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Further synthetic investigation of the general
lanthanoid(III) [Ln(III)]/copper(II)/pyridine-2,6-
dimethanol/carboxylate reaction system: {CuII

5Ln
III
4 }

coordination clusters (Ln = Dy, Tb, Ho) and their
yttrium(III) analogue†

Despina Dermitzaki,a,b Catherine P. Raptopoulou, b Vassilis Psycharis, b

Albert Escuer, c Spyros P. Perlepes,*a,d Julia Mayans *e and
Theocharis C. Stamatatos *a,d

In addition to previously studied {CuII
3Gd6}, {CuII

8Gd4}, {CuII
15Ln7} and {CuII

4Ln8} coordination clusters (Ln =

trivalent lanthanide) containing pdm2− or Hpdm− ligands (H2pdm = pyridine-2,6-dimethanol) and ancil-

lary carboxylate groups (RCO2
−), the present work reports the synthesis and study of three new members

of a fifth family of such complexes. Compounds [Cu5Ln4O2(OMe)4(NO3)4(O2CCH2Bu
t)2(pdm)4(MeOH)2]

(Ln = Dy, 1; Ln = Tb, 2; Ln = Ho, 3) were prepared from the reaction of Ln(NO3)3·xH2O (x = 5, 6),

CuX2·yH2O (X = ClO4, Cl, NO3; y = 6, 2 and 3, respectively), H2pdm, ButCH2CO2H and Et3N

(2 : 2.5 : 2 : 1 : 9) in MeCN/MeOH. Rather surprisingly, the copper(II)/yttrium(III) analogue has a slightly

different composition, i.e. [Cu5Y4O2(OMe)4(NO3)2(O2CCH2Bu
t)4(pdm)4(MeOH)2] (4). The structures of

1·4MeCN·1.5MeOH and 4·2MeOH were solved by single-crystal X-ray crystallography. The five CuII and

four DyIII centres in 1 are held together by two μ5-O2−, four μ-MeO−, two syn,syn η1:η1:μ ButCH2CO2
−,

four η2:η1:η2:μ3 pdm2− (each of these groups chelates a CuII atom and simultaneously bridges two DyIII

atoms through its two –CH2O
− arms) and two μ-MeOH ligands. The four terminal nitrato groups each

chelate (η1:η1) a DyIII centre. The five CuII atoms are co-planar (by symmetry) forming a bow-tie arrange-

ment; the four outer CuII atoms form a rectangle with edges of 3.061(1) and 6.076(1) Å. The four DyIII

centres also form a rectangle that lies above and below the plane of the CuII centres, with edges of 3.739

(1) and 5.328(1) Å. The two strictly planar rectangles are almost perpendicular. Two trigonal bipyramidal

μ5-O2− groups link the perpendicular Cu5 and Dy4 frameworks together. The molecule 4 has a very

similar structure to that of 1, differences being the replacement of the two chelating nitrato groups of 1

by two chelating ButCH2CO2
− ligands in 4 and the coordination polyhedra of the LnIII and YIII atoms

(Snub diphenoids in 1 and biaugmented trigonal prisms in 4). Dc magnetic susceptibility data (χM) on ana-

lytically pure samples of 1–3, collected in the 300–2 K range, indicate that ferromagnetic exchange inter-

actions dominate leading to large spin ground states. The χMT vs. T data for 4 suggest moderately strong

antiferromagnetic CuII⋯CuII exchange interactions. Studies of the dynamic magnetic properties of the

{Cu5Ln4} clusters show that 1 behaves as a SMM at zero field and 2 is a very weak field-induced SMM,

while 3 exhibits only weak tails in the χ’’M vs. T plots at various ac frequencies at zero dc field.
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Introduction

The chemistry of mixed 3d/4f-metal molecular compounds
and materials is not new.1–7 The synthesis of 3d/4f-metal com-
plexes has been a “hot” topic in molecular inorganic chemistry
because of their potential applications in several fields such as
luminescence,8,9 near-IR chiroptical sensors,10 non-linear
optical materials,11 molecular adsorption,12 catalysis13 and
various aspects of Molecular Magnetism.14–24

In the beginning of the present century, there was an
intense re-ignition of research interest in the synthesis of poly-
nuclear (or polymetallic) coordination clusters containing
both 3d- and 4f-metal ions. The intense activity originated
from two major sources: single-molecule magnetism25,26 and
molecular cooling;27,28 we briefly comment only on the former,
because this area is related to the present work. The discovery
in the early 1990s that well-isolated magnetic molecules con-
taining 3d-metal ions can exhibit slow paramagnetic relaxation
reminiscent of single-domain magnetic particles27–30 sparked
an explosive interest in the magnetism community. The so
named Single-Molecule Magnets (SMMs) were originally poly-
nuclear 3d-metal clusters that exhibit a large overall ground-
state spin value and a significant uniaxial magnetic
anisotropy.25,31 Until ∼2000, the search for new examples of
SMMs focused mainly on clusters containing 3d-metal ions.
Since the barrier to magnetization reversal (Ueff ) is related to
both the overall spin and the magnitude of the anisotropy in
the cluster, researchers began slowly after 2000 to investigate
the incorporation of LnIII ions in such systems,32–35 since they
often have high spin as well as significant anisotropy arising
from strong spin–orbit contributions. In addition, the 3d–4f
exchange interactions (the study of which has been pioneered
by the Gatteschi and Winpenny groups) are stronger than the
4f–4f ones suppressing quantum tunneling of magnetization.
Thus, much of the current polynuclear SMM research has
been shifted toward 3d/4f-metal clusters and hundreds of such
SMMs have been prepared and characterized.36–42 The most
preferred LnIII ions for such studies are TbIII, DyIII, HoIII and
ErIII, since it has been shown that mononuclear complexes
containing these LnIII ions can display hysteresis loops in mag-
netization vs. field studies.34

From the synthetic inorganic chemistry viewpoint, methods
to combine 3d- and 4f-metal ions within a coordination cluster
are highly desirable. There is one strategy and one more
empirical route for the synthesis of 3d/4f-metal clusters. The
strategy is based on the “metal complexes as ligands”
approach.43–45 Mononuclear or dinuclear 3d-metal complexes
with uncoordinated O-donor groups can be used as starting
materials; such complexes can be considered as “ligands”
(metalloligands) and further react with the strongly oxophilic
LnIII (Ln = lanthanoid) ions. Alternatively, the metalloligands
can be mononuclear or dinuclear LnIII complexes with uncoor-
dinated N-donor sites which further react with the 3d-metal
ions. The route which is most often used, is based on “one-
pot” procedures.43–45 These require a mixture of the appropri-
ate 3d- and 4f-metal “salts” (usually with inorganic anions, e.g.

Cl−, NO3
−, ClO4

−, BF4
−, CF3SO3

−,…) and a carefully selected
organic ligand possessing distinct coordination compartments
(“pockets”) for preferential binding of the 3d- and the 4f-metal
ion. Sometimes the 3d-metal ions are used in the form of
small clusters to ensure high nuclearity in the final heterome-
tallic products. A variation of the “one-pot” approach is the
“assisted self-assembly” when the introduction of a second
suitable organic co-ligand (e.g. a simple carboxylate group) is
essential to assist the self-assembly process and often to
increase the nuclearity of the heterometallic cluster.36 Primary
organic ligands used include polydentate Schiff bases, oximes,
2-pyridyl alcohols, amino polyalcohols, pyridylcarbonyl amines
and amino acids.36–45 The Hard–Soft Acid–Base (HSAB) model
plays an important role in the “one-pot” route facilitating
selective heterometallic coordination.46 For example, LnIII ions
are hard acids, whereas the late divalent 3d metals (e.g. CoII,
NiII, CuII) are borderline acids; thus, the former can bind
strongly to hard O-donors, while the latter prefer the less hard
N-sites or purely soft bases.45

We have been involved in a research programme aiming to
prepare, characterize and study the magnetic properties of
CuII/LnIII coordination clusters. Such clusters currently attract
the intense interest of the inorganic chemistry
community.47–50 We have been using the “assisted self-assem-
bly” variation of the “one-pot” approach by employing pyri-
dine-2,6-dimethanol (H2pdm) as the primary organic ligand
and simple carboxylate ions (RCO2

−) as co-ligands.51,52 The
anionic forms of H2pdm are well-explored ligands in tran-
sition-metal53–56 and lanthanoid(III)57–59 cluster chemistry,
having yielded complexes with aesthetically pleasing structures
and interesting properties. On the contrary, their use in 3d/4f-
metal chemistry has been limited.51,52,60–64 The tridentate
pdm2− anion is not a compartmental ligand. However, it pro-
vides a stable tridentate chelating O,N,O environment to CuII

(formation of two 5-membered chelating rings), while each of
the deprotonated alkoxide O atoms can further bridge a LnIII

centre (Scheme 1). Following on our previous efforts, which
led to {CuII

15Ln
III
7 } and {CuII

4 Ln
III
8 } clusters with the pdm2−/

RCO2
− ligation, we report here the synthesis and study of

{CuII
5 Ln

III
4 } complexes (Ln = Tb, Dy, Ho) along with their

{CuII
5 Y

III
4 } analogue.

Results and discussion
Synthetic comments and IR characterization

Most of the to-date reported 3d/4f-metal complexes containing
the doubly (pdm2−) or singly (Hpdm−) form of H2pdm as
ligand are CuII/LnIII clusters.51,52,63,64 A common feature of all
such complexes is that they possess a secondary (ancillary) car-
boxylate ligand. The general CuII/LnIII/H2pdm/RCO2

− reaction
system is very fertile, and the identity of products has been
found to depend on a number of synthetic parameters, the
most important of which is the nature of R. Using rather
similar reaction conditions (MeOH, MeOH/MeCN or MeOH/
CH2Cl2 as solvent, Et3N as base, RCO2

− : H2pdm reaction ratios
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equal to or higher than 1), our51,52 and other63,64 groups have
isolated and studied four families of clusters. When R = But

(i.e. the pivalate ion), the nonanuclear [Cu3Gd6(OH)
(CO3)4(O2CBu

t)9(pdm)3(MeOH)3]
64 and [Cu8Gd4(OH)8

(O2CBu
t)8(Hpdm)8](ClO4)4

63 complexes were prepared; for the
isolation of the former, CO2 gas was bubbled through the reac-
tion solution. For R = Ph, the cage-like clusters
[Cu15Ln7(OH)6(CO3)4(O2CPh)19(pdm)9(H2pdm)3(H2O)2] (Ln =
Gd, Dy) were obtained;51 the CO3

2− ions were derived from the
fixation of atmospheric CO2 under the basic conditions. In an
attempt to further investigate this general reaction system, we
used the tert-butylacetate (ButCH2CO2

−) ion which had not
been previously employed in 3d/4f-metal cluster chemistry; the
result52 was the isolation of members of the
[Cu4Ln8(OH)6(NO3)2(O2CCH2Bu

t)16(pdm)4] (Ln = La, Gd, Tb,
Dy) family of dodecanuclear clusters.

In the above mentioned families of clusters that contain
the doubly deprotonated pdm2− ligand, the RCO2

− : pdm2−

ratio in the formulae of the complexes is higher than 2, i.e. 3
in the {Cu3Gd6} complex, 4 in the {Cu4Ln8} family and ∼2 in
the {Cu15Ln7} clusters. We suspected that clusters with more
pdm2− than RCO2

− groups might be capable of existence and
we set out experiments to prepare such products. Below we
describe the realisation of this goal which provided access to a
family of {Cu5Ln4} clusters (Ln = Tb, Dy, Ho) containing an
1 : 2 RCO2

− : pdm2− ratio.
The reaction of Dy(NO3)3·5H2O, Cu(ClO4)2·6H2O, H2pdm,

ButCH2CO2H and Et3N in a 2 : 2.5 : 2 : 1 : 9 molar ratio in
MeCN/MeOH led to a blue solution that upon storage at room
temperature gave blue crystals of [Cu5Dy4O2(OMe)4(NO3)4
(O2CCH2Bu

t)2(pdm)4(MeOH)2]·4MeCN·1.5MeOH (1·4MeCN·1.5
MeOH) in ∼35% yield. The crystals were of X-ray quality and
the structure of the cluster was solved by single-crystal X-ray
crystallography. A point of interest is that the nature of the
copper(II) source does not affect the product identity; employ-
ment of CuCl2·2H2O or Cu(NO3)2·3H2O gives again complex 1
in comparable yields, as evidenced by microanalyses and IR
spectra. Completely analogous reactions with Tb(NO3)3·6H2O
and Ho(NO3)3·5H2O, using chloride or nitrate or perchlorate
copper(II) sources, led to crystals of the isomorphous complexes
[Cu5Tb4O2(OMe)4(NO3)4(O2CCH2Bu

t)2(pdm)4(MeOH)2]·4MeCN·
1.5MeOH (2·4MeCN·1.5MeOH) and [Cu5Ho4O2(OMe)4(NO3)4
(O2CCH2Bu

t)2(pdm)4(MeOH)2]·4MeCN·1.5MeOH (3·4MeCN·1.5
MeOH), respectively. The isomorphous character of the three

complexes was confirmed by determining the unit cell dimen-
sions for the {Cu5Tb4} and {Cu5Ho4} clusters (vide infra).

Yttrium has radii (atomic, metallic, ionic) that fall close to
those of Er and Ho, and all of its chemistry is in the trivalent
state.65 Hence it resembles the late lanthanides closely in its
chemistry and occurs with them in nature. In the older litera-
ture in particular, it is not uncommon to find explicitly or
implicitly the belief that an Y(III) complex of a given set of
ligands will be isostructural with the corresponding late Ln(III)
compounds. The test of this belief has been carried out for
only a few complexes.66–68 Somewhat to our surprise, use of
Y(NO3)3·6H2O instead of Ln(NO3)3·xH2O (Ln = Tb, Dy, Ho) in
an otherwise identical reaction system, gave complex
[Cu5Y4O2(OMe)4(NO3)2(O2CCH2Bu

t)4(pdm)4(MeOH)2]·2MeOH
(4·2MeOH) which contains two nitrato (instead of four in 1–3)
and four tert-butylacetato (instead of two in 1–3) ligands.

Description of structures

The structures of 1·4MeCN·1.5MeOH and 4·2MeOH were solved
by single-crystal X-ray crystallography. Compound
1·4MeCN·1.5MeOH crystallizes in the monoclinic space group I2/
m (Table S1†) with the asymmetric unit containing 1

4 of the cluster
[CuCu4*Dy4O2(OMe)4(NO3)4(O2CCH2Bu

t)2(pdm)4(MeOH)2] (Fig. 1
and S1†); the star (*) on the second CuII atom indicates that this
cation occupies a site with different symmetry from the unstarred
one. The point group symmetry is 2/m (C2h). The nonanuclear
cluster molecule contains five CuII and four DyIII atoms. The core
of the cluster, shown in Fig. 2, is {Cu5Dy4(μ5-O)2(μ3-
OMeO

−)4(μ-OMeOH)2(μ-OR′)8}6+, where R′ is the carbon/nitrogen/
hydrogen containing part of pdm2−.

Concerning the symmetry elements, the central CuII atom
(Cu2) lies on 2/m site symmetry. The mirror plane possessed by

Scheme 1 The anticipated coordination mode of the doubly deproto-
nated pyridine-2,6-dimethanol (pdm2−) ligand in CuII/LnIII clusters.

Fig. 1 The structure of the cluster molecule [Cu5Dy4O2(OMe)4(NO3)4
(O2CCH2Bu

t)2(pdm)4(MeOH)2] that is present in the crystal of
1·4MeCN·1.5MeOH. Symmetry codes: (’) x, 1 − y, z; (’’) 2 − x, y, −z; (’’’) 2
− x, 1 − y, −z.
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the molecule is defined by Cu2, the four backbone carbon
atoms (and their symmetric ones) that belong to the
ButCH2CO2

− ligands, and the four carbon and oxygen atoms of
the methoxo groups (and their symmetry equivalents). The two-
fold axis is defined by Cu2 and the two μ5-O2− atoms (O9, O9′′′).

The five CuII atoms are co-planar forming a bow-tie arrange-
ment. The four outer CuII atoms (Cu1, Cu1′, Cu1″, Cu1′′′) form
a rectangle with edges of 3.061(1) and 6.076(1) Å; the central-
to-outer Cu2–Cu(1,1′,1″,1′′′) distance is 3.402(1) Å. The four
DyIII atoms also form a rectangle (Fig. 3) that lies above and
below the plane of the CuII centres, with edges of 3.739(1) and
5.328(1) Å; the diagonal of this rectangle is 6.509(1) Å. The
two, strictly planar rectangles are almost perpendicular
forming an angle of 89.0(1)°. The Cu⋯Dy distances between
the outer CuII atoms and the DyIII centres are in the range
3.266(1)–5.778(1) Å, whereas the distance of the central CuII

atom to the DyIII centres is 3.255(1) Å. Overall the metallic skel-
eton can be described as four face- and vertex-sharing {Cu3Dy}
tetrahedral units.

Two trigonal bipyramidal μ5-O2− groups (O9 and O9′′′) link
the perpendicular Cu5 and Dy4 frameworks together. Each of
them bridges the central Cu2 atom with two CuII centres of the
short edge of the Cu4 rectangle and with two DyIII centres that
belong to a long edge of the Dy4 rectangle. The four methoxo
groups (defined by O7, O8, O7″ and O8″) display a μ3 mode
each bridging the central Cu2 atom with two DyIII atoms of the
short edge of the Dy4 rectangle. The oxygen atoms (O10, O10′′′)
of the neutral MeOH molecules bridge two CuII atoms that
belong to a short edge of the Cu4 rectangle; these atoms lie on
a two-fold axis of symmetry and each MeOH molecule is thus
disordered over two positions. The two ButCH2CO2

− groups
(equivalent by symmetry) behave as syn,syn η1:η1:μ ligands,
each bridging two DyIII atoms that belong to a short edge of
the Dy4 rectangle. The four η2:η1:η2:μ3 pdm2− ligands each
chelate one of the four outer CuII atoms forming two 5-mem-
bered chelating rings and simultaneously bridge two DyIII

centres of the long edge of the Dy4 rectangle. The four term-
inal nitrato groups each chelate (η1:η1) one of the four DyIII

atoms. The coordination modes of the ligands that are present
in 1·4MeCN·1.5MeOH are summarized in Fig. 4.

The central CuII atom, Cu2, is 6-coordinate and presents a
Jahn–Teller elongated (4 + 2) tetragonal bipyramidal geometry
with a {CuIIO6} coordination sphere. The long Cu2–O8 (and its
symmetry equivalent) distance of 2.746(6) Å can be considered
as a weak interaction. The four bonds in the equatorial plane
are much shorter [1.922(4) and 1.985(4) Å]. The outer copper(II)
(Cu1 and its symmetry equivalents) coordination geometries
are described as distorted square pyramidal with the bridging
MeOH oxygen atom (O10) occupying the apical position. The
coordination sphere is of the {CuIIO4N} type. Analysis of the
shape-determining angles using the approach of Reedijk and
Addison69 yields a value of 0.19 for the trigonality index τ (τ = 0
and 1 for perfect square pyramidal and trigonal bipyramidal
geometries, respectively). As expected, the axial bond [Cu1–O10
= 2.515(4) Å] is the longest, the coordination bond lengths in
the basal plane being in the 1.879(4)–1.951(3) Å range.
The crystallographically unique DyIII centre is 8-coordinate

Fig. 3 The metallic skeleton in 1·4MeCN·1.5MeOH; the numbers indi-
cate distances in Å. Colour code: CuII, cyan; DyIII, yellow.

Fig. 2 The {Cu5Dy4(μ5-O)2(μ3-OMeO
−)4(μ-OMeOH)2(μ-OR’)8}

6+ core of
the cluster molecule 1. O9, O9’’’ represent the μ5-oxo groups; O7, O7’’,
O8, O8’’ are the μ3-methoxo oxygen atoms; O10, O10’’’ denote the brid-
ging methanol oxygen atoms; O1, O2 and their symmetry equivalents
belong to the pdm2− ligands. The symmetry codes are the same with
those defined in the caption of Fig. 1.

Fig. 4 The coordination modes of all the ligands that are present in
1·4MeCN·1.5MeOH; the coordination bonds are indicated with bold
lines.
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with a {DyIIIO8} coordination sphere and Dy–O distances in the
2.241(3)–2.664(1) Å range. To estimate the closer coordination
polyhedron defined by the eight donor atoms around the DyIII

centre in 1·4MeCN·1.5MeOH, a comparison of the experimental
data with the theoretical values for the most common poly-
hedral shapes with 8 vertices was performed using the SHAPE
program.70 The best fit was obtained for the Snub diphenoid
JSD – 8 (CShM = 2.744), Fig. S2† (left). Since the nitrato group
imposes a small bite angle, the polyhedron is distorted.

The molecules in the crystal of 1·4MeCN·1.5MeOH interact
through non-classical hydrogen bonds and they are arranged in
a body-centered lattice in conformity with the I2/m space group,
forming channels along the a and c crystallographic axes where
the lattice MeCN and MeOH molecules are residing (Fig. S3†).

The crystal structure of 4·2MeOH consists of cluster mole-
cules [Cu5Y4O2(OMe)4(NO3)2(O2CCH2Bu

t)4(pdm)4(MeOH)2]
(Fig. 5 and S4†) and lattice MeOH molecules in a 1 : 2 ratio;
the latter will not be further discussed. The complex crystal-
lizes in the triclinic space group P1̄ with the asymmetric unit
containing half the cluster, which lies upon an inversion
centre. The structure of the molecule 4 is very similar with that
of 1. Again the core is {Cu5Y4(μ5-O)2(μ3-OMeO

−)4(μ-OMeOH)2
(μ-OR′)8}6+ (Fig. S5†). Notable differences (except the presence
of four YIII centres instead of four DyIII atoms) are: (i) 1 pos-
sesses 2/m point group symmetry while 4 is centrosymmetric;
(ii) two of the chelating nitrato groups of 1 have been replaced
by two chelating ButCH2CO2

− ligands in 4 and the compo-
sition of the two cluster molecules is thus different; and (iii)
the coordination polyhedra of the two crystallographically
independent YIII atoms (Y1 and Y2) in 4 can be described as
biaugmented trigonal prisms (CShM = 2.825 for Y1 and 2.271
for Y2), whereas the polyhedron of the crystallographically
unique DyIII centre in 1 is Snub diphenoid (Fig. S2†).

The edges of the Cu4 rectangle consisting of the four outer
CuII atoms are 3.124(1) Å (Cu1⋯Cu2 = Cu1′⋯Cu2′) and 5.978
(1) Å (Cu1⋯Cu2′ = Cu2⋯Cu1′), where prime (′) is the symmetry
operation 2 − x, 2 − y, 2 − z. The edges of the Y4 rectangle are

3.766(1) Å (Y1⋯Y2 = Y1′⋯Y2′) and 5.419(1) Å (Y1⋯Y2′ =
Y2⋯Y1′). The two rectangles are strictly planar by symmetry;
the two planes are almost perpendicular with a dihedral angle
of 89.3(1)°. As in 1, the central CuII atom (Cu2) is 6-coordinate
with a {CuIIO6} coordination sphere and an elongated (4 + 2)
tetragonal bipyramidal geometry. Two of its six coordination
bonds are considered as long contacts [Cu3–O14 = Cu3–O14′ =
2.785(3) Å], whereas the four equatorial bonds are much
shorter [Cu3–O13 = Cu3–O13′ = 1.992(2) Å and Cu3–O15 =
Cu3–O15′ = 1.919(2) Å]. The coordination geometries of the
outer CuII atoms are square pyramidal (τ = 0.08 for Cu1, Cu1′
and 0.04 for Cu2, Cu2′), with the bridging MeOH oxygen atom
(O12 and its symmetry equivalent) occupying the apical posi-
tion. As expected, the Cu1–O12 and Cu2–O12 bonds are long
[Cu1–O12 = 2.563(3) Å, Cu2–O12 = 2.495(2) Å], whereas the
corresponding bond distances in the basal planes lie in the
range 1.884(2)–1.950(2) Å. The coordination spheres of the YIII

atoms are of the {YIIIO8} type, with bond distances in the 2.243
(2)–2.527(2) Å range.

The molecules in the crystal of 4·2MeOH interact through
hydrogen bonds and form layers parallel to the (001) crystallo-
graphic plane (Fig. S6†). Molecules belonging to neighbouring
layers further interact through van der Waals forces and are
stacked along the c crystallographic axis, thus building the 3D
architecture of the structure.

Complexes 1–3 are new members of the small family of 3d/
4f-metal clusters containing H2pdm and its anionic forms as
ligands.51,52,60–64 The previously characterized compounds are
conveniently summarized in Table 1, together with diagnostic
structural and magnetic information. It is clear that the nuclear-
ity, metallic skeleton and core are all unique in the clusters of
the present work. As far as the H2pdm/Hpdm−/pdm2− : RCO2

−

ratio is concerned, compounds 1–3 contain the highest ratio by
far and this has a variety of structural consequences.

Compounds 1–4 also join a small group of {Mx
5Ln4} and

{Mx
5Y4} clusters, where M is a 3d-metal and x = II–IV. The pre-

viously characterized complexes are listed in Table 2, together
with their metal topology and magnetic characteristics. With
the exception of the members of the [CuII

5 Ln4O2(OMe)4
(NO3)4(O2CBu

t)2(Htea)4] (Ln = Gd, Tb, Dy, Ho) family (Htea2−

is the dianion of triethanolamine),73–75 complexes 1–3 have a
different composition and different structural features com-
pared with those of the previously characterized complexes.
The molecular structure of 1 is quite similar to the structure of
the {CuII

5 Ln4}/Htea2− clusters. The Htea2− groups adopt the
η2:η1:η2:μ3 coordination mode exhibited by the pdm2− ligand
in 1 (Fig. 4). The coordination modes of the oxide, methoxide,
nitrate and carboxylate ligands are exactly the same. The
metallic skeletons are also very similar. These experimental
observations, emphasized in Fig. S7,† indicate that the pdm2−

vs. Htea2− and ButCH2CO2
− vs. ButCO2

− changes have little
structural effect (this structural similarity is extended to 4,
despite its slightly different chemical composition). However,
there are three differences between the molecular structures of
1 and [CuII

5 Ln4O2(OMe)4(NO3)4(O2CBu
t)2(Htea)4]: (i) the

μ-MeOH group is missing in the Htea2− clusters resulting in a

Fig. 5 The structure of the cluster molecule
[Cu5Y4O2(OMe)4(NO3)2(O2CCH2Bu

t)4(pdm)4(MeOH)2] that is present in
the crystal of 4·2MeOH. Symmetry code: (’) 2 − x, 2−y, 2 − z.
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square planar coordination for the outer CuII atoms and a
longer distance (∼3.29 vs. ∼3.06 Å) between the CuII centres
that occupy the short edges of the Cu4 rectangle; (ii) the
coordination polyhedron in 1 approximates a Snub diphenoid,
whereas that in the Htea2− clusters is best described as a
square antiprism; and (iii) 1 possesses 2/m symmetry, while
the Htea2− clusters are simply centrosymmetric with respect to
the central CuII atom, i.e. that in the middle of the rectangle.

Magnetic studies

Direct current (dc) magnetic susceptibility (χM) data on well-
dried and analytically pure samples of 1–3 were collected in
the 300–2 K temperature range under fields of 0.3 T (300–30 K)
and 0.02 T (30–2 K). The data are plotted as χMT products vs. T
in Fig. 6. Compounds 1–3 have room-temperature χMT values
of 58.5, 48.7 and 57.1 cm3 K mol−1, respectively. These values
are in good agreement with those expected for five CuII atoms
(S = 1/2, g = 2) and four DyIII atoms (S = 5/2, L = 5, 6H15/2, gJ =
4/3) [the theoretical value is 58.55 cm3 K mol−1] for 1, for five
CuII atoms (S = 1/2, g = 2) and four TbIII atoms (S = 3, L = 6,

7F6, gJ = 3/2) [the theoretical value is 49.11 cm3 K mol−1] for 2,
and for five CuII atoms (S = 1/2, g = 2) and four HoIII atoms (S =
2, L = 6, gJ = 5/4) [the theoretical value is 57.78 cm3 K mol−1]
for 3, with the assumption that there are no interactions
between the spin carriers. Upon cooling, the χMT value of 1
decreases slowly to 54.05 cm3 K mol−1 at 26 K, to 42.43 cm3 K
mol−1 at 12 K for 2 and to 51.81 cm3 K mol−1 at 20 K for 3.
Below these temperatures, the χMT values increase abruptly
reaching the values of 85.35 (1), 55.69 (2) and 70.65 cm3 K
mol−1 (3) at 2 K. The slight decrease is due to the depopulation
of the mj sublevels of the ground J state of the LnIII centres
(Stark sublevels) and may also be due to weak antiferro-
magnetic interactions between the metal ions. The large
increase in χMT values at low temperatures suggests ferro-
magnetic interactions, with large spin ground states for the
complexes. Magnetization (M) vs. external applied field (H)
studies at 2 K (inset of Fig. 6) show a rapid increase of M as H
increases reaching almost saturation values of 23.20, 21.17
and 22.65 NμB for 1, 2 and 3, respectively, at 5 T and 2 K,
suggesting large spin ground states.

Table 1 To-date characterized heterometallic 3d/4f-metal complexes of Hpdm− and pdm2−, and diagnostic information

Complexa
Coordination mode
of Hpdm− and pdm2− Metal topology Magnetic features Ref.

[CoII2 Ln2(O2CBu
t)4(Hpdm)4] (Ln = Y, Gd, Tb, Dy, Ho) η3:η1:μ3 Cubane SMM (Ln = Dy) 61

[MnIIMnIIILn2(O2CMe)6(L)(Hpdm)2](NO3)
b (Ln = Gd, Dy) η2:η1:η1:μ Butterfly Weak F exchange 62

[FeIII2 Ln2Cl4(Hpdm)6]Cl2 (Ln = Y, Ho) η2:η1:η1:μ, η2:η1:μ U-shaped AF exchange 60
[CuII

4 Ln8(OH)6(NO3)2(O2CCH2Bu
t)16(pdm)4]

(Ln = La, Gd, Tb, Dy)
η3:η1:η1:μ3, η2:η1:η2:μ3 Cage-like SMM (Ln = Dy) 52

[CuII
15Ln7(OH)6(CO3)4(O2CPh)19(pdm)3(H2pdm)9(H2O)2]

c

(Ln = Gd, Dy)
η3:η1:η2:μ4 Cage-like Magnetic refrigerant

(Ln = Gd), SMM (Ln = Dy)
51 and 71

[CuII
3 Gd6(OH)(CO3)4(O2CBu

t)9(pdm)3(MeOH)3] η2:η1:η2:μ3 Tridiminished
icosahedron

Magnetic refrigerant 64

[CuII
8 Gd4(OH)8(O2CBu

t)8(Hpdm)8](ClO4)4 η3:η1:μ3 Wheel of four
corner-sharing
{CuII

2 Gd2} cubanes

d 63

a Lattice solvent molecules have been omitted. b L is the dianionic ligand (6-hydroxymethylpyridin-2-yl)(6-hydroxymethylpyridin-2-ylmethoxy)
methanol obtained from the in situ reaction of two H2pdm groups. c The neutral H2pdm molecules behave as η2:η1:η1:μ ligands. d Information
was not provided. F = ferromagnetic; AF = antiferromagnetic.

Table 2 To-date characterized {M5Ln4} complexes and diagnostic information (M = 3d-metal ion)

Complexa Metal topology Magnetic features Ref.

[MnIII
4 MnIVLn4O6(NO3)4(O2CBu

t)6(mdea)2(Hmdea)2(H2O)2]
b (Ln = Y,

Tb, Dy, Ho)
Two {MnIVMnIIILn2} cubanes
sharing a MnIV vertex

SMMs (all) 72

[CuII
5 Ln4O2(OMe)4(NO3)4(O2CBu

t)2(Htea)4]
c (Ln = Gd, Tb, Dy, Ho) Four face- and vertex-sharing

tetrahedral units
Magnetic refrigerant (Ln = Gd)
SMMs (Ln = Tb, Dy, Ho)

73–75

[CuII
5 Dy4(OH)4(SCN)8(H2L)4]Cl2

d [3 × 3]-shaped heterometallic
grid

SMM 76

[FeIII5 Gd4O4(NO3)2(bis-C[4])2(DMF)8(H2O)2](OH)e Two {FeIII2 Gd2} butterflies
linked by a central FeIII cation

Competing F–AF exchange
interactions

77

[MII
5 Ln4(OMe)8(NO3)2(O2CMe)12(MeOH)6] (M/Ln = Co/Eu, Co/Gd,

Ni/Eu, Ni/Dy)
Two {MII

2 Ln2} cubanes con-
nected via a MII centre

Magnetic refrigerant ({CoII5 Gd4})
SMMs ({CoII5 Eu4} and {NiII5 Dy4})

78

[MII
5 Ln4(OH)2(OMe)6(NO3)4(O2CMe)10(MeOH)6] (M/Ln = Co/Dy, Ni/

Gd)
Two {MII

2 Ln2} cubanes con-
nected via a MII centre

Magnetic refrigerant ({NiII5 Gd4})
SMM ({CoII5 Dy4})

78

a Lattice solvent molecules have been omitted. b The ligands mdea and Hmdea are the di- and monoanions of N-methyl-diethanolamine. c The
ligand Htea is the dianion of triethanolamine. dH2L is the dianionic form of a polydentate ligand synthesised by the reaction of pyridine-2,6-
dicarbohydrazide and two equiv. of 6-hydroxymethylpyridine-2-carbaldehyde. e The ligand bis-C[4] is the octaanion of bis-But-calix[4]arene. F =
ferromagnetic; AF = antiferromagnetic.
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The value of the χMT product for 4 at 300 K is 1.50 cm3 K
mol−1, lower than the theoretical value of 1.875 cm3 K mol−1

expected for five non-interacting CuII (S = 1/2, g = 2) centres.
Upon cooling, the value of the product decreases rather slowly
reaching ∼1.2 cm3 K mol−1 at ∼50 K and then decreases
rapidly to the value of 0.84 cm3 K mol−1 at 2 K (Fig. 7). M
increases rapidly as H increases at 2 K to the value of ∼2 NμB
at 5 T without reaching saturation. The diamagnetic character
of YIII allowed us to fit the experimental data of the static mag-
netic properties taking into account only the five CuII atoms
which are arranged as two vertex-sharing triangles; the CuII

atoms of each triangle are bridged by a μ3-O2− group (the oxo
groups are structurally μ5, Fig. S5†) resulting in two superex-
change pathways, as shown in the inset of Fig. 7.

Using the program PHI,79 the data were fitted using the
spin Hamiltonian given by eqn (1). The best-fit parameters in
the 300–35 K range are J1 = −102(1) cm−1, J2 = −58(1) cm−1 and
g = 2.24. Taking into account the large Cu–O–Cu angles [Cu1–
O15–Cu2 = 110.8(1)°, Cu1–O15–Cu3 = 123.7(1)° and Cu2–O15–
Cu3 = 124.6(1)°; see Fig. S5†], moderately strong antiferro-
magnetic CuII⋯CuII exchange interaction with |J1| > |J2|
should be expected. From the inset of Fig. 7, it is clear that the
ground state will be S = 3/2 if J1 dominates, whereas the
ground state will be S = 1/2 if the dominating interaction is J2.
Intermediate low-temperature χMT or magnetization values
could be found around the frustration point J1 = 2J2; this
seems to be the case here.

H ¼ �2J1ðS1 � S2 þ S1 � S3 þ S1 � S4 þ S1 � S5Þ � 2J2ðS2 � S3 þ S4 � S5Þ
ð1Þ

The dynamic magnetic properties of 1–3 were investigated
in search of slow relaxation in the magnetization response
(SMM behaviour). Preliminary measurements at the fixed,
alternating current (ac) frequency of 1000 Hz and variable field
revealed clear temperature dependence of the imaginary, out-
of-phase component of the ac susceptibility, χ″M, at zero field
for 1, weak tails at zero field with increasing intensity up to 0.2
T of transverse field for 2 and poorly field-dependent tails for
3. According to this preliminary information, ac measure-
ments were performed at zero dc field for 1 and 3, and under
an applied field of 0.2 T for 2 (Fig. 8).

The temperature dependence of χ″M for 1 in the 10–1488
Hz range at zero field is shown in the left part of Fig. 8; signals
appear above 2 K. The value of the relaxation time τ (τ = 1/2πv)
is large (7.6 × 10−3 s) at 2.1 K. The data were fitted using an
Arrhenius model, τ = τ0 exp(Ueff/kBT ), by using two different
methods: the data from the χ″M vs. T plot, and the data from
the χ″M vs. frequency (v) plot, assuming a magnetization relax-
ation through an Orbach process. Comparable relaxation para-
meters were obtained. The fit of the higher-temperature

Fig. 6 Temperature dependence of the χMT product for complexes 1
(blue diamonds), 2 (black squares) and 3 (red triangles); the field depen-
dence of the magnetization at 2 K is shown in the inset. The lines are
guides to the eye.

Fig. 7 χMT vs. T plot for 4; the red solid line is the best-fit curve (see
text for details). The coupling scheme for the molecule is shown in the
inset with the Si (i=1–5) spin carriers representing the five CuII atoms; S1 is
Cu3 of the real structure.

Fig. 8 (Left) χ’’M vs. T signals for 1 in the 10–1488 Hz range at zero
field; (middle) χ’’M vs. T signals for 2 in the 1.45–148 Hz range under an
applied dc field of 0.2 T; (right) χ’’M vs. T signals for 3 in the 10–1488 Hz
range at zero field. Solid lines are visual guides.
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maxima in the χ″M vs. T plot yields Ueff = 16.7 cm−1 (∼24 K)
and τ0 = 3.75 × 10−8 s, while the fit of τ from the χ″M vs. v plot
for a wider temperature range yields Ueff = 12.2 cm−1 (17.6 K)
and τ0 = 2.0 × 10−6 s, Fig. 9. The linear dependence of ln(τ)
with the inverse temperature suggests the occurrence of only
one relaxation process, in agreement with the Argand plot
(Fig. S8†) in which only one semicircle appears.

Measurements of the dynamic magnetic properties of 2
exhibited very weak out-of-phase susceptibility signals under
an applied field of 0.2 T, which are poorly field-dependent and
decrease for higher frequencies, Fig. 8 (middle). Maxima with
negligible frequency dependence were defined for low frequen-
cies (1.45–10 Hz). This behaviour of the ac curves indicates
magnetic relaxation through a tunneling mechanism.

The magnetization dynamics of the {CuII
5 Ho4} cluster 3 were

investigated in the 10–1500 Hz frequency range. The χ″M vs. T
plots show only tails (Fig. 8, right), indicating that slow magne-
tization relaxation occurs below 2 K (the lowest-temperature
limit of our setup). Because no maxima in χ″M were observed,
we were unable to determine the energy barrier Ueff and the
pre-exponential factor τ0 via the conventional Arrhenius plot
method. Another method, established by Bartolomé et al.,80 is
to assume that there is only one characteristic relaxation
process of the Debye type with one energy barrier and one
time constant. From eqn (2) and by plotting ln(χ″M/χ′M) vs. 1/T,
we can perform linear regressions to obtain the gradients (Ea/
kB) and intercepts [ln(ωτ0)] and then extract an estimation of
the activation energy and τ0; χ′M is the real, in-phase com-
ponent of the ac susceptibility and ω = 2πν. These estimates
for 3 are Ueff ≈ Ea = 10.0 ± 0.1 K and τ0 = 7.1(± 0.2) × 10−7 s
(Fig. 10).

lnðχ″M=χ′MÞ ¼ lnðωτ0Þ þ Ea=kBT ð2Þ

A comparison of the magnetic properties of 1–3 with those
of the structurally similar clusters [Cu5Ln4O2(OMe)4(NO3)4
(O2CBu

t)2(Htea)4] (Ln = Dy, Tb, Ho)74 might be useful at this

point. The Htea2− clusters also have large spin ground states
and exhibit slow relaxation of the magnetization, the Ueff = Ea
values estimated to be 7 ± 1 K, 11.9 ± 0.8 K and 10 ± 4 K for
the Dy(III), Tb(III) and Ho(III) members, respectively. The values
for the Ho(III) clusters seem to be comparable, while the Ueff

value for 1 is higher (at least double) than that for the CuII/
DyIII/Htea2− cluster. Ab initio calculations that employ
DyIII and CuII fragments of [Cu5Dy4O2(OMe)4(NO3)4
(O2CBu

t)2(Htea)4] and the lowest Kramers levels resulting
therefrom yielded74 good fits of the susceptibility vs. tempera-
ture behaviour and a corresponding set of best-fit J1
(CuII⋯DyIII), J2 (CuII central⋯CuII outer) and J3 (CuII

outer⋯CuII outer) values. The first two J values correspond to
ferromagnetic pathways and the third corresponds to antiferro-
magnetic pathways. The exchange interaction between DyIII

ions is negligible due to the perpendicular arrangement of the
main anisotropy axes. The main anisotropy axis of the cluster
molecule is almost perpendicular to the plane defined by the
four DyIII centres.

Concluding comments and
perspectives

Complexes 1–3 are the first members of a new, fifth family of
clusters arising from the general CuII/LnIII/H2pdm/RCO2

− reac-
tion system. By contrast with the previously reported
{Cu3Gd6},

64 {Cu8Gd4},
63 {Cu15Ln7}

51 and {Cu4Ln8}
52 families

which contain a RCO2
− : primary ligand ratio higher than 2, in

the {Cu5Ln4} complexes of the present family this ratio is 0.5
leading to a different nuclearity, topology and core. The
{Cu5Ln4} clusters were prepared by simply using an excess of
H2pdm (H2pdm : RCO2

− = 2 : 1) in the reaction mixtures. Thus,
the chemical message of this work is that a detailed investi-
gation of all synthetic parameters (here the primary to ancil-
lary ligand reaction ratio) is more than necessary to isolate the

Fig. 9 (Left) χ’’M vs. v plot for 1 at zero dc field in the indicated temp-
erature range (solid lines are guides for the eye); (right) Arrhenius plots
of ln(1/2πv) (left line) and ln(τ) vs. T−1 for 1 (the solid lines represent the
fits that give the Ueff and τ0 values mentioned in the text).

Fig. 10 Plots of ln(χ’’M/χ’M) vs. 1/T for 3 (the temperature range is
1.8–2.75 K) at different ac frequencies; the solid lines are the best-fit
curves.
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maximum number of 3d/4f-metal products from a given reac-
tion system. From the magnetism viewpoint, complexes 1–3
exhibit different characteristics concerning their magnetiza-
tion relaxation. The DyIII-containing cluster 1 behaves as a
SMM, which is the expected behaviour due to the high mag-
netic moment and Kramer’s nature of DyIII, that ensures the
degeneracy of the two lowest-lying levels and reduces the possi-
bility of the relaxation of the magnetization via quantum tun-
neling.34 This is confirmed by examining the magnetic relax-
ation of the TbIII and HoIII analogues (2 and 3, respectively).
Both are non-Kramers ions and strong tunneling is the prin-
ciple magnetization relaxation making 2 a very weak field-
induced SMM with ac maxima practically independent of the
frequency, while 3 exhibits only weak tails in the χ″M vs. T
plots at zero dc field.

With the above results in mind, we continue working in the
area of the chemistry and magnetism of CuII/LnIII cluster
chemistry using the H2pdm/RCO2

− ligand “blend”, paying
more attention to the study of the influence of R on the chemi-
cal and structural identity of the products. Although CuII/LnIII/
pdm2− or Hpdm− clusters with R = Ph,51 But,63,64 and
ButCH2

52 (together with results of the present work) have been
reported, there is a plethora of R groups with various elec-
tronic and steric properties that can be examined. Ongoing
studies reveal new families of CuII/LnIII/pdm2− clusters with
novel structures and interesting magnetic properties, proving
that the general CuII/LnIII/H2pdm/RCO2

− reaction system is
fertile and surprising. Our results, already well advanced, will
be reported soon.

Experimental section
General, physical measurements and spectroscopic studies

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received.
Elemental analyses were performed by the University of Patras
microanalytical service. FT-IR spectra (4000–400 cm−1) were
recorded using a PerkinElmer spectrometer with samples pre-
pared as KBr pellets. Direct-current (dc) and alternating-
current (ac) magnetic susceptibility studies were performed at
the University of Barcelona Chemistry Department on a DSM5
Quantum Design magnetometer operating at 0.3 T in the
300–30 K range and at 0.02 T in the 30–2.0 K range to avoid
saturation effects. Pascal’s constants were used to estimate the
diamagnetic contribution, which was subtracted from the
experimental susceptibility to give the molar paramagnetic
susceptibility (χM).
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Synthetic details

Preparation of the representative complex [Cu5Dy4O2

(OMe)4(NO3)4(O2CCH2Bu
t)2(pdm)4(MeOH)2]·4MeCN·1.5MeOH

(1·4MeCN·1.5MeOH). Solids Dy(NO3)3·5H2O (0.175 g,
0.40 mmol) and Cu(ClO4)2·6H2O (0.185 g, 0.50 mmol) were
added to a stirred yellowish solution containing H2pdm
(0.056 g, 0.40 mmol), ButCH2CO2H (25 μL, 0.20 mmol) and

Et3N (252 μL, 1.80 mmol) in a solvent mixture comprising
MeCN (5 mL) and MeOH (10 mL). The resulting blue solution
was stirred for a further 30 min and stored in a flask at −16 °C.
X-ray quality blue crystals of the product were obtained in a
period of 2 d. The crystals were collected by filtration, washed
with cold MeCN (1 mL) and Et2O (3 × 2 mL), and dried in a
vacuum desiccator over anhydrous CaCl2. The yield was ∼35%
(based on the ligand H2pdm available). The product was ana-
lyzed satisfactorily as lattice MeCN- and MeOH-free, i.e. as 1.
Anal. calcd for C46H70N8O32Cu5Dy4: C, 24.94; H, 3.19; N,
5.06%. Found: C, 24.83; H, 3.16; N, 5.19%. IR bands (KBr,
cm−1): 3425mb, 2954m, 2902w, 2866w, 1652m, 1584m, 1562s,
1468s, 1408s, 1384s, 1366m, 1340m, 1302s, 1266m, 1230m,
1162m, 1064s, 1034s, 904w, 818w, 784m, 742w, 722w, 664m,
604w, 562w, 512m, 424w. Using exactly the above mentioned
procedure, but replacing Cu(ClO4)2·6H2O with either
CuCl2·2H2O (0.085 g, 0.50 mmol) or Cu(NO3)2·3H2O (0.121 g,
0.50 mmol), gives crystals of the same product (in comparable
yields), as proven by microanalyses and IR spectra.

Preparation of the complexes [Cu5Tb4O2(OMe)4(NO3)4(O2

CCH2Bu
t)2(pdm)4(MeOH)2]·4MeCN·1.5MeOH (2·4MeCN·1.5

MeOH) and [Cu5Ho4O2(OMe)4(NO3)4(O2CCH2Bu
t)2(pdm)4

(MeOH)2]·4MeCN·1.5MeOH (3·4MeCN·1.5MeOH). These com-
pounds were prepared in an identical manner with
1·4MeCN·1.5MeOH by simply replacing Dy(NO3)3·5H2O with
the corresponding hydrated nitrate salts of Tb(III) and Ho(III).
Typical yields were in the 30–40% range. The identity of the
products was confirmed by microanalyses, IR spectra (the
spectra of well dried samples of 2 and 3 are almost superimpo-
sable with the spectrum of 1 with a maximum wavenumber
difference of ±5 cm−1) and unit-cell determinations of their
blue crystals (vide infra). The products were analyzed as lattice
MeCN- and MeOH-free. Anal. calcd for C46H70N8O32Cu5Tb4 (2):
C, 25.10; H, 3.21; N, 5.09%. Found: C, 25.24; H, 3.17; N,
5.00%. Anal. calcd for C46H70N8O32Cu5Ho4 (3): C, 24.83; H,
3.18; N, 5.04%. Found: C, 24.96; H, 3.27; N, 4.94%.

Preparation of [Cu5Y4O2(OMe)4(NO3)2(O2CCH2Bu
t)4(pdm)4

(MeOH)2]·2MeOH (4·2MeOH). Solids Y(NO3)3·6H2O (0.077 g,
0.20 mmol) and Cu(ClO4)2·6H2O (0.093 g, 0.25 mmol) were
added to a stirred yellowish solution containing H2pdm
(0.028 g, 0.20 mmol), ButCH2CO2H (12 μL, 0.10 mmol) and
Et3N (126 μL, 0.90 mmol) in a solvent mixture comprising
MeCN (4 mL) and MeOH (8 mL). The resulting blue solution
was stirred for a further 30 min and stored in a flask at −16 °C.
X-ray quality blue crystals of the product were obtained in a
period of 2–3 d. The crystals were collected by filtration,
washed with cold MeCN (1 mL) and Et2O (2 × 2 mL), and dried
in a vacuum desiccator over P4O10. The yield was ∼57% (based
on the ligand H2pdm available). The product was analyzed sat-
isfactorily as lattice MeOH-free, i.e. as 4. Anal. calcd for
C58H92N6O30Cu5Y4: C, 34.37; H, 4.58; N, 4.15%. Found: C,
34.21; H, 4.67; N, 4.25%. IR bands (KBr, cm−1): 3435mb,
2952m, 2904w, 2866m, 1652m, 1564s, 1468s, 1422s, 1401s,
1384s, 1366m, 1340m, 1302s, 1266m, 1232m, 1160m, 1066s,
1036s, 902w, 818w, 784m, 744w, 720w, 666m, 626w, 562w,
512m, 424w.

Paper Dalton Transactions

248 | Dalton Trans., 2021, 50, 240–251 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
no

ve
m

br
e 

20
20

. D
ow

nl
oa

de
d 

on
 0

6/
11

/2
02

5 
13

:2
1:

43
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0dt03582c


Single-crystal X-ray crystallography

Blue crystals of 1·4MeCN·1.5MeOH and 4·2MeOH were taken
directly from the mother liquor and immediately cooled to
−113 °C. X-ray diffraction data were collected on a Rigaku
R-AXIS SPIDER Image Plate diffractometer using graphite-
monochromated Mo Kα radiation. Data collection (ω-scans) and
processing (cell refinement, data reduction and empirical
absorption correction) were performed using the CrystalClear
program package.82 The structures were solved by direct
methods using SHELXS ver. 2013/183 and refined by full-matrix
least-squares techniques on F2 with SHELXL ver. 2014/6.84 H
atoms were either located by difference maps and refined isotro-
pically or were introduced at calculated positions as riding on
their respective bonded atoms. All non-H atoms were refined
anisotropically. The SQUEEZE procedure85 was used for the ana-
lysis of the structure of the {Cu5Dy4} cluster and the estimated
additional solvents in the lattice voids are 2 MeCN and 1.5
MeOH molecules per formula unit. For compound 4·2MeOH,
one of the coordinated ButCH2CO2

− ligands has been treated as
disordered. Important crystallographic data are listed in
Table S1.† Full details can be found in the CIF files.

The unit cell dimensions of 2·4MeCN·1.5MeOH and
3·4MeCN·1.5MeOH were calculated from single-crystal diffraction
measurements (Rigaku R-AXIS SPIDER Image Plate diffract-
ometer, graphite-monochromated Mo Kα radiation). The dimen-
sions clearly show that these two complexes are isomorphous
with 1·4MeCN·1.5MeOH. Data are as follows: 2·4MeCN·1.5MeOH:
a = 13.208(1), b = 18.964(1), c = 18.409(1) Å, α = γ = 90.0°, β =
98.45(1)°, V = 4561.10(1) Å3; 3·4MeCN·1.5MeOH: a = 13.160(1), b =
18.910(1), c = 18.488(1) Å, α = γ = 90.0°, β = 98.90(1)°, V = 4545.54
(1) Å3. Both compounds (like 1·4MeCN·1.5MeOH) crystallize in
the monoclinic space group I2/m.
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