

of the lines change dramatically on decreasing temperature,
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denoted agyzandXYZ have been chosen so thzalZz andx |z,
wherez andZ coincide with the copper(ll) pyramidal axis and
with the virtual 6-fold axis of the cluster, respectively. There-
fore the following relations must hold.

gZ,m = gx,Cu

®)

where the subscripts “Cu” and “m” denote local and molecular
tensors, respectively.

Using these we calculaig;cy = 2.055 andgycuy = 2.387,
which are comparable to the valuesgef= 2.08 andy, = 2.40
for the copper complex Cu(apy¥lO4), with a square pyra-
midal CuG chromophoré$

The observed zero field splitting must have its origin in the
spin—spin determined contributidn

gX,m = 1/2 (gz,Cu + gx,Cu)

6
H= ) SDji+1S+1

(6)

with a marked increase in the relative intensity of the features wherei + 1 = 7 is equivalent td = 1. The observed zero
at the extreme of the spectrum, at 7.2 and 10.2 T respectively.field splitting tensor for the groun8 = 3 state is given by

At 245 GHz the Zeeman energgusBo, is 12 K, therefore

depopulation effects of the M levels must be observed at low

temperature. Indeedf 4 K only transitions from the lowest

lying states are observed and the pattern of the transition

provides the sign of the zero field splittidg.

6
D= di(i+1)'Di(H—1) )

In the strong field approximation the resonance fields at low Symmetry requires that all thd;1) coefficients are identical

temperature are given by
Hy = (9/9)[Ho+(2S— 1)D]

Hp = (9/90)[Ho— (25— 1)D/2] (4)
wherege = 2.0023 andl and O refer to the directions parallel
and perpendicular to the unique axis of the zero-field splitting.
It is apparent that for positiv® the perpendicular transition is
observed at low field and the parallel at high field, while for
negative D the reverse is true. Assuming axial zero field
splitting, the transitions for the parallel field are spaced By 2
and the ones for the perpendicular fieldDy Analyses of the
obtained spectra led to the following parameters= 2.221,

gy = 2.055, andD = +0.3 cnTl. The corresponding spectra

to each other. The coefficients can be easily calculated with
standard techniqué&sas
(8)

di(i+1) =3

It is now convenient to express tBg;+1) tensors in a coordinate
frame whose axis is directed along one of the lines connecting
neighboring copper(ll) ions and whoseaxis is parallel taZ.
With these assumptions (7) can be written as

9)

D= gl sD12xx

Dyx = l/10(D12,zi + Dlzyy)

have been calculated qonsidering the zero field splitting as a |t js well-known that in copper(ll) dimers both exchange and
second order perturbation to the Zeeman term and are showryipolar interactions are importantdd® can be calculated in
in Figure 7. The value dD is in agreement with the estimation  the approximation of the magnetic dipoles centered on the metal

obtained from the X-band spectra. - ions1? Using theg values obtained for the metal iogg,, leads
In order to calculate the expected transitions for the X-band g the following values of thé®dP tensor components

spectrum it is necessary to diagonalize the Hamiltonian matrix

because the strong field approximation does not hold any longer.
The calculated EPR spectrum using the parameters obtained
from the 245 GHz spectra is shown in Figure 5. The agreement

Dypyey = 0.103 cmi*

is extremely good.

At first sight the obtainedy values are surprising. For a
copper(ll) ion in a tetragonal pyramidal coordination environ-
ment one expectg, > gg > 2.0. However, the observeql

values are the result of the averaging of the individual copper-

() ions of the clustef?
We will now assume an idealizeDg, symmetry for the

cluster and tetragonal pyramidal environments for the copper-

Dy, =0.078 cm*

D1y, =—0.181 cm*

Assuming now, that the exchange contribution in the plane
Xy is isotropic, we can calculate;py,®% using the dipolar value
and eq 9, to be-1.79 cntl. The exchange determined
component is known to increase rapidly with decreasing

() ions. The local and molecular coordinate systems, hereafter(le) Srinivasan, R.; Subramanian, C. li<dian J. Pure Appl. Physl970

(14) Barra, A. L.; Caneschi, A.; Gatteschi, D.; SessoliJRAmM. Chem.
Soc.1995 117, 8855.

(15) Bertini, |.; Gatteschi, D.; Scozzafava, 8oord. Chem. Re 1979
29, 67

42, 3693.

(17) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
Springer- Verlag: Berlin, Heidelberg, Germany, 1990.

(18) Abragam, A.; Bleany, BElectron Paramagnetic Resonance of
Transition lons Clarendon Press: New York 1970.



Molecular-Based Magnets Inorganic Chemistry, Vol. 35, No. 15, 199@431

——— 0.007 [~
0.006 o—5-g [ ]
0.006} ]
= i 8 ]
S 0004 S o005k ]
3 I £ b 1.5 1
§ g 0
2 i S 0004fs 1.0 ’
0.002 a g
- g 0.5
X 0.003}3 . ]
[a o 0 ]
me? 0 100 200 3 P 0 100 200 300]
0 0002
0 100 200 300 0 100 200 300
T (K) T(K)

Figure 8. Temperature dependenceyofor compound?. In the inset

is shownyT vs T. The solid line represents the calculated values with
the best fit parameterd = 193 cn1?, g = 2.35, andp = 2.07 107
(see also text).

Figure 9. Temperature dependenceydfor compound. In the insert

is shownyT vs T. The solid line represents the calculated values with
the best fit parametery = 210 cnT?, g = 2.43, andp = 7.62 10?
(see also text).

copper-copper distance as observed by Bencini éfalhe 2.35(16),0 = 2.07 x 103 with R= 6.3 x 10~5for 2, andJ =
largest|D,#¥ value (0.9 cm?) previously reported corresponds 210(24) éml’ g =2.43(.15),0 = 7.62 x 10-2with I‘\;= 9.8 x
to Cu—Cu = 2.85 A. Since the CuCu distance found here  15-5¢5r 3 The highg values reflect some systematic error in
(2.79 A) is well below the one above ly#* value of atleast  the data. However, in contrast to compouhdhe resulting
—1.83 cnrlis a nice confirmation of the outlined exponential coupling constants are in full agreement with the values
dependency ofD, on the coppercopper distance. Further,  edicted by Hatfield and Hodgsad. In our case we should
the sign of the exchange-determined component could beexpect values ol = 255(22) cnr for 2 andJ = 219(30) cnt
unambiguously determined here for the first time, because thetyr 3. \we can consider the satisfactory agreement as an
sign of D could be determined by HF-EPR. indication of the similarity of the siloxanolate bridge to the
The magnetic behavior & and3 is shown in Figures 8 and hydroxo bridge.
9, respectively. The susceptibility of each compound goes
through a maximum at around 170 and 175 K, respectively, Acknowledgment. The Human Capital and Mobility Grant
and decreases rapidly as the temperature is lowered, reachindeERBCHICT940957 is gratefully acknowledged. Thanks are also
minimum values at 25 and 30 K. This behavior is consistent due to the “Ministero dell’ Universita della Ricerca Scientifica
with an antiferromagnetic coupling of the Cu atoms in the@gu e Tecnologia” (MURST), the National Research Council (CNR)
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Assuming that the paramagnetic “impurity” follows the Curie Supporting Information Available: Figure showing calculated
law and has the sanmgfactor as the actual compound, it can ) .
be easily taken into account, calculatipg the molar frac- EPR spectra of 1 at 245 GHz for 5, 10, 20, 50, and 120 K, assuming

. f led . L fitti led S =3, gy = 2.221,g, = 2.055,D = 0.3 cnT?, D/E = 0, and line
tion o noncoupled species. e.asi squares Ittl?gs _e 10 widths= 300 mT for the transitions perpendicular to the field and 450
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