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Abstract

The crystalline ion pair [Co, {QOC-CCoy(CO)} s, CoHN(CH),),H] (1) presents unusual magnetic properties. The X-band
EPR spectrum of 1 at room femperalure presents iwo unresolved bands at g = 1.98 and 4.55. Al a low temperature (20 K), the
cluster of clusters 1 presents a complicated spectrum with an intense signal at 1700 G. The magnetic susceptibility of 1 was fit 1o

a two'spin 8, = §,=3/2 Heisenberg model, with J=11.2 cm

~! and a g value of 2.3, There is no field dependence of the

magnetization, which suggests inframelecular coupling between the two teirahedral centers of the cluster. Molecular orbital
modeling indicates a sigma path of exchange between two topologically non-equivalent cobalt(11) centers. © 2000 Elscvier Science

B V. All rights reserved.
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1. Introduction

The magnetic properties of Co(Il) with the pseudo-
tetrahedral environment have been rationalized mainly
for cobalt—halides [1] and pyrazolate bridged dicobalt-
complexes [2]. There is only one example of mononu-
clear Co{Il) carboxylates [3] with tetrahedral geometry
and a magnetic moment of 4.55/BM; most of the Co(ll}
carboxylate structures present higher coordination
numbers, Catterick et al. report an interesting case of
mixed tetrahedral and octahedral Cofll)} sites for their
[Co.(benzoate) (quinoline),] [4], where two pseudo-te-
trahedral cobalt centers are separated by 2,56 A from a
central cobalt atom in octahedral geometry. The Co(lI)
atoms_in this compound are only slightly antiferromag-
netically coupled down to 98 K. More recently
[Co.{OCOCH;)~ has been reported to have Co(ll)
centers in a distorted octahedral environment. The
magnetic measurements indicate antiferromagnetic cou-
pling, with a g =439 BM, at 4 K [3]. Besides, a
well-known cobal((IT}) tetramer with a p,-0xo center has
been described, Co,O(pivalate),, and magnetically char-
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acterized. The core of four pseudo-tetrahedral Co(ll) 1s
surrounded by six pivalate ligands. The oxo bridge
together with the carboxylate bridges transmit a weak
antiferromagnetic coupling, with a . being 336 BM
per cobalt atom at 290 K.

On the other hand, the oxidation of the arganometal-
lic cluster (CO),Co,C-COOH (FaH) occurs with the

- formation of Co(l1} and the subsequent assembly of the

Co,0(Fa), cluster of clusters [6]. This cluster of clusters
resembles structurally [7], as well as magnetically. the
Co,Ofpivalate), complex. Co,0(Fa), was reported Lo
show a broad EPR signal at g =4.00 in CH,CN glass
at 10 K, indicative of the presence of cobalt{ll). The
four tetrahedral Co(II) in the core of Co,O(Fa), system
are antiferromagnetically coupled with g =4.75 BM
and #: —27 K.

Starling from the same cluster, (FaH) and bis-
(dimethylamino)-naphthalene, we obtained a cluster
of clusters with two pseudo-tetrahedral Co(ll} cen-
ters bridged by three carboxylate  groups.
[Ca,{00C-CCo(COY}s. CyHu(N(CH;)2):H] C.Her
CH, (1) [9). This cluster of clusters prescnts three
bridging carboxylate ligands with two pseudo-tetrahe-
dral Co(ll) separated enough 1o h;w!a"a non-bonding
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situation (3.45 A). Shorter Co({ID-Co(IT) distances of
2.265 A are better described as single bonds, and the
dimers with such interatomic distances are diamagnetic
[10].

The aim of this work was to magnetically character-
i7e the cluster of clusters 1, and its pmpurlius will be
reported here in relation to the structural characteristics
and MO analysis, Magnetic exchange interactions are
known to occur through carboxylate bridges in many
metallic systems such as copper(ll) [11] where a o
exchange path s postulated to carry the magnetic inter-
action. However, no theoretical work has been done on
letrahedral coball carboxylates, nor in open shell
dimeric systems like that in cluster of clusters 1.

2. Experimental
21 Materials

Proton sponge C,,H(MN{CH,),); {(Ps) was purchased
from Aldrich and sublimed under vacuum (10 mTorr)
at 30°C on a Schlenk line. All the solvents used were
distilled under nitrogen just before the preparation. All
reactions were performed under argon on a Schlenk
line ‘nsing standard air free methods.

The cluster tricobalt-nonacarbonyl methylidene car-
baxylic acid, (CO),Co,C-COOH (FaH) was prepared
from Co.{C0O), purchased from Strem, and reacted
with ClL,C-COOCH({CH;), in toluene according to
Seyfert’s method [12].

2.2, Preparation of cluster of clusters 1

The cluster of cluster was prepared as reported previ-
ously [9] and recrystallized from warm CH,Cl, under
Ar. The solution in methylene chloride was layered with
freshly distilled toluene, and the product was identified
by IR spectroscopy.

2.3 Physical micaswrements

IR spectra were recorded on a Brucker FT-IR spec-
trometer IFS 28 as KBr pellets, EPR spectra ware
recorded on a Brucker 1600 spectrometer, working on
the X-band (9.36 GHz), and equipped with an Oxford
variable temperature controller. In a typical experiment
5 mg of a crystalline sample of 1 where placed in a
quartz capillary tube sealed under vacuum, Microwave
power was set at 100 mW, while modulation amplitude
was kept low (5 (). The amplifier gain was 10 000 and
the signal averaged five times Lo improve the signal to
noise ratio, EPR spectra of CH,Cl, solutions were
obtained in a 2 mm quarly capillary under argon.

Magnetic susceptibility: 63.66 mg of crystalline
CooHupMN1Coy; 050 (1), were placed in a gelatin capsule

L)

and p measured with a SQUID-SHE magnetometer.
The applied magnetic field was set at 0.1 T. Experimen-
tal data were corrected for diamagnetic contributions
tor the counterion (PsH) and cluster groups (988 =
10" em? mol ')

3. Results and discussion
31 IR specira

The CO stretching of the metal carbonyl as well as
the carboxylate groups dominates the vibrational spec-
trum of the cluster of clusters 1. The strongest band
corresponds to the group vibrations of metal carbonyls
at 2068 cm —'. The second most important feature of
the cluster of clusters is the double peak observed in the
region between 1370 and 1390 cm ' corresponding to
the symmetric stretching vibration of the carboxylates.
This region of the vibrational spectrum shows clearly a
RCOO bridging situation. The medium peak observed
for 1 at 1542 em~ ! is the antisymmetric stretch of the
carboxylate. The observed Avenn 1539 em ~ ! indicates a
bridging carboxylate, IR of compound 1 shows at least
two different kinds of COO stretching; the medium
band at 1542 cm — ! is probably arising from the bridg-
ing carboxylates, while the broad and weak band at
1579 cm ! corresponds to the terminal carboxylates.
The structure of cluster 1 is presented in Fig. 1, notice
that one axial Fa is chelating and in the neighboring
CofIl) the Fa ligand is monodentate (Table 1).

Comparing the IR spectrum of FaH and Co,OFa,
with that of compound 1, it is possible to conclude that
the COO stretching patterns are a good indicator of the
coordination mode of these groups. In addition, the
close resemblance of the CO stretching region in these
three different clusters indicates that the (C0},Co,C-
groups are not involved greatly in charge delocalization
of the Co(ll) centers in the ground state, as compared
to other clusters of clusters such as Cr{II), Mo(II) and
Wi{ll) where backdonation shifts the CO stretching
band as much as 10 cm ' [13]. Therefore, this informa-
tion allows us to postulate thalt magnetic properties are
restricted to the Co(ll) carboxylate manifold.

3.2 EPR spectra

The X-band EPR spectrum of the cluster of clusters
1 is observed al room temperature (r.t.) as two unre-
solved bands (Fig. 2). The spectrum of 1 is of an axial
pattern with a strong resonance at g: 1.98, along with a
weaker resonance at g: 4.35, The first signal can be
interpreted as originating from the lower Kramers dou-
blet, while the second from the upper Kramers douhler
[14]. The EPR spectrum of Co,0Fa, has been reported
to be a broad (eatureless band in CH,CW solution at 10
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Fig. 1. Structure af [Co.{{CONCo,C-CO0} ;] anion viewed along a pseudo €3 axis. CO groups omitted for clarity, proton sponge counterion

shown to the left (from Ref. [9]).

K, occurring at g =4.0 [8], as is observed in the spec-
trum of cluster 1. The spin—spin coupling between two
or more Co(ll) centers precludes the observation of the
hyperfine structure in this multinuclear compound (usu-
ally ~ 30 G for monomeric Co(IT) centers).

Cluster of clusters 1 shows a complicated spectrum as
the temperature drops to 20 K, with an intense signal
around 1700 G (Fig. 2). Other transition metals, such
as Mn(II) coupled with organic radicals, are also re-
ported to present a temperature sensitive spectrum [15].
This fact implies that a magnetic coupling dominates at
low temperatures in the cluster of clusters 1.

3.3, Magnetic susceptibility of cluster of clusters 1

The temperature dependence of the magnetic mo-
ment for the crystalline sample of the cluster of clusters
1 is shown Fig. 3. (e, varies from 4.6 BM at 298 K to
5.4 BM at 5 K). The magnetic moment calculated near
room temperature for the crystals has a similar value to
that obtained by Evans method in solution {(p.= 4.08
BM). These results together with the TR spectrum of 1
in CH,Cl, solution permit us to postulate the integrity
of the cluster in solution,

The spin Hamiltonian used for two interacting cobalt
(Il) centers was

H= —12J§,5,

The experimental data were fitted by an equation for
two 3/2 interacting spins (S, = 8; = 3/2) corrected for

paramagnetic impurities, p, and temperature indepen-
dent paramagnetism, TIP [16].

Heor=( —prru+pxp+TIP
Eelw + ]ﬂc&v + 23':]2.1:

in= CI T 3eF 4 560% 4 Je' 2
x= —JkT
(= Ngzﬁzﬁci‘"

where J expresses the intramolecular exchange interac-
tion, S, and §, are quantum spin operators and N, £, g
and T have their usual meaning. Three sets of daia were
fitted using constant values of 0.0068 (TIP) and 2.33
{¢). The paramagnetic impurity was assumed to have a
Curie behavior. A non-linear least-square fit of 42
observed data leads to the value of J=11.2 cm~ ' and

Table 1
Spectroscopic data for FaH, cluster of cluster Co,Far (1) and
Co,0Fa,

FaH Co,Fa, (1)

CoOFa,

CC stretch 2110w 2110(m) 2100w
0 siretch 2051(s) 206E(s)

CO stretch 2034¢5) 2040(s) 242(5)
COO stretch 1579(w)

COO stretch 1642{m}) 1542(m) 1538(m)
Antisymimetric

CO0 stretch 1380} 1383(m) 1383(m,)
Symmetric
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Fig. 2. EPR. spectrum of crystasls of 1 at 20 K under vacuum. Insert: EPR spectrum of crystals of 1 at 293 K.

R=13»10"*for 1, This positive J value is character-
istic of a weak ferromagnetic interaction between the
local guadruplets. The increase in magnetic moment
together with observed enhanced intensity of the EPR
spectrum as the temperature is lowered from 293 to 20
K can be considered due to the ferromagnetic nature of
the intradimer interaction which dominates below 20 K
[1] {Fig. 2).

Magnetization measurements were performed as a
function of magnetic field, but no bulk cooperativity
was observed. However a small magnetization remained
after the field was turned off at 2.4 K,

The different sign of the weak intramolecular cou-
pling in 1 from that in the pyrazolate bridged cobalt(II)
dimer [2], which has antiferromagnetic behavior, can be
understood on the basis of the different bridging mode
of both compounds. As seen in the scheme below the
exchange magnetic pathway is defined by O-C-O set of
atoms for 1 and N-N set of atoms for the pyrazolate
bridged dimer.

This structural feature is important as far as mag-
netic coupling is concerned, since according to a recent
magneto-structural study, the electronegativity of the

donor atoms affects the delocalization of the spin on
the bridge [17]. Besides the topology, differences occur-
ring between the two Co(Il} atoms in 1 (face sharing),
as compared to the pyrazolate bridged dimer (edge
sharing), may be the key to the orthogonality of the
orbitals involved in 1 [18].

The sign of the magnetic coupling in 1 is opposite to
that reported for the carboxylate bridged Co(II) linear
trimer [5], where the coupling between adjacent Co(ll)
centers of pseudo-octahedral geometry is antiferromag-
netic in nature {J= — 7.0 cm~"). This could be the
consequence of the fact that the unpaired electrons on
each Co(Il) center in these compounds are described by
different magnetic orbitals in each case.
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Fig. 3. Magnetic moment of a crystalling sample of 1 measured a1 0.1
T, --- calewlated moment according to &, =5.=32 Heisenberg
mandel.
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Table 2
Structural details of [CoiQOC-HLF  fragments used in PM3 calcu-
lations

Mon-hridged Bridged
Divtancey {.-f}
0 -Ca 1.93 1.97
0" Co 31 2.41
0-Co 1.97 1.97
Angles (7)
0-C-0 123.6 125.48
o-C-0” 1238 1140
Co-0'-C 117.1 4
O-Co-0O [04.5 105.4

To get a better insight on the magnetic behavior of 1
we modeled the bridging carboxylate ligand as the
pathway for magnetic interactions between two dis-
torted tetrahedral Co(II) centers.

3.4 Molecular modeling the cluster of clusters 1

The aim of these calculations was to find a plausible
way for the magnetic exchange between two different
cobalt{IT) centers and to display the actual magnetic
orbitals. In a first attempt each cobalt fragment sur-
rounded by its four carboxylate ligands was modeled.
In the second place, the carboxylate manifold for the
cobalt(Il) dimer was studied just as found in the cluster
af clusters 1. As described above, the metal carbonyls
are not involved in charge delocalization, therefore the
(CO)Co,C groups were excluded from these calcula-
tions, ie. an isolated [Co(0O0C-H);]~ group with
bond distances and angles taken from the actual struc-
ture are vsed in these calculations. Besides, these caleu-
lations have to account for the spin multiplicity of the
metal centers, therefore these carboxylate manifolds
were explored by using the semi-empirical method
SPARTAN PM3 [19,20].

Distortions from the tetrahedral geometry were also
studied for the °“A state of the two isolated
[Co(OOC-H)]*~ fragments as found in the actual
structure of 1 (see Table 2).

H 2. H 2.
p”L“a 00
Rl Co—0Q)'
H{ D 0 NSRS
- o =0 ‘oH
0 3 ’Ef’,.i 0

The bridging carboxylates are essentially planar, there-
fore the interactions between the 3d orbitals and the
carboxylate o and =m system were investigated. The

combination of metal wavefunctions with those of the
carboxylate ligands is different depending on the coor-
dination mode of the carboxylate group.

The oxygen atom on the chelating carboxylate (Fig,
4b)) makes an important contribution to the SOMO,
However, this contribution to the SOMO is nol present
where the terminal carboxylate is separated from the
cobalt(Il) center (Fig. 4{a)). The resulis indicate one
main exchange path in both mononuclear fragments. A
scheme of the o path in both fragments 1s shown below,

I e
’ e | ;
| f'é ; ; L?d"'.
! =l S
i ! ! i
i e | - A l"-'t'\ J,/I“'

5 T
I

The current results obtained using the PM3 method
{including quartet spin state for both mononuclear
cobali(Il) centers} indicate that chelation introduces an
important perturbation to the metal orbitals.

The efforts to model the [Co,{O0OCR).]~ system were
only successful with a semi-empirical method (PM3)
that accounts for the spin multiplicity expected from
the current magnetic measurements. This method has
been used successfully in the study of magnetic interac-
tion between two copper(ll) centers [19] and a vanely
of organometallic compounds [20] with a great success
in the prediction of the actual geometries [21].

For the sake of simplicity, the guintuplet ol the
idealized core of the cluster of clusters was studied, ie,
[CoOOC-H):]". The structural details were taken
from the actual structure of the cluster of clusters 1 and
summarized in Table 2, The calculations show that the
SOMO and the nearby filled molecular orbitals are
composed of Co 3d functions as well as a o system of
the bridging carboxylates as shown below.

;3}

I

A slice of the SOMO shows two different 3d orbitals
together with the bridging carboxylate {see Fig. dc)).
Interestingly the two cobalt(ll) 3d orbitals involved in
the SOMO are accidentally orthogonal due to the unex-
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pected participation of the chelating carboxylate. This
occurs not only in the SOMO but also in the MOs
underneath the SOMO. In the scheme abowve, il is
shown that both SOMO and SOMO-2 present an im-
portant participation of the chelating carboxylate in the
o path. The chelating carboxylate not only adds a
fraction of p character to the MO but also combines

with the symmetry appropriate metal orbitals (d_, or
d . . respectively). This combination of the metal
orbitals with the chelating oxyzen orbitals makes the
two cobalt(Il) centers non-equivalent. Besides, the
chelating carboxylate combines with cobalt(ll) on a @
path but not with the neighbor cobalt(Il), hence mak-

ing this o path suitable for a ferromagnetic exchange

Fiz. 4. (a) Slice of the SOMO of the [CofOOC-H), ~ fragment. (b} Slice of the SOMO of the chelate [Co(QOC- HYF - fragment. (¢) Shee of

the SOMO-2 of the model compound [Co{OOC-H),] .
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[22]. The alternative w path also occurs in this system (not
shown), though it is frequently less imporiant in trans-
mitting a magnetic interaction because of the smaller
overlap between the adjacent p functions of the carboxy-
late group, p

In view of the MO analysis, we postulate the presence
of the bridging carboxylate on one cobalt(II) center as
the origin of the non-equivalence, and therefore the
observed ferromagnetic coupling in 1 occurs through the
o path on the bridging carboxylate,

4. Concluding remarks

Cluster 1 presents an interesting case of two Interacting
paramagnetic centers linked via carboxylates. The mag-
netic characteristics of 1 are due to the intramolecular
coupling between two pseudo tetrahedral Co(ll) centers.
The nearest distance between two Co(1I) dimers is about
10 A, making it impossible to observe any further
intermolecular magnetic coupling. Related tetrahedral
Co(Il) carboxylates Co,0(RCOOQ), (where R = pivalate,
Fa) have been reported briefly but the origin of the EPR
and magnetic susceptibility have not been discussed in
relation to its structure, aiming at the complexity of the
exchange paths. A complete analysis of the correlation
and exchange energy (Dft methods) between two or more
Co(II) centers is not possible at the moment because the
magnitude of the spin—orbit coupling { — 147 cm— ') is
larger than the observed spin—spin coupling. Further
analysis of the magnetic exchange path is underway using
semi-empirical methods, because it provides a useful
qualitative explanation of the origin of the magnetic
phenomena in Co(Il) centers.
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