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of complexes with a decanuclear core [Ln(11),Cu(11)g]
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A family of four isomorph complexes with a decanuclear [CugLn,] core of general formula
[LnyCus(p-Py0)12(pa-0)2(p-C1)2Cly(H20),]-nHLO [Ln(in) = Y (ur) (1), Gd(im) (2), Tb(im) (3),
Dy(11) (4); 2-PyOH = 2-hydroxypyridine] was isolated and structurally characterized.

All compounds are isomorphs and may be viewed as a hexanuclear central core sandwiched in
between two lateral dinuclear copper units. The temperature dependence of the magnetic
susceptibility and the field dependence of the magnetization were investigated on polycrystalline
samples. The yttrium compound 1 showed an overall behavior dominated by an
antiferromagnetic interaction between the copper ions, while for compounds 2—4 the magnetic
behavior indicated the addition of a ferromagnetic interaction with the lanthanide ions. The
magnetic properties were computationally studied by means of fragment ab initio calculations.
The calculation on the yttrium complex allowed determining the strength and sign of the Cu---Cu

magnetic interactions considering three antiferromagnetic coupling constants: two within the
central (J; = —44 cm™") and the lateral (J, = —40 cm™") copper dinuclear unit, and one

(Js = —24 cm™ ') between the lateral and the central copper. Simulation of the magnetic behavior
of the Dy (4) compound gave J; = +0.25 cm ™! for Dy-Dy and J, = +2.0 cm™! for Dy-Cu
pairs. The calculated g tensors of the copper(i1) ions were found to be quite anisotropic and
contributed via anisotropic exchange interactions, together with zero-field (crystal field) splitting
on Ln, to the weak single-molecule magnet (SMM) behavior of 2, 3 and 4. Among them, the
highest coercivity was found in the gadolinium complex (2), despite the fact that it is much less
anisotropic than the other two. We explain this surprising result by a higher multiplicity of the
ground spin term in 2 compared to the ground manifolds of states in 3 and 4. Besides, due to
relatively large Cu—Gd interaction, the ground exchange term in 2 has enough separation from
excited exchange terms, which makes the barrier of reversal of magnetization efficient in this

complex.
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Introduction

Investigations for polynuclear metal complexes exhibiting
Single Molecule Magnet (SMM) behavior is one of the most
appealing and challenging questions in the field of magnetic
materials."> To be an SMM, a complex must have a high-spin
ground state (S) with a strong uniaxial magnetic anisotropy
(D < 0) to induce two orientations of the magnetization that
are well-separated in energy.>® The way the magnetization is
retained in one direction depends on the energy barrier,
roughly given by |D|S>.* Thus, the larger D and S, the higher
the barrier and the longer the magnetization should be
retained.

Most preliminary efforts devoted to SMMs have concen-
trated on the synthesis of large clusters with high-spin ground
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states (S).>'° In this way, the field has greatly benefited from
previous research in molecular magnetism, which has lead to
well established correlations between magnetic interactions
and structure.!" Frustratingly, the blocking temperatures
remained low. From these results, it became obvious that
increasing only the spin makes no sense, as long we do not
know how to built polynuclear systems with strong molecular
anisotropy. Thus, the main focus of the current investigation is
to design systems with a large molecular anisotropy as
well to understand the relationships between structure and
anisotropy.'>'* From this point of view, lanthanide ions
attract attention since some of them are associated with large
spin values and strong Ising-type magnetic anisotropy due to
spin—orbit coupling.'* This was demonstrated by the discovery
that some lanthanide-phthalocyanine mononuclear complexes
exhibit SMM behavior. '>!® However, most SMM:s incorporating
lanthanides concern systems in which they are associated with
3d transition metal ions. '7"'® Indeed, in such systems, two
cumulative effects are expected. First, the lanthanide ions
should increased the overall anisotropy. Second, the interplay
of the magnetic exchange interaction between d and f ions,
even if they are usually rather small, is expected to increase
the ground spin state. For instance, Gd---Cu, Dy---Cu
and Tb---Cu interactions are known to be generally
ferromagnetic.'®?

Along the lines of this strategy, we previously synthesized
Ln—Cu architectures with controlled nuclearities, with the
challenging goal of scaling-up the ground spin state as well
as the anisotropy.'”** In the present paper, we report the
syntheses, crystal structure and magnetic studies of [Ln,Cug]-
type decanuclear complexes [Ln = Y (1), Gd (2), Tb (3) and
Dy (4)]. The synthesis of such compounds was first described
for yttrium in 1991 by S. Wang et al.>* Given the arrangement
of the Cu(n1) and Ln(i) ions in this compound, we thought
that the synthesis of analogues with lanthanides ions having
strong magnetic anisotropy [Dy(i), Tb(ur)] could result
in molecular systems with high spin and strong anisotropy
presenting SMM behavior.

Experimental section

All chemicals and solvents were purchased from commercial
suppliers and used as received. All preparations and
manipulations were performed under aerobic conditions.

Syntheses of [Y,Cug|] and [Ln,Cug] complexes

All compounds were obtained following the same procedure.
Hydroxypyridine (2-PyOH) was dissolved (0.114 g; 1.2 mmol)
in methanol (10 mL), and a solution of 0.2 mmol of metal
chloride salt in 5 mL of methanol was added dropwise
(YCl3-6H,0, 0.073 g, 0.2 mmol, M = 365 g mol™!;
GdCl5-6H,0, 74.34 g, 0.2 mmol, M = 371.7 g mol™; DyCls:
6H,0 0.075 g, 0.2 mmol, M = 37695 g mol~!; TbCl;-6H,0
0.0746 g, 0.2 mmol, M = 373.37 g mol™!). The resulting light
yellow solution was stirred for 10 min. Following this, a solution
of 0.8 mmol of CuCl,-2H,O (85 mg; M = 170.48 g mol™') in
5 mL of methanol was added. To the resulting light green
solution was added triethylamine dropwise, leading to a
deep green solution and until the appearance of a light green

precipitate (~0.21 mL). The solution was then filtered to remove
the precipitate and left to slow evaporate at room temperature.
After 3 d, green crystals of [Ln,Cug] [Ln = Y(1), Gd (2), Tb (3),
Dy (4)] suitable for single-crystal X-ray diffraction analyses were
obtained in 60-70% yield. They were isolated by filtration and
washed with a small amount of methanol. The analytical purity
of each compound was checked by elemental analysis: Anal. calc.
for 1 CU8Y2C60H92N12036C16 (Containing 22H20) C, 2934, H,
3.78; Cl, 8.66; Cu, 20.70; Y, 7.24; N, 6.84. Found C, 29.1; H, 3.6;
Cl, 854; Cu, 20.63; Y, 7.20; N, 6.75%. Calc. for 2
CUSGd2CGQH98N12039Cl(, (Containing 25H20) C, 2721, H,
3.70; Cl, 8.05; Cu, 19.21; Gd, 11.87; N, 6.35. Found C, 27.18;
H, 3.47; Cl, 7.84; Cu, 19.13; Gd, 11.69; N, 6.24%. Calc. for 3
CU3DyZC60H()4N12037C16 (containing 23H20) C, 2748, H, 359,
Cl, 8.13; Cu, 19.40; Dy, 12.39; N, 6.41. Found. C, 27.57; H, 3.48,
Cl; 7.03; Cu, 19.35; Dy, 12.26; N, 6.42%. Calc. for 4
CugTb2C60H86N12033C16 (Containing 19H20) C, 2329, H,
3.38; Cl, 8.38; Cu, 19.99; Tb, 12.50; N, 6.61. Found C, 23.13;
H, 3.16; Cl, 8.26; Cu, 19.91; Tb, 12.43; N, 6.49%.

Crystallography

Suitable crystals were mounted on a Nonius Kappa CCD
diffractometer using Mo-Ka radiation (4 = 0.71073 1&) and
equipped with a CCD area detector. Intensities were collected
at 150 K by means of the program COLLECT? with a step
rotation angle of 1° for the 0 angle. Reflection indexing,
Lorentz polarization correction, peak integration and back-
ground determination were carried out with DENZO?® frame
scaling, and unit cell parameter refinements were made
through the program SCALEPACK.?® The structures were
solved and refined on F* using CRYSTAL software.?’ All
non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms were included in the final
refinement model in calculated positions with isotropic
thermal parameters.

Magnetic measurements

DC magnetic data were measured using a Quantum Design
MPMS-XL5 SQUID magnetometer equipped with an EVER
Cool system at the University Claude Bernard Lyon 1 on
polycrystalline samples in the temperature range 2 to 300 K
with an applied field of 0.1 T for magnetic susceptibility and at
2 K in the 0-5 T range for magnetization. To avoid orientation
in the magnetic field, the gadolinium, terbium and dysprosium
samples were pressed into a home-made Teflon sample holder
equipped with a piston. The data were corrected for the
diamagnetism of the constituent atoms using Pascal’s
constants.

Micro-SQUID

Magnetization measurements on single-crystals were performed
at the Institut Néel in Grenoble with an array of micro-
SQUIDs.? This magnetometer works in the temperature range
~0.04-7 K with applied fields up to 14 kOe. The time
resolution is approximately 1 ms. The field can be applied in
any direction of the micro-SQUID plane with a precision
smaller than 0.1° by separately driving three orthogonal coils.
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The field was then aligned with the easy axis of magnetization
using a transverse field method.?

Computational details

The complexes 1-4 were too large to be treated entirely by
existing explicitly correlated ab initio methodologies. Therefore,
they were computationally studied by means of fragment
calculations. It is not a trivial task to build reliable fragments
that will not change much the energy spectrum of a given metal
site. In this problem, one has to rely mainly on chemical intuition
alone. The treatment of the influence of neighboring metal ions is
another difficult question. In this work, we have modeled
neighboring copper ions by Zn>*-AIMP developed by Lopez-
Moraza et al.,®® while the lanthanides were computationally
treated as La®*-AIMP developed by DeGraaf er al.”’

All ab initio calculations were performed with the MOLCAS
7.6 program package.’° By this approach, the relativistic
effects are treated in two steps, both based on the Douglas-Kroll
approximation.®' Scalar relativistic effects are included in the
basis set generation by employing ANO-RCC basis sets,*
which were used for the determination of the complete active
space self-consistent field (CASSCF) spin free energies and
wave functions. Dynamical correlation is added by a complete
active space second order perturbation theory (CASPT2).
Standard IPEA (0.25) and imaginary shift (0.1) were used in
order to exclude any possible intruder state problems. The
spin—orbit coupling was treated by the restricted active space
state interaction (RASSI),*® which uses the spin-free eigenstates
as input. The spin—orbit interaction was computed on the basis
of all-computed spin-free states in the case of copper, while in
the case of lanthanides, the maximum number of states
allowed by the hardware were taken into account. The resulting
spin—orbit energies and functions were used by the developed
program SINGLE_ANISO,* which is presently a module in
MOLCAS 7.6 to compute all magnetic properties and para-
meters of the pseudospin Hamiltonians for the computed
fragment. The lowest spin-orbital states were further taken
for the exchange coupling between metal sites and were treated
within the Lines model,** which approximates the anisotropic
exchange coupling by a single parameter for an interacting
metal pair. The Lines parameters are, thus, the only fitting
parameters of the theory. On the basis of exchange eigenstates,
the magnetic properties of the polynuclear complex and
parameters of pseudospin Hamiltonians are calculated.
The Lines exchange coupling and subsequent computation
of the magnetic properties of the polynuclear cluster was done
by the program POLY-ANISO.*

Results and discussion
Syntheses

The first hetero-metal complexes with lanthanides and
2-hydroxypyridine (2-PyOH) as the ligand had a metal core
of formula [CusLn,] (Ln = Gd and Dy) and were published in
1989 by R. E. P. Winpenny e al.*® These complexes were
obtained by mixing the ligand with copper hydroxide and
lanthanide nitrate in methanol. Following on, other Ln/Cu

ratios were obtained, depending on the lanthanide ion, as often
observed due to lanthanide contraction but also depending on
the synthesis procedure. Thus, with lanthanum, the same
method as above gave a complex of formula [CusLay],?” while
starting from pre-formed copper pyridone complexes and
reacting with lanthanide nitrate and 2-PyOH resulted in
different complexes, such as [LagCulz],38 [YbZCu2]39 and
[La,Cus] [La Cus].* In another route, Wang er al. used
lanthanide nitrate and a mixture of copper methoxide and
CuCl, instead of copper hydroxide, and gave in methanol the
decanuclear complexes [Y,Cug** and [Nd,Cugl.*' These
complexes have choro-bridged copper(i1) and nitrate ions
coordinated to Yttrium in [Y>Cug],** and none in the neodymium
compound [Nd,Cug].*!

Owing to the structural arrangement of the lanthanide
and copper(1) ions in these decanuclear systems, we were
interested to study their analogues with magnetic lanthanide
ions, such as Gd(un), and moreover Tb(ir) and Dy(im). First,
we used the same method as described by Wang et al. for
[Nd>Cug].*! This afforded well chapped crystals, but which
surprisingly did not diffract. Following this, we used a
different synthesis procedure, in which we reacted PyOH in
methanol with the chloride salts of Cu(n) and Ln(i), and
some drops of Et;N. This yielded well chapped dark green
crystals of the [Ln,Cug] compound in 60-70% yield that
were suitable for single-crystal X-ray diffraction analysis.
Elemental analysis and single-crystal X-ray diffraction
analysis established that these compounds have the formula:
[Lo(i),Cu(in)g(r-PyO) 1 2(1a-O)a(1-Cl),Cla(H0),]-nH,O - with
Ln = Y (1), Gd (2), Tb (3) and Dy (4), and n = 22(1),
25(2), 19(3) and 23(4). The complexes reported here have a
similar decanuclear core {Ln(1m),Cu(i)g(p-PyO)o(14-O)(n-Cl)}
as that found for [CugY»]** and [CugNd,],*' but the overall
molecular structure is different. In compounds 1-4 there are
four more coordinated chloride ions: two are on each of the
lanthanides ions and the last two are on the copper ions.

Crystal and molecular structures

All compounds 14 are isomorphs and have the same molecular
structure, [Ln,Cug(p-PyO);2(p4-O),(n-Cl),Cly(H,0),], crystal-
lizing with water molecules in the P2;/c space group of the
monoclinic system. Table 1 summarizes the crystallographic
data and refinement details for compounds 1-4.

The asymmetric unit consists of one molecule of the cluster
localized in a general position plus a second molecule lying about
an inversion center. In the following, the description refers to the
molecule in the general position but holds also for the one on the
inversion center. The [Ln,Cug(p-PyO);2(14-O),(1-Cl),Cly(H,0),]
cluster (Fig. 1) can be seen as a hexanuclear central core formed
by two lanthanide ions and two dinuclear copper moieties
sandwiched in between two lateral dinuclear copper units. The
twelve ligands are tri-coordinated. For six ligands, the oxygen
atom is bridging an Ln(m) ion and a Cu(i) ion from the
hexanuclear core, while the nitrogen is coordinated with one
Cu(1r) ion from lateral copper dinuclear units (Fig. 1). In the case
of the last four ligands, the oxygen atom is bridging Cu(ir) ions of
the lateral dinuclear moieties while the nitrogen is coordinated to
one Cu(t) ion of the hexanuclear central core (Fig. 2).

1272 | NewJ.Chem., 2011, 35, 1270-1279

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011



Published on 17 May 2011. Downloaded by KU Leuven University Library on 23/11/2016 14:05:14.

View Article Online

Table 1 Crystal data and structure refinement parameters for compounds 14

Parameters [Y,Cug] (1) [Gd,Cug] (2) [Tb,Cug] (3) [Dy,Cug] (4)

Formula C60H52C1(,CUSN12016Y2' C60H52C16Cung2N1201(,~ C(,()Hszcl()CuSleO]()sz' C60H52C1(,CU3Dy2N12016'
(H,0)15 (H>0)o (H>0)y (H20)9

fw/g mol ! 2096.06 2232.73 3357.15 3364.85

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2y/n P2y/n P2y/n P2y/n

alA 16.5041(16) 16.4096(13) 16.717(3) 16.6165(13)

b/A 19.2258(18) 19.7554(15) 19.241(4) 19.3662(15)

c/A 45.343(4) 45.583(4) 45.634(9) 45.961(4)

o (°) 90 90 90 90

p () 96.870(2) 95.465(1) 96.53(3) 96.779(1)

7 () 90 90 90 90

VA3 14284(2) 14710(2) 14583(5) 14686.8(2)

Z 6 6 4 4

K 293 293 293 293

AMo-Ko/A 1.71073 0.71073 0.71073 0.71073

D/gem™ 1.625 1.622 1.639 1.522

w/mm~! 3.18 3.31 3.37 3.42

R(F,)* 0.059 0.047 0.066 0.045

RW(F(,)” 0.222 0.144 0.182 0.148

S 1.04 1.17 0.103 1.17

“R(F) = X ||Fy| — |FJI[ZIF|. " RW(F) = Z[w((F," — FOY/ZwF,Y'.

Fig. 1 Representation of the complex [Y,Cug(pu-PyO)»(pys-O),-
(u-C12Cly(HL0),] (1).

In the central core there are two py-O oxo groups (O1 and
02) (Fig. 2). Each of them is bridging two lanthanide ions and
two copper ions. Each lanthanide ion is also bridged with the
four copper ions via oxygen atoms of four 2-hydroxypyridine
ligands. The lanthanide ions are heptacoordinated (Fig. 2)
with a capped trigonal prism geometry, formed of six oxygen

Fig. 2 Representation of the hexanuclear central core {Y,Cuy}.

atoms (O1, 02, O3, 04, O5, 06) and capped by a chloride ion
(Cl4). The Ln—O and Ln—Cl distances are normal and in good
agreement with those found in the literature. The distance
between the two lanthanide ions is close to 3.8 A, and
that between the lanthanide and the copper ions is close
to 3.4 A.

The copper ions have a pentacoordinated environment and
two geometries can be observed. For copper ions of the central
core (Cul-Cu2, Cu3—Cu4), the calculated Addison factors*
(t = 0.68 for 1), taking into account the two largest angles
O-Cu-O and N-Cu-O, are in agreement with distorted
trigonal bipyramid geometries (t = 1 for geometry ideal).
This consists of an oxygen atom of the group py-O, a bridging
chloride ion and two atoms of oxygen and nitrogen ligands,
which are in a plane (N4, O1, CI1) (Fig. 3a). The copper ions
belonging to the lateral dinuclear copper moieties (Cu5—Cuo,
Cu7-Cu8) also have a pentacoordinated environment, but
here the Addison factor*? (r = 0.04) indicates a square-based
pyramid geometry (tr = 0 for geometry square-based pyramid)
consisting of two nitrogen atoms and two oxygen atoms of the
ligand, and a chloride ion or water molecule in the apical
position (Fig. 3b).

Examination of the molecular packing in [Ln,Cug]
compounds evidences narrow channels (Fig. 1S) along the
two a and b axes, which look larger along the median axis.

Fig. 3 Representation of the coordination environment around the
copper ions within the dinuclear moiety of the hexanuclear central
core {Y,Cuy} (a) and within the lateral moieties (b).
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These channels may explain the numerous water molecules of
crystallization, and these diffraction peaks decay during data
collection. The presence of the many water molecules was
determined using the SQUEEZE program from Crystals.>”*
After the atomic structure of the complex was completed,
there still were large cavities where delocalized electron density
was present. These remaining weak density peaks could thus
not be attributed to localized water molecules. The discrete
Fourier transform of the observed density in the water
molecules’ area was calculated and incorporated as the water
molecules’ contribution to the structure factors and refinement
procedure through the SQUEEZE algorithm** in PLATON.
This was confirmed by thermogravimetric analysis (TGA)
carried out in the range 25-500 °C. For all samples, a mass
loss of ~12% with an endothermic behavior was observed
below ~200 °C (Fig. 2S) that we attributed to the departure of
water molecules of crystallization. Around 250 °C, there were
exothermic peaks that we attributed to the departure of
coordinated water molecules. Above 270 °C, compounds
gradually decomposed. From these TGA studies and
depending on the compound, we calculated an average of
15 water molecules per [Ln,Cug] unit, in agreement with
analysis and crystal structure data.

Magnetic properties
[Y2Cusg] (1)

As the yttrium(i) ion is diamagnetic, the magnetic properties
of complex [Y,Cug] were studied to determine the strength of
the magnetic interaction between the Cu(i) ions within the
series of compounds. The magnetic properties of compound 1
are reported in Fig. 4.

At 300 K, the T product of 3.88 cm® K mol~' is far above
the expected value for eight magnetically independent Cu(ir)
ions (3.00 cm® K mol™!' for g = 2). Upon cooling, T
continuously decreases to 50 K and then rapidly reaches zero
at 2 K, where an inflection point is observed. This feature
indicates dominant antiferromagnetic interactions between the
Cu(n) ions, which are strong since y7 is far from saturation at
300 K. At the same time, Fig. 4 shows a low excitation energy

4

xT 1 cm*Kmol™

0 50 100 150 200 250 300

T/K
Fig. 4 Temperature dependence of the y7 product for compound
[Y>Cug] (1). The squares represent the experimental data and the solid
line corresponds to the simulation based on ab initio calculations
(see the text).

to magnetic states (S # 0) in the complex, which is due to
competing antiferromagnetic interactions (see below).

[Gd,Cug] (2)

The electronic configuration of the gadolinium(in) ion is 4f”.
Thus, this lanthanide ion is isotropic and the magnetic
moment is not influenced by the spin—orbit coupling. The
magnetic properties of compound 2 are reported in Fig. 5. At
300 K, the y7 value of 19.52 cm® K mol ™! is slightly larger
than the expected value for two Gd(m) and eight Cu(i)
(18.76 cm® K mol~! for ¢ = 2). Upon cooling, 3T decreases
slightly down to 200 K, then increases to reach a maximum at
30 K (20.31 cm® K mol™!) and then decreases abruptly below
this temperature. The decrease of y7 above 200 K is ascribed
to the prevalence of the Cu- - -Cu interactions, as found for the
yttrium compound. The increase is the contribution of the
Cu- - -Gd interactions, which tend to align ferromagnetically
the spins of two Gd ions at low temperature. Such interactions
were previously found to be ferromagnetic in related Cu,Gd,
and CusGd, compounds with 6-chloro-2-hydroxypyridine,*
and antiferromagnetic in recently synthesized CusGd,.*® In 2,
the decreasing of y7 at low temperature cannot be attributed
solely to intermolecular interactions or to zero field splitting
(ZFS) in the ground spin term (the maximum of y7 lies at
30 K). Therefore, it can only originate from antiferromagnetic
interactions of Gd, and Cug subsystems, giving a total spin of
the ground term smaller than 2 x Sgq = 14.

A further study was conducted on a single-crystal using
the technique micro-SQUID. At very low temperatures
(0.04—1 K), we observed a hysteresis cycle (Fig. 6), which is
the signature of slight anisotropy. However, as previously
observed for other Cu---Gd systems, the origin of this small
magnetic anisotropy is difficult to elucidate.

[Tb,Cug| (3)

The magnetic properties of compound 3 are reported in Fig. 7.
At 300 K, T has a value of 27.31 cm?® K mol ™!, which is close
to the expected value for eight Cu(i) and two magnetically-
independent Tb(ur) (27.6 cm® K mol~!). Upon cooling, 4T
increases continuously up to 28 K, where it reaches a

20—,'-——.0............-.....

[ ]
<15 15
]

5 X /
" 10- 2
& =\
5 ;

5 ;

0 HIT 5
0 T T T T T T
0 100 200 300
T(K)

Fig.5 Temperature dependence of the y 7 product and magnetization
at 2 K (inset) for [Gd,Cug] (2).
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Fig. 6 Magnetization curves for single-crystals of [Gd,Cug] (2) at
0.04 K using various field sweep rates.
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Fig.7 Temperature dependence of the y 7 product and magnetization
at 2 K (inset) for [Tb,Cug] (3).

maximum value of 31.99 cm® K mol~! and then decreases
down to 2 K, where it reaches a value of 12.3 em® K mol ..
This behavior is similar to the case of Gd,Cug (Fig. 5) and can
be explained by the same reasons. The steeper decreasing of T’
at low temperature is due to a stronger crystal field splitting on
Tb compared to the ZFS on Gd. The magnetization vs.
magnetic field at 2 K shows the characteristic behavior
generally observed for systems with Tb(ir). At very low
temperatures, this compound shows hysteresis cycles of
magnetization (Fig. 8).

[Dy,Cug| (4)

The magnetic properties of compound 4 are reported in Fig. 9.
At 300 K, xT has a value of 31.63 cm?® K mol™!, which is in
good agreement with eight Cu(i) and two magnetically-
independent Dy(ur) (31.3 ecm® K mol™"). Upon cooling, 3T
decreases continuously down to 20 K, reaches a minimum
value of 28.33 cm® K mol™', and then increases rapidly and
continuously, and at 2 K the x7 value is 35.92 cm® K mol™".
The preliminary decrease from room temperature is

1 3 1 1 L 1 ;.—?—-
0.04K et
0.5 E
=
= 0 i
0560 Tis
0,140 T/s
-0.5 0.070 T/s s
0.035 T/s
0.017 Tis
-1 _—-——V'Ar;:;:’- T T T T 2
-04 -0.2 0 0.2 0.4
HoH (T)

Fig. 8 Magnetization curves for single-crystals of [Tb,Cug] (3) at
0.04 K using various field sweep rates.

45

10 vvvvvvvvvvaWWV

40-

-1

xT/ cm’Kmol

25 T

0 50 100 150 200 250 300
T/K

Fig. 9 Temperature dependence of the y7 product and the
magnetization at 2 K (inset) for [Dy,Cug] (4). The triangles are the
experimental data and the solid lines are the simulations based on
ab initio calculations (see the text).

ascribed not only to the antiferromagnetic interaction between
Cu- - -Cu, as in the gadolinium (2) compound, but also to the
temperature depopulation of strongly split crystal field
sublevels of Dy(ir) (Table 4), while the sudden growth of y7T'
below 20 K is the signature of ferromagnetic interactions in the
Cu(1)-Dy(mr) and Dy(11)-Dy(1m) pairs.

The y-SQUID measurements performed at very low
temperatures show small hysteresis cycles (Fig. 10).

Ab initio calculation of the magnetic properties

In an effort to gain a better description of the origin of the
magnetic properties of complexes 1-4, we investigated the
lowest spin states and spin—orbit multiplets by means of
fragment ab initio calculations, as described in Experimental
section. The magnetic properties of individual metal fragments
were calculated fully ab initio using the program Single_aniso,
and on their basis the magnetism of polynuclear compounds
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Fig. 10 Magnetization curves for single-crystals of [Dy,Cug] (4) at
0.04 K using various field sweep rates.

were simulated using the program Poly_aniso, as described
previously. %4748

[Y2Cug] (1)

Since yttrium is diamagnetic, the magnetism of 1 comes only
from the unpaired electrons of the copper ions. The structures
of the calculated copper fragments for [Y,Cug] (1) are given in
Fig. 11.

The results of ab initio calculations of all copper fragments
are given in Table 2 for the low-lying Kramers doublets and in
Table 3 for the g tensors in the lowest Kramers doublets.

In the Cul fragment, from central core (Fig. 11a), the
nitrogen and the trans-oxygen from the first coordination
sphere lie almost in line with the Cu. At the same time, the
other two oxygens and the chlorine make angles of 107, 113
and 135°, which means that geometrically the first coordination
sphere is close to trigonal bipyramidal (TBP). The ab initio
calculations also show that the electronic properties are close
to TBP. Indeed, Fig. 12a shows that the magnetic orbital of
Cu, containing the unpaired electron, is predominantly of d,
type and is directed along the “trigonal axis” O—Cu-N (Fig. 11a).
Moreover, g, < gy for all four fragments Cul-Cu4, which is
also to be expected for TBP coordination. The deviation from
C; symmetry of these fragments is reflected in the different
values of g, and g,.

In the Cu5 fragment, from lateral moieties (Fig. 11b), the
two oxygens and the two nitrogens from the first coordination
sphere of the Cu lie practically in one plane, while the apical

Fig. 11 Structures of the calculated Cu fragments: (a) Fragment Cul,
similar to fragments Cu2, Cu3 and Cu4. (b) Fragment Cu5, similar to
fragment Cu8. Fragments Cu6 and Cu7 differ from Cu5 by substitution
of the water ligand by a chlorine. Due to the isomorphism of complexes
14, this copper fragment model was used for the whole series.

oxygen makes an angle of ca. 86° with this plane. Despite the
fact that the geometry of this coordination is far from square
pyramidal (SP), the magnetic orbital on Cu is almost of
net dy_2 character and g, > gy, (Table 3). Surprisingly,
gx ~ gy for all the centers of this type, Cu5-Cu8, which is to be
generally expected for SP with a C4 symmetry axis. A similar
situation was encountered in low-symmetric [Mo(im)(CN);]*",
where the degeneracy of the two main values of the g tensor
was explained by closely spaced magnetic orbitals on Mo(in).*
In the present case, however, the degeneracy of gy and g, seems
to be rather accidental.

As can be seen from Table 2, the obtained excited states of
the copper ions are quite low in energy, which is a sign of
stronger than usual spin—orbit coupling effects for these
copper ions. This is reflected in the large values of the g
tensors for the ground Kramers doublets (Table 3) and the
high 7 at 300 K of individual Cu fragments as compared to
pure S = 1/2 (~0.375 cm® K mol™"). Actually, the values of
Agy, = g, — 2 from Table 3 seem to be exaggerated. This is a
known drawback of the CASSCF/MS-CASPT2 approach
when it involves complete active space (CAS)-only molecular
orbitals of the ligand-field type. Applied to strongly covalent
transition metal complexes, it leads to the deviation of
Ag, from experimental values of ca. 50%.*>' The reason
for this is the strong ionic character of the CASSCF wave
functions, and improving this is achieved by adding frontier
orbitals of predominantly ligand-type to the CAS. For
instance, in the case of small copper complexes like CuCl,*>~,
the inclusion of one ligand-type orbital in the CAS brings Ag,,
into good agreement with experiment.’! For the present Cu
fragments, the inclusion of one ligand orbital to the CAS
allows a reduction of Ag, (second set in Table 3) compared to
the case of the pure ligand-field CAS (first set in Table 3).
However, due to the relatively large ligands in the fragments,
this reduction is most probably insufficient, and additional
ligand orbitals should be included in the CAS. Such calculations,
however, require a large computational effort and have
not been undertaken here. We note in relation to this that
covalency effects are much less important for lanthanide ions,
where reasonable results are expected already for the CAS of
ligand-field molecular orbitals only.

Fig. 13 shows the considered model of exchange interactions
for complexes 1-4. Basically, we have 25 exchange coupling
constants which, taking into account the symmetry, are
grouped in six sets of independent parameters: J3, Jy, Js for
Cu- - -Cu, J5, J¢ for Cu---Gd and J, for Gd- - -Gd interactions.
Due to the structural similarity of 1-4, the exchange inter-
actions between copper pairs are expected to be similar.
Due to the diamagnetism of yttrium, J;, J, and Jg are
zero in the case of Y,Cug. The least-squares fit of the
experimental susceptibility for [Y,Cug], performed with the
first set of g tensors in Table 3, yielded J; = —44 cm™!,
Jy = —40 cm™ ' and Js = —24 cm™'. These parameters were
kept fixed in the subsequent simulations of magnetism in
Dy,Cug. Fig. 4 shows a comparison between the calculated
and measured magnetic susceptibility of [Y,Cug]. Due to
frustrated antiferromagnetic interactions, the first excited
S = 1 exchange term is separated from the ground S = 0

term by only 25 cm ™.
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Table 2 Energies (cm™") of the lowest calculated Kramers doublets for copper fragment models in 1, in two computational approximations

Nr Cul Cu2 Cu3 Cu4 Cus Cu6 Cu7 Cu8
CASSCF/MS-CASPT2/RASSI CAS (9 in 10)

1“ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

24 9327.9 9587.0 9285.0 8996.4 12446.9 11185.5 12743.4 10813.0

3¢ 9588.1 9765.3 9708.4 9481.4 14467.0 11421.2 14033.3 11235.9

44 11197.9 11372.1 11155.0 10822.2 15530.2 13172.4 15509.5 12995.0

5¢ 12181.8 12371.8 12136.8 11922.3 16793.1 14138.5 16653.5 13937.8
CASSCF/MS-CASPT2/RASSI CAS (11 in 11)

1“ 0.0 0.000 0.000 0.0 0.0 0.0 0.0 0.0

24 9113.1 9793.2 9335.8 9137.7 12412.3 11283.8 12658.2 10963.2

3¢ 9492.8 9890.8 9871.6 9598.2 14531.0 11696.0 14024.8 11547.9

44 11145.6 11377.0 113244 10979.8 15645.3 12656.4 15545.0 12458.7

5¢ 12229.6 12809.2 12215.8 11967.2 16881.4 14077.1 16672.3 13932.6

6" 13772.3 14595.1 15360.2 12490.2 33167.7 23754.2 36290.9 20875.4

7° 25219.1 26101.6 27785.8 26042.2 34502.2 24086.8 40418.2 21109.5

80 29502.4 31981.8 32848.5 30360.5 34907.4 24354.3 40746.7 24151.0

9" 33562.8 34173.5 36590.6 34372.4 46857.9 36366.7 53245.0 32736.1

10 348439 37692.2 37387.1 35450.5 47391.3 36673.3 53588.4 33059.2

“ Ligand field states. ® Ligand—metal charge transfer states.

Table 3 ¢ tensors of individual copper centers in 1 calculated in two computational approximations

Nr Cul Cu2 Cu3 Cu4 Cus Cub Cu7 Cu8

CASSCF/MS-CASPT2/RASSI CAS (9 in 10)

8x 2.52 2.51 2.49 2.53 2.08 2.09 2.06 2.08

gy 2.28 2.28 2.31 2.32 2.09 2.10 2.07 2.09

g, 1.99 2.00 1.99 1.99 2.49 2.49 2.44 2.53

CASSCF/MS-CASPT2/RASSI CAS (11 in 11)

x 2.46 2.44 2.45 2.48 2.07 2.08 2.07 2.09

gy 2.30 2.29 2.31 2.31 2.08 2.09 2.08 2.11

g, 1.99 1.99 1.99 1.99 2.47 2.46 2.43 2.50

Angle of the main magnetic axes Z with the apical ligand
3.08 3.53 4.05 2.76 9.85 9.24 8.85 5.71
Magnetic susceptibility (x7) at 300 K of a single copper fragment/cm® K mol ")
1T300 K 0.505 0.506 0.505 0.511 0.483 0.483 0.474 0.498

a)

Fig. 12 Singly-occupied molecular orbital in the Cul fragment
(a) and the CuS5 fragment (b); x, y and z are the main magnetic axes
of the ground state g tensors.

[Ln;Cug| [Ln = Gd(2), Th(3), Dy(4)]

The calculated fragments containing lanthanide ions are
similar to each other. Fig. 14 shows the calculated structure
of the model fragment in the case of the Dy ion. The calculated
energies of the low-lying spin—orbit states of the lanthanide
fragments are listed in Table 4.

For [Gd,Cug] and [Tb,Cug], it was impossible to compute
the magnetic properties due to the fact that a very large
number of states needed to be considered for the exchange

Exchange parameter | Interacting pairs

i 1-2;

1, 1-3; 1-4; 1-5; 1-6; 2-
3; 2-4; 2-5; 2-6;

I 3-4;5-6;

A 7-8;9-10;

Js 3-9; 3-10; 4-7; 4-8;
5-9; 5-10; 6-7; 6-8;

Js 1-7; 1-9; 2-8; 2-10;

Fig. 13 Model for the exchange interaction considered for complexes
1-4.

coupling (28 x 82 = 16384 for Gd,Cug and 2% x 6> = 9216 for
Tb,Cug). Nevertheless the single-ion results in Table 2 and
Table 3 give some insight into the origin of the SMM behavior.
First, the calculated g tensors on Cu sites are strongly
anisotropic, even if we expect a further reduction of g, values
in Table 3. This is supported also by the simulations of 7 in
Y,Cug (Fig. 4), which required relatively large g, on copper
sites. Cu(m) is an S = 1/2 ion; therefore, its contribution to the
anisotropy of the exchange multiplets of the complex can only
be via anisotropic and antisymmetric exchange interactions.
The order of their magnitude is usually estimated as (Ag,/g)*
and (Ag,/g), respectively.’® The former gives linear and the
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Fig. 14 Structure of the calculated Dy fragment from [Dy,Cug] (3).

Table 4 Low-lying energies (cm™') and g tensors of the spin-orbit
states of Ln fragments originating from the corresponding ground
atomic multiplet

Gd Tb Dy
0.000 0.000 0.000
0.000 6.696 0.000
0.153 12.150 135.445
0.153 42.376 135.445
0.369 47.933 164.542
0.369 86.111 164.542
0.714 143.466 206.752
0.714 181.421 206.752
212.051 246.550
292.030 246.550
306.515 345.024
383.493 345.024
385.817 499.767
499.767
515.739
515.739

g tensor for the ground states
Ground S = 7/2 Ground Ising doublet Ground Kramers doublet

gx 1.9962 0.0000 0.258
gy 1.9962 0.0000 0.284
g, 1.9962 12.3191 19.243

second bilinear contributions to the ZFS of the exchange terms
of the polynuclear complex,>® so they both scale as (Agy/g)°,
i.e. are strongly dependent on the magnitude of Ag,. Another
contribution is the ZFS on the Ln ion, which amounts to
~0.7 cm™! for Gd in 2 (Table 4). Adding all these contributions
will result in a ZFS of the ground exchange term of Gd,Cug
of several cm™!, sufficient to explain the low-temperature
blockage of magnetization in this complex (Fig. 6). It is
interesting to note that no SMM behavior was found in the
related complex Gd4Cus.*® One of the reason could be the very
small Cu—Gd exchange interactions in the latter compound
(—0.18 and —0.03 cm™!), *® for which the states forming the
barrier will overlap with the excited exchange states. On the
contrary in 2, the Cu—Gd interaction is expected to be much
larger, which can be inferred from the extracted value of
Cu—Dy exchange interaction (see below).

In 3, the Tb—Cu exchange interaction partially restores the
magnetic moment on Tb(i), which is quenched by the crystal
field splitting of the J = 6 ground atomic multiplet of terbium

(Table 4). However, compared to 2, the ionic anisotropy
(crystal field splitting) on Tb(m) is the main contribution to
the barrier of reversal of magnetization in 3.

In [Dy,Cug] (4), there are 2° x 2% = 1024 exchange states
originating from the ground Kramers doublets on the metal
sites. Considering the model for the exchange interaction
shown in Fig. 13, the best agreement with the experimental
data was achieved for the following exchange coupling para-
meters: J; = +025em™ !, J, = +2.0em L, J; = —44em !,
Jy = —40em™!, and Js = =25 cm™!, Jg = 0.0 cm™ . Fig. 9
shows the comparison of the measured and calculated
magnetism for Dy,Cug. From the calculation, it is found that
the main anisotropy axes on dysprosium ions are oriented
along the Dy-Dy bond, as shown in Fig. 15. The surprising
result that this compound is the weakest SMM of the present
series (it has the smallest coercivity), despite the fact that the
entering Dy(11) are magnetic and strongly anistropic (albeit
not axial, Table 3), is probably explained by a smaller
manifold of states forming the barrier in 4, as compared to 2.

Concluding remarks

In this paper, we presented the synthesis, crystal structure and
an investigation of the magnetic behavior of a series of
[Ln(1m),Cu(in)g] decanuclear complexes afforded by 2-hydroxy-
pyridine and Y(1), Gd (2), Tb(3) or Dy (3) as the lanthanide
ions. All compounds are isomorphs and may be viewed as a
hexanuclear central core sandwiched in between two lateral
dinuclear copper units. The magnetic properties have been
studied ab initio by means of fragment calculations. From the
calculation of the yttrium complex, it was found that the g
tensors of the copper(ir) ions are strongly anisotropic, which
agree with the experimental data. The yttrium complex, which
may be considered as the most simple example, allowed us also
to determine the strength and sign of the Cu---Cu magnetic

Fig. 15 Orientations of the main anisotropy axes on Dy ions in the
ground state of 4.
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interactions. Three sets of antiferromagnetic coupling constants
are necessary to fit the experimental data: two within the central
(Js = —44 cm™') and the lateral (J; = —40 cm™') copper
dinuclear unit, and one (J5 = —24 cm™ ') between the lateral and
central copper. The simulation of the magnetic behavior of the
Dy (4) compound gave J; = +0.25 cm™' for Dy-Dy and
J> = +2.0 cm™! for Dy—Cu pairs. The anisotropy on the Cu(ir)
sites, together with the ionic anisotropy of Ln sites, is the reason
for the single-molecule magnet (SMM) behavior of 2—4. A
surprising finding is the stronger SMM behavior in 2 compared
to 3 and 4, despite the presence of an isotropic lanthanide (Gd)
ion in the former compound. A similar conclusion was recently
drawn for the series of M—Ln-M SMMs with M = Co(11) and
Fe(in),>* where the SMM behavior was weakened when moving
from Ln = Gd(in) to Ln = Tb(ir) and Dy(11). We expect that
these counterintuitive results will stimulate further experimental
and theoretical investigations of the blockage of magnetization in
4f-3d systems.
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