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The synthesis, crystal structures, spectroscopic and magnetic
properties studies of four trinuclear oxo-centered carboxylate
complexes are reported and discussed: [Crz(pz-O){O,C(OH)-
Ph,}s(H,0)3](NO3)-2H,0:3Me,CO  (1:2H,0-3Me,CO), [Crz-
(n3-0)(O,CPh)6(H,0)3](NO3)-1.9MeCN-0.5H,0 (2:1.9MeCN-
0.5H,0),  [Fes(us-0){O,C(OH)Ph,}4(H,0)3](NO3)-5.69H,0
(3-5.69H,0), and [Fe;3(u3-O)(O,CPh)s(H,0)3](NO3)-3MeCN
(4-3MeCN). From a crystallographic point of view, the three
metal ions form an isosceles triangle in 1 and 3 (benzilato
complexes) and an almost equilateral one in 2 and 4 (benzo-
ato complexes). Magnetic susceptibility measurements re-
veal metal-dependent isotropic exchange, for the Cr'' clus-
ters (1, 2), with the “magnetic symmetry” resembling that of
an almost equilateral triangle. For the Fe'! clusters the “mag-
netic symmetry” resembles that of an isosceles triangle. So-
lid-state 'H NMR studies for 1, through the measurements of
the temperature variation of the relaxation rate 1/T,, reveal

that the first excited spin state with St = 3/2 is well above
(ca. 30 cm™) the ground state with St = 1/2, consistent with
the magnetic susceptibility data. Mossbauer spectroscopic
studies give a larger quadrupole splitting, AEq, value for 3
than for 4, because of a larger charge asymmetry in 3 attrib-
uted to the different nature of the carboxylato ligands. EPR
experiments at X-band reveal the presence of antisymmetric
exchange within the Cr' clusters and distributions of both
isotropic and antisymmetric exchange interactions. In the
case of 2 the magnitude and distribution of these interactions
are greater. EPR spectroscopy for 3 suggests weak interac-
tions between neighboring units, which could be described
assuming a dimer of trimers. For complex 4 the EPR spectra
indicate a more complicated picture.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

One of the reasons for the extensive study of trinuclear
oxo-centered metal carboxylate assemblies (also known
as “basic carboxylates”) of the general formula
[MTS0(0,CR)6Ls]" (M = 3d metal ion, L = monodentate
terminal ligand) is that they serve as simple systems for the
study of magnetic and electronic interactions between tran-
sition-metal ions.['>! Additional interest originates from the
fact that they are used as precursors for the synthesis of
higher nuclearity clusters exhibiting interesting magnetic
properties.[®7] Such clusters are also studied because they
serve as models for the building blocks of polynuclear cores
in proteins® and in the case of Cr'' complexes, for their
biological activity.l]

[a] Institute of Materials Science, N.C.S.R. “Demokritos”,
15310 Aghia Paraskevi, Athens, Greece

Supporting information for this article is available on the
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Magnetic susceptibility studies have been performed for
many “basic carboxylates”,’] and at least in the 200-300 K
temperature rangel!l they are well understood within the
framework of the Heisenberg-Dirac-van Vleck (HDvV)
isotropic spin Hamiltonian with antiferromagnetic interac-
tions. Kambel!l has interpreted the magnetic susceptibility
data assuming that the exchange interactions within the tri-
angle were all equal (equilateral model) or that one was
different from the other two (isosceles model). The crystal
structure for many trinuclear complexes reveals an equi-
lateral configuration. Magnetostructural correlations sug-
gest that the equilateral geometry would be appropriate for
the description of the magnetic susceptibility data. How-
ever, even in highly symmetric cases the magnetic suscep-
tibility measurements require the adoption of the isosceles
configuration, in particular for the interpretation of the
low-temperature properties of these systems.

The equilateral magnetic model leads to an energy-level
diagram with a ground state consisting of two Kramers
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doublets. Lowering of the magnetic symmetry to the isosce-
les configuration indicated by the analysis of the magnetic
susceptibility measurements has the consequence that these
two doublets differ in energy. Experimental techniques such
as heat capacity measurements!!? or inelastic neutron scat-
tering!!-!?] have confirmed the lift of the degeneracy of the
ground state in consistency with a lower than equilateral
geometry. In the case of Fe'' complexes, Mdssbauer spec-
troscopy at liquid helium temperatures and in the presence
of external magnetic fields has led to the same conclusions;
the spectra obtained could not be analyzed within the
framework of equilateral configuration. Instead, the spectra
were reproduced by assuming lower symmetry and in some
cases a scalene configuration was considered more appro-
priate.[!3!

In order to interpret the lifting of the ground-state four-
fold degeneracy, a variety of models with different physical
origins has been suggested. An early model introduced the
concept of the magnetic Jahn—Teller effect, within which the
ground state of the system, occupied at low temperatures,
adopts an isosceles rather than an equilateral configura-
tion.') An isotropic model involving dynamic distortions
has been suggested!’”] and the results are comparable to
those obtained from Kambe’s static isosceles model. Other
models are based on Hamiltonians that include non-Hei-
senberg terms and retaining, or not, the D; symmetry of
the cluster. These are biquadratic,l'® anisotropic,['® and
antisymmetric exchange.>*>17-231 Their appearance is gen-
erally associated with spin-orbit coupling and has been ad-
equately described.[]

Compelling evidence for the role of antisymmetric ex-
change in trinuclear clusters has been provided by EPR
spectroscopy. Within the context of isotropic Heisenberg in-
teractions the S = 1/2 ground state would give rise to EPR
spectra characterized by the anisotropy of the intrinsic g-
tensors of the single ions. In the case of Cr' and Fe"' com-
plexes this intrinsic anisotropy is small and spectra confined
in a narrow region at g =~ 1.9-2.0 are expected. However,
the observed spectra from many clusters exhibit significant
g-anisotropy, and resonances with g values significantly
smaller (g.r < 1.7) than those expected are observed.!'8-1°]
Involvement of the antisymmetric exchange term has led to
a successful interpretation of this behavior. Similarly, unex-
pectedly large anisotropies attributed to antisymmetric ex-
change have been recently observed in trinuclear Cu'' com-
plexes?! and are also frequently encountered in [3Fe4S]'*
clusters in proteins.>”!

In some cases analysis of the X-band EPR spectra sug-
gests that, apart from the role of antisymmetric exchange,
the role of distributions of the Heisenberg and non-Heisen-
berg exchange coupling parameters is also of special impor-
tance.?>-271 Such distributions have also been implied from
Mossbauer studies in the case of Fe'' complexes.[!3:25-28]
Inelastic neutron scattering studies with the spectral
characteristics at low temperature have been explained as-
suming that more than one triangular complex with dif-
ferent degrees of symmetry-lowering are present in the
structure.[!?!
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In the present work, we study the effect of metal and
ligand variation (Cr' vs. Fe'! and benzilates vs. benzoates)
on the structural and electronic (magnetic, spectroscopic)
characteristics of “basic metal carboxylates”. We present
the syntheses and studies of the basic benzilates and
benzoates [Cr3(}l3-o){OzC(OH)th}6(H20)3](NO3)'2H20'
3Me,CO (1:2H,0:3Me,CO), [Cr;(p3-O)(0,CPh)s(H,0);]-
(NO3):1.9MeCN-0.5H,0 (2:1.9MeCN-0.5H,0), [Fes(u13-0)-
{O,C(OH)Ph,}4(H,0)3](NO3)-5.69H,O (3:5.69H,0), and
[Fes(u3-O)(0,CPh)s(H,0);5](NO3):3MeCN (4:3MeCN). In
particular we present structural, magnetic and X-band EPR
data for 1-4, Mossbauer spectroscopic data for 3 and 4 and
solid-state NMR spectroscopic data for 1. This is a continu-
ation of our work on CrM26] and Fe?7-29-311 complexes
exhibiting phenomena like spin frustration, antisymmetric
exchange, and J-strain, studied with spectroscopic tech-
niques such as EPR.

Results and Discussion

Syntheses

Most Cr'!! “basic carboxylate” complexes have in general
been prepared by complicated synthetic routes yielding in-
tractable solids or liquids.’! Fe'" “basic carboxylates” have
been prepared by reaction of a Fe'! salt with the appropri-
ate sodium carboxylate in aqueous solutions, yielding
amorphous solids. In any case, pure crystalline products
could not be isolated without recrystallization from organic
solvents. Thus, we have reacted Cr' and Fe!! salts with the
appropriate carboxylic acid or sodium salt directly in or-
ganic solvents and we have isolated the corresponding “ba-
sic carboxylates” in crystalline form following a straightfor-
ward and simple synthetic procedure.

The balanced chemical equations for the synthesis of the
“basic benzilates” (Cr'!: 1, Fe''": 3) and the “basic benzo-
ates” (Cr'l: 2, Fe'"': 4) may be written in the forms of Equa-
tions (1) and (2) respectively. In every case it is assumed
that H,O from the starting materials and/or the solvent is
the source of the O% ion.

Me,CO (1), CH,Cl, (3)
3 M(NO,), -9 H,0 + 6 Ph,C(OH)COOH

[M,0{0,C(OH)Ph, }(H,0),](NO,) + 8 HNO, + 23 H,0
M =Cr (1), Fe (3) ()

3M(NO,),- 9H,0 + 6PhCO,Na —eCNZ9D |

[M,0(PhCO, ), (H,0),](NO,) + 6 NaNO, + 2 HNO, + 23 H,0
M=Cr (2),Fe(4) )

A point of synthetic interest is that for the carboxylates
at hand, the use of the carboxylic acid (1/3) or the sodium
carboxylate (2/4) have both led to the desired complexes.
3711
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Table 1. Selected bond lengths [A] and angles [°] for 1-4.1

2

3

4

1
M-Ox0 1.904(3)-1.907(3)
M-Ocarboxylato 1.959(3)-1.990(3)
M-Oy,0 2.008(5)-2.024(5)
MM 3.278(3)-3.314(3)
M-Ooxo-M 118.8(2)-120.9(2)

1.887(4)-1.899(4)
1.947(4)-1.980(5)
2.025(5)-2.067(6)
3.276(4)-3.290(4)
119.3(2)-120.8(2)

1.893(6)-1.935(6)
1.991(6)-2.036(7)
2.035(7)-2.133(6)
3.280(6)-3.333(6)
119.3(3)-121.13)

1.898(6)-1.908(7)
1.977(8)-2.029(9)
2.082(8)-2.112(7)
3.290(8)-3.298(8)
119.6(4)-120.5(4)

[a] M = Cr (1, 2), Fe (3, 4).

Description of the Structures

General Remarks

Compounds 1-4, as members of the large family of “ba-
sic carboxylates” containing a central planar [M;(ps-O)]”*
core and the carboxylato ligands, lie above and below this
plane. The monodentate ligands are directed trans to the
Fe-O,x, bonds. Their structural parameters are typical of
“basic carboxylates” and will not be analyzed in detail. In
the case of the benzilato complexes 1 and 3, the triangles
formed by the three metal ions are best described as isosce-
les, while in the benzoato complexes 2 and 4 the triangles
formed are equilateral (within a few standard deviations).
Selected bond lengths and angles for 1-4 are listed in
Table 1, and the molecular structure of 1 is selectively
shown in Figure 1. The most interesting feature in the struc-
tures of 1-4 is the presence of intermolecular interactions
and the formation of 2D networks, which will be discussed
in detail.

Figure 1. Partially labeled ORTEP plot of the cation of 1 with ellip-
soids drawn at the 40% probability level. Only the ipso carbon
atoms of the benzilato ligands are shown and hydrogen atoms have
been omitted for clarity.

Lattice Structure of 1:2H,0-:3Me,CO

As shown in Figure 2, the cations of 1 are hydrogen-
bonded through their aquo ligands [Ow(1), Ow(2) and
Ow(3)] to the nitrate counterions and the solvate molecules
[Ow(4), Ow(5) and acetone solvates]. In particular, the
water solvate Ow(5) is the intermediate through which the
trimers are connected to each other through the hydrogen
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bonds to Ow(2) and O(53) of one trimer [Ow(5):O(W2)
2.642 A, Ow(5)-+0(53) 2.977 A] and O(23) of a neighboring
one [Ow(5)~+0(23") 2.809 A (1 + x, y, z)] forming chains
parallel to the « axis of the unit cell. The nitrate counterions
link trimers belonging to neighboring chains resulting in
the formation of layers extended along the ab plane
[0(33)0(62'") 3.001 A (0.5 — x, 0.5 + y, 0.5 — z2),
Ow(3)--0(62"") 2.741 A (0.5 — x, 0.5 + y, 0.5 — 2),
03)0(61""") 2.885A (x, -1 + y, z), Ow(1)~O(61""")
2.659 A (x, -1 + y, 2)]. The three acetone and the second
water solvate molecules are hydrogen-bonded to each other
and to coordinated water molecules as well as to the hy-
droxy group of the benzilato ligands, thus further stabilizing
the above-mentioned 2D network.

Figure 2. Plot of the 2D polymeric structure of 1 parallel to the ab
plane. Hydrogen bonds are shown as thick black lines (only the
ipso carbon atoms of the benzilato ligands are shown). Cr: black
circles, O: dark gray, N: large open circles, C: small open circles.

Lattice Structure of 2:-1.9MeCN-0.5H,0

The lattice structure of 2 due to hydrogen-bonding inter-
actions is shown in Figure 3. The key feature is the presence
of the nitrate counterion, which is hydrogen-bonded to the
coordinated water molecules of three different trimers
[O(61)~-Ow(1") 2908 A (-1 + x, y, z), O(62)~Ow(2'")
2.875A (x, -1 + y, z), O(63)-Ow(3) 2.901 A]. Thus, a 2D
network is formed that is parallel to the ab plane. The solv-
ate molecules are hydrogen-bonded to each other and to
coordinated water molecules but they do not contribute to

Eur. J. Inorg. Chem. 2006, 3710-3723
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the formation of a further polymeric network (these interac-
tions are not shown in Figure 3).

Figure 3. Plot of the 2D polymeric structure of 2 parallel to the ab
plane. Hydrogen bonds are shown as thick black lines. (only the
ipso carbon atoms of the benzoato ligands are shown). Cr: black
circles, O: dark gray, N: large open circles, C: small open circles.

Lattice Structure of 3:5.69H,0

In the structure of 3, the X-ray analysis could not reveal
the hydrogen atoms of the aquo and benzilato ligands, thus
only the intermolecular interactions will be considered for
the formation of the lattice structure (Figure 4). Strong
intermolecular interactions between O(53) of one trimer
and O(13) and Ow(2) of a neighboring trimer [O(53)-*
O(13") 2917A (1.5 — x, 0.5 — y, 1 — z2), O(53)~Ow(2")

2917A (1.5 - x, 0.5 — y, 1 — z)] are responsible for the
formation of dimers of trimers. The presence of the nitrate
counterions and the existence of strong intermolecular in-
teractions [O(61)~-Ow(1'’) 2.668 A (-0.5 + x, 0.5 + y, z)
and O(63)~0Ow(3''") 2.612 A (1 — x, y, 0.5 — z)] connects
the dimers together and the final result is the formation of
a 2D polymeric network parallel to the bc plane.

Lattice Structure of 4-:3MeCN

As in the case of 3, the X-ray crystal structure analysis
of 4 did not reveal the hydrogen atoms of the aquo ligands.
Nevertheless, intermolecular interactions less than 3 A with
the nitrate counterions are considered as possible hydrogen-
bonding interactions. In particular, the nitrate anions inter-
act with three neighboring trimers [O(61)-+-Ow(3’) 2.890 A
(1 =x, =y, 1 - 2), O(62)~+0w(1'") 2.680 A (0.5 — x, -0.5 +
y, 1 —z), O(63)+0w(2'"") 2.798 A (0.5 — x, 0.5 + y, 1 — 2)],
linking the trimers to form a 2D polymeric network parallel
to the ab plane (Figure 5). The solvent molecules of
crystallization also interact intermolecularly with the coor-
dinated water molecules, but they do not contribute to a
further development of the lattice structure (these interac-
tions are not shown in Figure 5).

Mossbauer Spectroscopy

Mossbauer spectra from solid powder samples of 3 and
4 were recorded at zero magnetic field in the 78-300 K tem-
perature range. The spectra at 78 K are shown in Figure 6.
Each compound gives rise to one doublet with the following
values for the quadrupole interaction (AEg) and the isomer
shift (6): complex 3, AEq = 0.65mms !, 6 = 0.50 mms ';
complex 4, AEg = 0.52 mms !, § = 0.52 mms '. The values
for the isomer shift are consistent with Fe''' (S = 5/2) in

Figure 4. Plot of the 2D polymeric structure of 3 parallel to the hc¢ plane. Hydrogen bonds are shown as thick black lines (only the ipso
carbon atoms of the benzilato ligands are shown). Fe: black circles, O: dark gray, N: large open circles, C: small open circles.
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Figure 5. Plot of the 2D polymeric structure of 4 parallel to the ab plane. Hydrogen bonds are shown as thick black lines (only the ipso
carbon atoms of the benzoato ligands are shown). Fe: black circles, O: dark gray, N: large open circles, C: small open circles.

an octahedral environment comprising O donors. The line
widths are quite narrow (half width at half maximum
0.20 mms!), indicating a homogeneous environment
around the Fe''' ions. Complex 3 is characterized by a
larger value for AE, than complex 4, indicating a larger
electric field gradient (EFG) for the ferric sites for complex
3. Inspection of the iron environments for the two com-
pounds suggests that this larger EFG cannot be of geomet-
rical origin; there are no systematic geometrical deviations
between 3 and 4 for the ferric octahedra. The larger AEq
for 3 may suggest, however, a larger charge asymmetry im-
posed by the different nature of the two carboxylates.

-1 0 1 2
. —1
velocity / mm s

Figure 6. Zero-field Mossbauer spectra from solid powder samples
of complexes 3 and 4 at 78 K.
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Magnetic Susceptibility Measurements

Cr'"' Complexes

The ymT product at 300 K is 4.00 and 3.70 cm*mol 'K
for 1 and 2 respectively, appreciably below the value antici-
pated for three noninteracting S = 3/2 spins
(5.61 cm*mol ' K), indicative of antiferromagnetic interac-
tions (Figure 7). On cooling, this drops to 0.43 cm3>mol ' K
(for 1) and 0.36 cm*mol 'K at 2 K (for 2) not extrapolating
to zero at 0 K, thus suggesting the existence of a paramag-
netic impurity and/or a magnetic ground state. The yy; ver-
sus T plots show a gradual increase upon cooling, with a

2 T/ em’ mol™ K

0 s0 100 150 200 250 300
T/K

Figure 7. ym vs. T and yqT vs. T experimental data for complexes

1 () and 2 (O) and theoretical curves based on the Hamiltonian

of Equation (4), using the parameters of solutions 1B and 2B,
respectively.
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more abrupt increase below 12 K, probably attributed to a
paramagnetic impurity.

To fit the data, an initial model consisting of three equal
J values was considered, with the Hamiltonian being [Equa-
tion (3)]:

=285+ 55 +58) Q)

where S; = 3/2.

Assuming a small fraction of paramagnetic impurities, p,
this model yielded satisfactory solutions with parameters J
=-103cm !, g=1.87 p=1.0%, and R =1.5x107 for 1
(solution 1A) and J = -10.2cm ™!, g = 1.79, p = 0.8%, and
R =3.8x10 for 2 (solution 2A). On further examining the
system, a 2J model was considered, in order to assess the
validity of the previous results. The corresponding Hamilto-
nian was [Equation (4)]:

H=-2[J8S; + S:8;) + J'S:S;] 4)

An examination of the parameter space for this model
indicated the existence of two local minima (Figures S1 and
S2, Supporting Information). On examining each, two solu-
tions were obtained for complex 1, with best-fit parameters

=-10.6cm™, J ' =-99cm™!, g=1.87, p=0.98%, and R
=13x10° (1B)and J = -10.1cm™, J' = -109cm ™!, g =
1.87, p = 0.98%, and R = 1.3x10> (1C). Similarly, two
solutions were obtained for 2, with best-fit parameters J
=-117ecm", J = -96cm!, g =182, p=0.62%, and R
=14x10%@2B)and J = -102cm ™', J' = -129cm !, g =
1.82, p = 0.62%, and R = 1.5x10°* (2C).

Solutions 1B, 1C and 2B, 2C are comparable in quality
and only marginally better than solutions 1A and 2A,
respectively. This small improvement of quality in the fits
may stem from the fact that the isosceles model is more
adequate, but might also be a result of overparametrization.
This is further discussed below (see EPR Spectroscopy).

In order to further examine the validity of these results,
the M versus H isotherms of 1 and 2 were measured and
compared to the calculated ones, for each one of the solu-
tions. In each case the magnetization isotherms were practi-
cally superimposable, and verified the data perfectly. Char-
acteristic plots are shown in Figures S3 and S4 in the Sup-
porting Information.

Fe' Complexes

At 300 K the T product is 4.69 cm*mol' K for com-
plex 3 and 3.67 cm®mol 'K for complex 4, significantly
lower than the theoretically expected value for three nonin-
teracting S = 5/2 spins (13.14 cm*mol ! K), indicating anti-
ferromagnetic interactions (Figure 8). Upon cooling, the
xmT product decreases without extrapolating to zero at
0 K, which also agrees with the interplay of antiferromag-
netic interactions and a magnetic ground state.

Eur. J. Inorg. Chem. 2006, 3710-3723
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Figure 8. yp vs. T and y 7T vs. T experimental data for complexes
3 (O) and 4 (O) and theoretical curves based on the Hamiltonian
of Equation (4), using the parameters of solutions 3B and 4C,
respectively.

Initial attempts to simulate the magnetic properties of
complex 3 by considering a single J interaction, viewing the
complex as an equilateral triangle [Equation (3)], did not
yield satisfactory results, so the Hamiltonian of Equa-
tion (4) was considered (with S; = 5/2). From the fitting
process two solutions of satisfactory quality were obtained,
with a small amount of paramagnetic impurity, with their
parameters being J = -27.5cm™!, J' = 20.5cm™!, p =
0.36%, g =2.0,and R=1.0x103 (3B) and J = -22.5cm !,
J = -326cm!, p=035%, g=20 and R = 1.1x1073
(3C). These two solutions were also located on error con-
tour-plots drawn for various values of J versus J' (Fig-
ure S7).

The above-mentioned solutions were further verified by
simulations of the M versus H isotherm at 4 K (Figure S7).
The experimental data were very well simulated using any
set best-fit parameters, which yielded practically superim-
posable calculated curves.

The behavior of complex 4 could not be accounted for
by this model in the low-temperature region, so fits were
carried out between 300 and 14 K. These also yielded two
solutions, with parameters J = 349 cm™!, J' = 29.3 cm™!,
p=0,¢g=20,and R =2.7x10% 4B) and J = -31.0cm ',
J =-384cm!, p=0,g=20,and R =1.7x10* (4C),
which were also located on error contour-plots for various
J versus J' values (Table 2) (Figure S8). Below 14 K the ex-
perimental curve dropped below the theoretically calculated
one. This was also evidenced from the magnetization curve,
which at 2.5 is significantly lower than the one theoretically
calculated based on the best-fit parameters (Figure S10).

Considering that exchange couplings are primarily medi-
ated through the oxide ions,*?! the J values for the Fe!!
complexes are very close to those derived by applying the
formula proposed by Weihe and Giidel**-*¥ using the Fe-
O distances and the Fe-O-Fe bridging angles. Although for
dinuclear Cr'™ compounds the exchange coupling depends
on the same parameters (distances and bringing angles),?!
an analogous magnetostructural correlation scheme has not
3715

www.eurjic.org



FULL PAPER

V. Psycharis et al.

Table 2. Exchange-coupling constants derived for complexes 1-4.

Best-fit solution J J' J 8 gl
(cm™) (cm™) (cm™)
1A -10.3 1.87
1B -10.6 -9.9 -10.4 1.87
1C -10.1 -10.9 -10.4 1.87
2A -10.2 1.79
2B -11.7 -9.6 -11.0 1.82
2C -10.2 -12.9 —~11.1 1.82
3B -27.5 -20.5 -25.2 2.00
3C -22.5 -32.6 -25.9 2.00
4B -34.9 -29.3 -33.0 2.00
4C -31.0 -38.4 -33.5 2.00

[a] Joy = (2J + J')/3. [b] Values in bold were fixed during the fitting
process.

yet been obtained for Cr'"' compounds!?®! with nuclearity

three and higher. The values obtained for the exchange pa-
rameters (J, J') are very close to the corresponding values
from similar trinuclear oxobridged Cr'™ and Fe'™ com-
pounds.!

The ligands seem to have no discernible influence on the
magnetic properties of the Cr!'-based complexes. On the
contrary, in the case of Fe'-based complexes the J values
are larger in the case of the benzoate ligand (4), as has also
been observed in another series of trinuclear iron(III) car-
boxylate complexes.?”!

Although the number of examples presented herein is
hardly sufficient to establish a valid correlation, we may still
assume that there is some influence of the carboxylato li-
gand’s electronic parameters on the magnitude of the ex-
change couplings. This influence should be secondary to
that induced by the variation of structural parameters like
M---M distances and M-O-M angles, but is probably not
negligible. Such an influence has also been observed by
Maossbauer spectroscopy, which reveals a larger (ca. 25%)
quadrupole splitting for the ferric sites in 3 despite having
very similar geometrical environments to the ferric sites
in 4.

In assessing the metal influence on the magnetic proper-
ties of the complexes, we first observe that couplings are
stronger in iron(II) complexes than in their chromium(III)
counterparts, by a factor of about 3. Secondly, we observe
that, as in the case of “basic iron(III) carboxylates”, “basic
chromium(III) carboxylates” present two best-fit solutions
of their magnetic susceptibility data within the isosceles
model, one with J > J' and one with J < J'. However, an
important difference is that in the case of chromium(III)
complexes these solutions are comparable in quality with
the solution derived from the equilateral model (J = J'),
whereas in the case of iron(I1I) complexes the latter model
fails to satisfactorily reproduce the experimental data.
Therefore, although the equilateral model may be insuf-
ficient to describe “basic chromium(IIl) carboxylates”,
other techniques (like EPR) are necessary to unambigu-
ously prove this.

3716

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Solid-State NMR

Solid-state NMR experiments in magnetic molecular
clusters of transition-metal ions probe the magnetic exci-
tations in the electronic spin system of the cluster. In par-
ticular, at low temperatures, 7) spin-lattice relaxation mea-
surements are quite sensitive to the low-lying energy levels
of the system. The '"H NMR spin-lattice relaxation time T}
was measured at an applied magnetic field H = 4.7 T, be-
tween room and liquid-helium temperatures. The relaxation
rate 1/7 as a function of temperature is shown in Figure 9.
At high temperatures the relaxation rate exhibits a weak
temperature dependence, while below around 80 K an acti-
vated-type dependence is observed. The temperature depen-
dence of 1/T; measured for 1 is analogous to a previously
studied trinuclear Cr'" complex®%! and has a behavior that
has been frequently encountered in previous 'H NMR stud-
ies of molecular clusters that include transition-metal ions
with low S values, for example S = 1/2, 3/2.381 The NMR
1/T; relaxation data in clusters including metal ions with
high S values, such as S = 5/2, frequently exhibit a pro-
nounced 1/7} maximum at temperatures of the order of the
exchange frequency J.[34%1 The absence of a maximum in
clusters with metal ions having low S values has not been
adequately explained so far and is currently under investiga-
tion.

A=30.92 cm

0 50 100 150 200 250 300
T/K

Figure 9. The relaxation rate 1/7; as a function of temperature
for 1.

Using a two-level system and an Orbach-type activation
process for the electronic excitation, we have been able to
fit the experimental data considering an energy gap consis-
tent with that obtained from the susceptibility data. In this
model the NMR relaxation is caused by the local field fluc-
tuations originating from the magnetic excitations from the
ground state to the excited state, separated by the energy
difference A. Assuming that the Cr'™ spin system remains
in the ground state for an average time 7, and in the excited
state for a lifetime 7;, during which an effective transverse
local field 4, appears at the nuclear site, the relaxation rate

is expressed as [Equation (5)]:[*!1
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yn Is the proton gyromagnetic ratio, and wy is the Larmor
angular frequency.

This model has been frequently employed for the nuclear
magnetic relaxation in paramagnets.’$4>43 For the exci-
tation 1/ty, we may consider the sum of two processes
[Equation (6)]:44

A
) ©)

B

| g, H
— = A, coth(Z=2) + B, cxp(—
2 0 (Zk T) o CXP(

0 B

The first term is a direct-type process, generally appli-
cable at low temperatures, and the second term is an acti-
vation process of the Orbach type because of the presence
of the energy level spacing A and is generally applicable at
higher temperatures.

For the lifetime 7; we consider a temperature-indepen-
dent term [Equation (7)]:

1/1'1 = C] (7)

Setting vn = 200.1 MHz (H = 4.7 T), and using Equa-
tions (6) and (7), the experimental NMR points are fitted
to Equation (5), shown as a solid line in Figure 13. The in-
fluence of the first term in Equation (6), the direct process,
is quite small in the experimental determination of A. We
observe that the line describes the overall experimental fea-
tures rather well. The value of A determined by the fitting
is A =30.92 cm . According to the analysis of the magnetic
susceptibility measurements for Cr'' compounds presented

in the previous paragraph, the ground state has St = 1/2 (T
for total) and the first excited state has St = 3/2. For an
equilateral exchange interaction model, which is the case
(to a good approximation) for the Cr''! compounds, A =
3J4 = 30 cm™! (for J = 10 cm™!). Both values for the first
excited multiple determined by the analysis of the suscep-
tibility and NMR measurements are in good agreement.

EPR Spectroscopy

EPR spectroscopy has been proven to be very useful in
determining the magnetic properties of the ground state of
trinuclear complexes.[>43-17-231

Cr'" Complexes

X-band EPR spectra from powder samples of 1 and 2
recorded at 4.2 K are shown in Figure 10. Both samples
give rise to strong signals comprising an absorption peak at
g = 1.97-1.98 and broad features at higher magnetic fields
(Figures 10, left and right). The magnetic susceptibility data
indicate an St = 1/2 ground state for complexes 1 and 2.
Indeed, the signals of Figure 10 are consistent with an iso-
lated St = 1/2 state. In coupled trimers, a relatively large
anisotropy in the g tensor for the St = 1/2 ground state
with a g, value significantly smaller than 2 is usually ob-
served. This anisotropy is the result of antisymmetric ex-
change interaction [Equation (8)]:

Hap = dS) xS, + 5,xS5 + §5%8)) 3

In the framework of Hamiltonian (8), g = go, where go
is the g value for the Cr''! metal ion. g, depends critically
on the relationship between d and AE, where AE is the en-
ergy difference between the two lowest St = 1/2 states. In
the case of well-isolated St = 1/2 doublets with respect to
the higher S = 3/2 states and small d values, the dependence
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Figure 10. X-band EPR spectra in the high-field region from powdered samples from compounds 1 (left) and 2 (right) at 4.2 K. Dashed
lines represent theoretical simulations as described in the text. Inset: Distribution of subspectra used to generate the simulations as
described in the text. EPR conditions: microwave power 2.0 mW, mod. amplitude, 1.0 mT (left), 0.4 mT (right), microwave frequency

9.42 GHz.
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of g, on these parameters is given analytically through the
relationship [Equation (9)]:[*)

Dz 1/2
=
2, gu[ A )2] ©)

AE stands for the separation of the lowest S = 1/2 dou-
blets and is given by the relationship [Equation (10)]:

AE = (0% + DY) (10)
where D = 4\/@, and g = 4|J - J'|.

From this model the characteristics of the spectra shown
in Figure 10 can be understood. The absorption peak ob-
served at g =~ 1.97-1.98 is attributed to the g; component,
whereas the broad derivative feature corresponds to g, . Re-
cently?®! we have observed similar EPR spectra in a Cr'!!
complex similar to 2. In order to reproduce the line shape
of the spectra we follow the same procedure as in that case.
Namely, we calculate a large number of axial spectra with
g = 1.97-1.98 and with smaller g, values, and then by a
fitting routine we determine the distribution of the subspec-
tra that reproduce the experimental one. The resulting sim-
ulations together with the distributions of the subspectra
are shown in the insets in Figure 10.

In both cases the distribution profiles exhibit a maximum
at certain g values (1.90 for 1 and 1.53 for 2). These values
are considered as the g, for the S = 1/2 ground states. The
crystal structure at room temperature revealed an isosceles
configuration for 1 and an almost equilateral for 2. The
magnetic susceptibility measurements gave satisfactory re-
sults either with an equilateral (J = J') or with an isosceles
model (J # J'). An S = 1/2 EPR signal with an axial char-
acter cannot arise from a trinuclear system with J = J’,
because in this case the transition probability correspond-
ing to the g component vanishes.!>!1%]

From the dependence of g, on the antisymmetric ex-
change parameter |d|, the magnitude of the latter can be
determined. For this, knowledge of g,, and AFE is also re-
quired. For Cr (S = 3/2) the intrinsic g, tensor is slightly
anisotropic with values go| and go, smaller than 2 and in
the 1.98-1.93 range. For the coupled system the g param-
eter does not depend on |d|, therefore we can safely assume
that g = g|. For the perpendicular component we assume
that go, lies in the 1.98-1.93 region.

Although for the description of the magnetic suscep-
tibility data we did not take into account the antisymmetric
term, the determined values for J and J' can be used in
order to estimate the separation, AE of the two lowest S
1/2 states. We consider also that their average value J,, =
(2J + J')/3 is valid as it satisfactorily reproduces the tem-
perature dependence of the magnetic susceptibility. From
Equation (9) and the given values for AE we determine the
antisymmetric exchange parameter |d| for the two solutions
(1B, 1C and 2B, 2C). From these values we estimate that |d|
~ 0.10cm™! for 1 and |[d| = 1.1 cm™! for 2. These values fall
in the range reported for other carboxylato-bridged trinu-
clear complexes.['] |d| is significantly larger for compound
2, suggesting that the nature of the carboxylato-bridging
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ligands affects the magnitude of the antisymmetric ex-
change interaction.

From Equation (10) we find that ¢ = 3cm™! for 1 and &
~ 6 cm! for 2. This parameter depicts the splitting of the
S = 1/2 doublets, which is due to the nonequivalence of the
isotropic exchange parameters. We observe that incorpora-
tion of antisymmetric exchange through Equation (10)
leads to a slightly smaller ¢ compared with the one derived
from a purely isotropic exchange Hamiltonian, which was
considered in the analysis of the magnetic susceptibility
data. From the relationship ¢ = 4|J — J'| we see that the
actual J and J' values should be slightly different from
those derived from the analysis of the magnetic suscep-
tibility data. This difference is too small to be discernible in
the analysis of the temperature dependence of the magnetic
susceptibility. Moreover, the magnitude of the antisymmet-
ric exchange parameter |d| derived from the analysis of the
EPR data is not expected to affect this analysis.

The parameter ¢ can be taken as a measure for the lower-
ing of the symmetry because for an equilateral triangle ¢ =
0. For compound 1 a non-zero value for ¢ could be antici-
pated, as the room temperature crystal structure already re-
veals an isosceles configuration. On the contrary, com-
pound 2 has an equilateral configuration at room tempera-
ture. Therefore the finite value of ¢ for this compound (even
larger than compound 1) indicates a lowering of symmetry
at low temperatures. The lowering of symmetry is one of
the properties of trinuclear complexes that have been the
subject of extensive studies during the last few decades, and
from this point of view compound 2 belongs to this family
of clusters.

The distribution of g, values required to reproduce the
EPR spectra of Figure 10 is noteworthy. The distribution is
more pronounced for compound 2. From Equation (9) we
observe that g, is extremely sensitive on the ratio d/AE. A
relatively small distribution on this parameter would lead
to a large distribution of the g values, resulting in a severely
distorted axial EPR spectrum. This distribution may arise
from structural inhomogeneities, resulting for instance from
partial solvent loss. Alternatively, this behavior may be con-
nected with the lowering of the symmetry discussed above.
We note that, as AE depends on ¢, a small distribution of
the isotropic exchange constants would have a prominent
effect. These constants are expected to depend on the geo-
metrical characteristics of the clusters. It is probable, there-
fore, that upon cooling a multitude of geometric configura-
tions are trapped, giving rise to slightly different sets of J
values, resulting eventually in a variety of o values. This
effect would be more pronounced for compound 2 on going
from the equilateral to isosceles configuration upon de-
crease of temperature.

As the temperature increases, new signals emerge in the
lower-field region of the spectra, as shown in Figure 11. The
temperature dependence of these signals indicates that they
arise from excited states of a paramagnetic system. This is
strong evidence against an assignment of these signals to
mononuclear Cr'™' (S = 3/2) impurities.*®) On the other
hand, they can be very well attributed to excited states with
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S > 1/2 of the trimeric units, which are gradually populated
as the temperature increases. The energy level with St = 3/2
is the most probable to generate these signals, because it is
the first excited state with S > 1/2 for the system.

T T T
1500 2000 2500

H/G

T T T
500 1000

Figure 11. The low magnetic field region of EPR spectra from poly-
crystalline samples of 1 and 2 at 4.2 K (dotted lines) and 19 K
(continuous lines). The asterisk * denotes a weak signal, which is
attributed to impurities. EPR conditions: microwave power
2.0 mW, mod. amplitude 1.0 mT, microwave frequency 9.42 GHz.

For an equilateral triangle one has four states with Sy =
3/2 with the same energy. For J # J' these states differ in
energy leading to four separate quartets. Moreover, further
splitting may be induced from non-Heisenberg interactions
such as single-ion zero-field splitting, dipolar, and antisym-
metric exchange. The analysis of the St = 1/2 signals from
the ground state indicates that the magnitude of these inter-
actions is too small to be discernible in the bulk magnetic
susceptibility measurements; however they induce very
complicated EPR spectra. As is clearly shown in Figure 11,
the two complexes differ not only in the EPR spectra ob-
tained from the St = 1/2 ground state, but also in the EPR
spectra from the excited states.

Fe'" Complexes

The EPR spectrum recorded at 4.2 K from a polycrystal-
line sample of compound 3 is shown in Figure 12. Although
the analysis of magnetic susceptibility measurements reveals
that the ground state for compound 3 has St = 1/2, as in
the case of compounds 1 and 2, the EPR spectrum for this
compound is different. Specifically, a very intense signal is
observed at g = 2.0 and a number of weaker signals are
recorded at lower values of the magnetic field. The signal
recorded at g = 2.0 has a width of about 600 G, and com-
prises an absorption feature at g = 2.18, a derivative at g
=~ 1.98, and a valley at 1.86. These signals are not explained
by considering an isolated trinuclear complex as in the case
of Cr'-based 1 and 2 complexes. Recently, we have ob-
served similar EPR spectra from powdered samples of an-
other trinuclear complex and for their interpretation we
suggested inter-trimer interactions leading to weakly cou-
pled dimers of trinuclear units.®!l The crystal structure of
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3 reveals intermolecular interactions leading to the forma-
tion of dimers of trinuclear centers. In order to reproduce
the spectra we have employed the same model as in ref.3!]
involving two weakly interacting S; = S, = 1/2 species in
the framework of the spin Hamiltonian [Equation (11)]:[>°]

H =538 +S,gB + S,2:B (11

100 200 300 400 500 600
H/mT

Figure 12. Experimental (solid) and theoretical (dotted) perpendic-
ular-mode X-band EPR spectra from a powdered sample of 3 at
4.2 K. The simulation is obtained as described in the text using
an intrinsic line width of 7mT. EPR conditions: microwave power
2.0 mW, mod. amplitude 0.4 mT, microwave frequency 9.42 GHz.

The exchange interaction is represented by an aniso-
tropic diagonal tensor J. The distance between the trinu-
clear complexes in a dimer unit is relatively large and the
isotropic exchange interaction is expected to be negligible.
We find that the spectra are well reproduced for J = [0.04,
0.00, —0.04] cm™ with g, = g, = 2.0. The interaction of
Equation (11) leads to a four-energy-level system.

Within this, manifold “half-field” transitions are ex-
pected at g = 4.0.47) Indeed, such signals are observed in
the EPR spectra of Figure 12. It could be argued that the
signals in the g = 4 region arise from high-spin Fe''l impuri-
ties which exhibit derivative signals at g = 4.3. In order to
deduce whether the signals in the g = 4.0 region belong to
the exchange coupled system of Equation (11) or arise from
Fe''" impurities, we have performed EPR spectroscopy in
parallel mode (Figure 13). For a high-spin Fe'' impurity
with a zero-field splitting term |D| = 1-2cm ™!, the g = 4.3
component has no contribution in parallel mode, as it arises
from a Kramers doublet. The “half-field” transitions of a
system described by Equation (11) involve non-Kramers
doublets and the transition probability in parallel mode is
finite. The existence of a signal at g = 4.0 in the parallel
mode spectrum provides further evidence for an anisotropic
exchange interaction between two neighboring S = 1/2 tri-
mers.

The spectra are reproduced assuming isotropic g; tensors
with g = 2.00. From this point of view, complex 3 does not
exhibit anisotropic g tensors for the ground S = 1/2 state,
unlike the Cr analogue complex 1, for which anisotropic S
= 1/2 signals are observed (Figure 10). Therefore, there is
no indication for antisymmetric exchange in the case of 3.
3719
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Figure 13. Experimental (solid) and theoretical (dotted) dual-mode
X-band EPR spectra from powdered samples of 3 at 4.2 K. A: per-
pendicular mode; B: parallel mode. Simulations are obtained as
described in the text. EPR conditions: A, as in Figure 11; B, micro-
wave power 54 mW, mod. amplitude 0.4 mT, microwave frequency
9.36 GHz.

The anisotropic exchange interaction is mainly of dipolar
origin. In the present case, the spin in each trimer delocal-
izes in three Fe''' ions and the size of the triangles is of
the same order of magnitude with the distance between the
species. In such a case a point-dipole model is not a good
approximation. We have observed similar EPR spectra from
powdered samples of another trinuclear complex.[!]

Powdered samples from 4 gave rise to complicated EPR
spectra at liquid helium temperatures extending several
hundreds of mT. We have studied many samples exhibiting
identical Mossbauer and IR spectra but each time their
EPR spectra showed variations. A representative spectrum
is shown in Figure S13. The X-band EPR spectra cannot
be interpreted assuming isolated S = 1/2 species. The simpli-
fied model for intermolecular interactions, adopted in the
case of 3, does not apply to 4 either. Moreover, we note
that the magnetic susceptibility data for liquid helium tem-
peratures exhibited significant deviation from the isotropic
exchange Hamiltonian [Equations (3) and (4)]. Therefore, it
appears that more complicated magnetic interactions have
to be taken into account in order to appropriately describe
the low-temperature magnetic behavior of 4.

Conclusions

Structural, magnetic, and EPR spectroscopic studies
have been carried out on two basic chromium(III) and two
basic iron(III) carboxylates. In addition, solid-state 'H
NMR studies have been carried out on 1 and 3"Fe Moss-
bauer studies have been carried out on the ferric complexes
3 and 4. This allowed us to examine the influence of ligand
and metal variation on structural, magnetic, and spectro-
scopic properties.

From a structural viewpoint benzilato ligands induce a
nearly isosceles geometry in 1 and 3, whereas benzoato li-
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gands induce a nearly equilateral geometry. However, these
geometric characteristics are not reflected in the “magnetic
symmetry” of the complexes; the magnetic susceptibility
data of the chromium(IIT) complexes can be well described
both by the equilateral or isosceles model, whereas those of
the iron(IIl) complexes demand the use of the isosceles
model. In the case of the isosceles model, two best-fit solu-
tions are obtained for all complexes. Solid-state '"H NMR
studies on 1 reveal that the first excited state is well sepa-
rated from the ground state and quantitatively confirm the
magnetic susceptibility results.

Further information regarding the low-lying spin states
of the trimers was obtained by X-band EPR spectroscopy.
For 1 and 2 the EPR results favor the isosceles model at
least at liquid helium temperatures and confirm the St =
1/2 ground state. In addition, in 1 and 2 the presence of
antisymmetric exchange was revealed along with a distribu-
tion of the exchange parameters.

Concerning the iron(IIT) complexes, the EPR spectrum
of 3 is influenced by intermolecular interactions of dipolar
origin, whereas that of 4 is too complicated to be analyzed
in detail. It is however concluded that antisymmetric ex-
change is not so important in 3.

Another point of interest concerns the ligand-induced
electronic effects on various magnetic and spectroscopic
properties. In particular, it was observed that: (i) isotropic
exchange couplings are stronger within benzoato complexes
(2/4) than within benzilato complexes (1/3), (ii) the electric
field gradient is larger for the ferric sites of the “basic
iron(IIT) benzilate” (3) than for the sites of the “basic
iron(I1T) benzoate™ (4), and (iii) the magnitude of the anti-
symmetric exchange parameter d is about 10 times larger
for 2 than for 1.

These differences gain importance with the close struc-
tural resemblance of 1/2 and 3/4, which does not allow for
their simple geometric interpretation. Rather, we assume
that electronic factors affect the exchange couplings (iso-
tropic and antisymmetric) and EFG, although this point
requires more elaborate studies. Weak intermolecular,
metal-dependent interactions may complicate the analysis
of the properties of the trinuclear units.

Experimental Section

Compound Preparations: All manipulations were performed under
aerobic conditions using materials as received (Aldrich Co). All
chemicals and solvents were of reagent grade.

[Cr3(n3-0){0,C(OH)Ph;}4(H,0)31(NO3)-2H,0-3Me,CO (1-2H,0-
3Me,CO): Solid benzilic acid (0.233 g, 1.01 mmol) was added to a
refluxing green-purple solution of Cr(NOs);*9H,O (0.204 g,
0.51 mmol) in Me,CO (15 mL). The reflux continued for 3 days,
giving a green solution, which was layered with a mixture of Et,O/
n-hexane (1:1 v/v %) to afford X-ray-quality green crystals of 1.
The crystals were collected by filtration, and dried in vacuo. (Yield:
0.34 g, ca. 70%.) The resulting powder was analyzed as solvent-
free. Cg4H7,CrsNO,s (1651.47): caled. C 61.09, H 4.39, N 0.85;
found C 60.15, H 4.32, N 0.80. Selected IR data: 3614 [v(OH )],
1636 [v,5(CO0)], 1415 [v(COO)], 600 [v,(Cr;0)] cm ™.
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[Cr3(n3-0)(0,CPh)s(H,0);](NO3)-1.9MeCN-0.5H,0 (2:1.9MeCN-
0.5H,0): Solid sodium benzoate (0.373 g, 2.58 mmol) was added
to a refluxing green-purple solution of Cr(NO3);*9H,O (0.517 g,
1.29 mmol) in MeCN (15 mL). The reflux continued for 2 h, giving
a green solution, which upon slow evaporation afforded X-ray-
quality green crystals of 2. (Yield: 0.34 g, ca. 70%.) The crystals of
2 were collected by filtration and dried in vacuo. The resulting pow-
der was analyzed as solvent-free. C4,H3,CrsNO;y (1014.73): calcd.
C 49.71, H 3.58, N 1.38; found C 48.90, H 3.44, N 1.29. Selected
IR data: 1574 [v,i(COO)], 1421 [v(COO)], 620 [v,(Cr;0)] cm .

[Fe3(n3-0){O,C(OH)Ph,}4(H,0)3](NO5)'5.69H,0  (3-5.69H,0):
Solid benzilic acid (0.228 g, 1.00 mmol) was added to a refluxing
solution of Fe(NO3);:9H,O (0.202¢g, 0.50 mmol) in CH,Cl,
(20 mL). The color of the solution gradually turned from red to
orange and the reflux continued for 2 h. The NaNOj; that precipi-
tated was filtered off and the orange filtrate was layered with n-
hexane (1:1 v/v %). Orange crystals of 3 suitable for X-ray structure
analysis were formed after one week. (Yield: 0.34 g, ca. 70%.) The
crystals of 3 were collected by filtration and dried in vacuo. The
resulting powder was analyzed as solvent-free. CgyH7,Fe3sNO»s
(1663.03): caled. C 60.67, H 4.36, N 0.84; found C 59.86, H 4.28,
N 0.80. Selected IR data: 3603 [V(OH)gee], 1612 [v,(COO)], 1406
[v(COO0)], 598 [v,s(Fe;0)lem ™.

[Fe3(n3-0)(0,CPh)s(H,0)5](NO3)-3MeCN (4:3MeCN): Solid so-
dium benzoate (0.144 g, 1.00 mmol) was added to a refluxing solu-
tion of Fe(NO3);9H,O (0.202 g, 0.50 mmol) in MeCN (20 mL).
The color of the solution gradually turned from red to orange and
the reflux continued for 24 h. A white precipitate was filtered off
and identified as NaNO; by FTIR spectroscopy. The orange filtrate
was left for slow evaporation and after ca. 1 week, X-ray-quality
orange crystals of 4 were formed. (Yield: 0.34 g, ca. 70%.) The
crystals of 4 were collected by filtration and dried in vacuo. The
resulting powder was analyzed as solvent-free. CyH3sFesNOg
(1026.28): caled. C 49.15, H 3.54, N 1.36; found C 48.30, H 3.22,
N 1.27. Selected IR data: 1562 [v,(COO)], 1410 [v,(COO)], 573
[Vas(Fes0)] em™.

Physical Measurements: Elemental analyses for carbon, hydrogen,
and nitrogen were performed on a Perkin—Elmer 2400//1 automatic
analyzer. Infrared spectra were recorded as KBr pellets in the range
4000-500 cm~! with a Bruker Equinox 55/S FTIR spectrophotome-
ter. EPR spectra were recorded with a Bruker ER 200D-SRC X-
band spectrometer equipped with an Oxford ESR 9 cryostat in the
4.2-300 K temperature range, an NMR Gaussmeter, an Anritsu
frequency counter, and a DM Bruker cavity. Simulations of the
EPR spectra were done with home-written routines or software
provided to us by Prof. Mike Hendrich, Dept. of Chemistry, Carne-
gie Mellon University, Pittsburgh, USA. Variable-temperature
magnetic susceptibility measurements were carried out with poly-
crystalline samples of 1-4 in the 2.0-300 K temperature range using
a Quantum Design MPMS SQUID susceptometer under magnetic
fields of 0.1 T (for 1, 2) and 1.5 T (for 3, 4). Isothermal magnetiza-
tion measurements were carried out over the 0—5 T magnetic field
range. Diamagnetic corrections for the complexes were estimated
from Pascal’s constants. The calculation of the magnetic suscep-
tibility was accomplished by analytical calculation of the energy
levels associated with the spin Hamiltonian using Kambe’s spin-
coupling approach. Subsequent implementation of the van Vleck
equation was done using a home-written routine. For the case of
the equilateral model, an analytical expression can also be used.[*®]
Minimization was carried out with an adapted version of
MINUIT.®I The error factor R is defined as R = X(Yexp — Zcate)”/
N2, Where N is the number of experimental points. Magnetiza-
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tion M versus applied magnetic field H isotherms were calculated
from the best-fit parameters using MAGPACK.F% Méssbauer
spectra for 3 and 4 were recorded with a constant acceleration spec-
trometer using a >’Co (Rh) source at room temperature and a vari-
able-temperature Oxford cryostat. The spectra were analyzed with
home-written routines. Variable-temperature 'H-pulsed NMR ex-
periments for 1 were performed at 4.7 T using a Bruker MSL200
spectrometer operating at 200.145 MHz. An Oxford 1200 CF con-
tinuous flow cryostat was employed for measurements in the range
5-300 K. 7 spin-lattice relaxation times were measured using the
standard spin-echo pulse sequence combined with the saturation
recovery method.l!l

X-ray Structure Determination: Green prismatic crystals of 1
(0.25x0.35x0.65 mm) and 2 (0.20%0.30x0.65 mm), and orange
prismatic  crystals of 3 (0.10x0.25x0.50 mm) and 4
(0.18x0.28 X 0.50 mm) were mounted in capillaries with drops of
mother liquid. Diffraction measurements were made on a Crystal
Logic Dual Goniometer diffractometer using graphite-monochro-
mated Mo-K,, radiation. Important crystal data and parameters for
data collection are reported in Table 3. Unit cell dimensions were
determined and refined by using the angular settings of 25 auto-
matically centered reflections in the range 11° < 260 < 23°. Intensity
data were recorded using a #-26 scan. Three standard reflections
monitored every 97 reflections showed less than 3% intensity fluc-
tuation and no decay. Lorentz, polarization, and psi-scan absorp-
tion corrections (for 2 and 3 only) were applied using Crystal Logic
software. The structures were solved by direct methods using
SHELXS-861? and refined by full-matrix least-squares techniques
on F? with SHELXL-97.531 In all cases, the crystals had poor dif-
fraction ability (despite their sufficient size) and the data were col-
lected in increasing 20 shells, and in each case the data collection
was terminated when about 50% of the collected shell data were
unobserved. Nevertheless, the quality of the collected data was ade-
quate to establish the structure of the complexes. Further experi-
mental crystallographic details for 1: 260, = 43°, scan speed
1.3°min"!; scan range 2.0 + a,,, separation; reflections collected/
unique/used, 11108/10817 [R;,; = 0.0394]/10817; 1200 parameters
refined; (A/6)max = 0.011; (Ap)max/(AP)min = 0.811/-0.352 ¢ A=3; R/
R, (for all data), 0.0813/0.1769. All non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms on the phenyl rings were in-
troduced at calculated positions as riding on bonded atoms; those
on the hydroxide and coordinated water molecules were located by
difference maps and were refined isotropically. No H atoms for the
solvate molecules were included in the refinement. Further experi-
mental crystallographic details for 2: 20, = 45°, scan speed
2.5°min"!; scan range 1.7 + a4, separation; reflections collected/
unique/used, 6522/6163 [R;,; = 0.0255])/6163; 667 parameters re-
fined; (A/0)max = 0.019; (Ap)max/(Ap)min = 0.762/-0.625 e A3; RIR,,
(for all data), 0.0836/0.2175. All non-hydrogen atoms were refined
anisotropically, except those of the solvate molecules, which were
refined isotropically. Hydrogen atoms on the phenyl rings were in-
troduced at calculated positions as riding on bonded atoms; those
of the coordinated water molecules were located by difference maps
and were refined isotropically. Further experimental crystallo-
graphic details for 3: 20,,,,, = 42.1°, scan speed 1°min'; scan range
1.75 + a4, separation; reflections collected/unique/used, 10064/
9849 [R;,, = 0.0421]/9849; 1080 parameters refined; (A/0)max =
0.001; (AP)max/(Ap)min = 0.687/-0.424 ¢ A-3; R/R,, (for all data),
0.1449/0.2373. All non-hydrogen atoms were refined anisotropi-
cally, except those of some solvate water molecules that were found
to be disordered and were refined isotropically with occupation fac-
tors summing one. Hydrogen atoms on the phenyl rings were intro-
duced at calculated positions as riding on bonded atoms; the rest

3721

www.eurjic.org



FULL PAPER

V. Psycharis et al.

Table 3. Crystallographic data for complexes 1-4.

1:2H,0-3Me,CO 2:1.9MeCN-0.5H,0 3-5.69H,0 4-:3MeCN
Formula Co3HoyCr3NO3g Cy5.8H427Cr3N» 9019 5 Cg4Hgs 35Fe3NO30 69 CysHysFesN4Opo
Formula mass 1861.69 1101.73 1765.49 1149.43
Space group P2,/n Pl C2/c¢ P2\la
a [A] 13.647(6) 11.433(7) 32.52(2) 21.33(2)
b [A] 23.54(1) 11.972(8) 17.02(1) 11.37(1)
c [A] 29.52(1) 21.76(1) 35.44(3) 22.40(2)
a[°] 84.20(2)
L1° 90.47(2) 87.47(2) 106.49(2) 95.42(4)
7 [°1 64.36(2)
VA3 9481(7) 2671(3) 18803(2) 5408(8)
V4 4 2 8 4
T [°C] 298 298 298 298
Radiation Mo-K, Mo-K,, Mo-K, Mo-K,
Pealed [gem 3] 1.304 1.370 1.247 1.412
1 [mm] 0.416 0.673 0.532 0.869
Ry 0.0573 0.0712®! 0.0795t 0.0738M]
WR, 0.1561 0.2035M! 0.1943 0.18891d

w = U[cX(F,?) + (aP)*> + bP] and P = (max(F,2,0) + 2F.>)/3

Ry = X(F| — [FPIE(F]) and wR,y = {Z[w(F,* — F&)VEw(F) 1>

[a] @ = 0.0926, b = 18.5641, for 8260 reflections with 7 > 2a(l). [b] @ = 0.1349, b = 4.3563, for 5120 reflections with > 26(J). [c] a =
b=3

0.1075, b = 111.5255, for 5989 reflections with 7 > 2a([). [d] a = 0.1108,

were not included in the refinement. Further experimental crystal-
lographic details for 4: 20,,,,, = 45°, scan speed 1°min!; scan range
1.6 + a,,, separation; reflections collected/unique/used, 5577/5407
[Rine = 0.0442]/5407; 628 parameters refined; (A/o)nmax = 0.001;
(AP)max! (AD)min = 0.896/-0.556 ¢ A-3; R/R,, (for all data), 0.1198/
0.2537. All non-hydrogen atoms were refined anisotropically, except
those of the solvate MeCN, which were refined isotropically. Hy-
drogen atoms on the phenyl rings were introduced at calculated
positions as riding on bonded atoms; the rest were not included in
the refinement.

CCDC-603113 (for 1), -603114 (for 2), -603115 (for 3), and -603116
(for 4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1, S2, S3, and S4 contain selected bond lengths and
angles for compounds 1 2, 3, and 4 respectively. In Figures S1, S2,
S7, and S8, error contour plots of J versus J', in Figures S3, S4,
S9, and S10, M versus H isotherms at the appropriate temperature,
and in Figures S5, S6, S11, and S12, the energy-level plots for the
studied compounds are shown. Every figure of each one of the
three groups of four figures given above corresponds to each one
of the four studied compounds 1, 2, 3, and 4 correspondingly. In
Figure S13 the X-band EPR spectrum of a powdered sample of 4
is shown.
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