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§Instituto de Ciencia de Materiales de Aragoń, Departamento de Física de la Materia Condensada, CSIC-Universidad de Zaragoza,
50009, Zaragoza, Spain
∥Center for Applied Chemical Research, Frontier Institute of Science and Technology, Xi’an Jiaotong University, Xi’an 710054, China

*S Supporting Information

ABSTRACT: The synthesis, structures, and magnetic properties
of six families of cobalt−lanthanide mixed-metal phosphonate
complexes are reported in this Article. These six families can be
divided into two structural types: grids, where the metal centers
lie in a single plane, and cages. The grids include [4 × 3]
{Co8Ln4}, [3 × 3] {Co4Ln6}, and [2 × 2] {Co4Ln2} families
and a [4 × 4] {Co8Ln8} family where the central 2 × 2 square is
rotated with respect to the external square. The cages include
{Co6Ln8} and {Co8Ln2} families. Magnetic studies have been
performed for these compounds, and for each family, the
maximum magnetocaloric effect (MCE) has been observed for the Ln = Gd derivative, with a smaller MCE for the compounds
containing magnetically anisotropic 4f-ions. The resulting entropy changes of the gadolinium derivatives are (for 3 K and 7 T)
11.8 J kg−1 K−1 for {Co8Gd2}; 20.0 J kg−1 K−1 for {Co4Gd2}; 21.1 J kg−1 K−1 for {Co8Gd4}; 21.4 J kg−1 K−1 for {Co8Gd8}; 23.6
J kg−1 K−1 for {Co4Gd6}; and 28.6 J kg−1 K−1 for {Co6Gd8}, from which we can see these values are proportional to the
percentage of the gadolinium in the core.

■ INTRODUCTION
Magnetic refrigeration is based on the magnetocaloric effect (MCE),
which was first discovered in 1881 by Warbourg.1,2 MCE is the
thermal effect of magnetic materials subjected to magnetic field
variation. In brief, when applying a magnetic field to a magnetic
material, their magnetic moments become ordered, which re-
duces the total entropy of the material. In the reverse step,
adiabatic demagnetization, the entropy of the magnetic material
increases, and this has to be balanced by a change in the free
energy of the surroundings. As a result, the system cools. Two
temperature regions are particularly interesting, the near room
temperature region and the ultralow temperature region (<5 K)
to replace helium-3 as a coolant.
Molecular nanomagnets3 that contain an inorganic core sur-

rounded by organic ligands are often paramagnets down to liquid-
helium temperatures. A good molecular magnetic refrigerant
should have a high-spin state in a small external magnetic field
and should have a small magnetic anisotropy. Recent work to
make such molecular magnetic refrigerants includes {Fe14},
{Fe17}, {Mn10}, {Mn14}, {Mn17}, {Mn19},{Mn32}, {Mn4Ln4},
{CoxLny}, {Ni6Gd6}, {Cu5Gd4}, {Gd2}, and {Gd7} cages.

4−11

We have looked at 3d−4f mixtures for this application11 and
here report complexes involving cobalt(II) ions, which are
magnetically anisotropic, with a range of lanthanide ions.
Previous work on the magnetism of 3d−4f complexes began
with Benelli and Gatteschi’s very influential work on Cu−Gd

compounds,12 which showed that the exchange in these com-
plexes was normally ferromagnetic. More recently, the Christou
group,13 and others,14 have examined 3d−4f complexes as “single
molecule magnets”. The {Mn4Ln4} complex, reported by Dalgarno
et al.,8a is the first example of this class of compounds being
used in magnetic cooling.
Here, we report studies on a range of Co−4f complexes, some of

which show very large values for the MCE. By comparing a range
of compounds, we show that cages containing gadolinium(III) have
a larger MCE than those containing anisotropic dysprosium(III),
terbium(III), holmium(III), or erbium(III) ions. The replacement
of the paramagnetic lanthanides with the diamagnetic yttrium(III)
ion provides information on magnetic interactions between the
cobalt(II) ions.13,14

We have used phosphonate ligands, which show multiple
coordination modes, and this combined with the variable co-
ordination number of the cobalt(II) sites lead to a very large
number of new structures. In this work, the phosphonates show
five different coordination modes, which are shown in Scheme 1.
Phosphonates have been used in making layered compounds15

and more recently in making paramagnetic complexes of 3d−
metals.16 The exploitation of these ligands to make 3d−4f
complexes is comparatively unusual.17−19
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■ RESULTS AND DISCUSSION
Synthesis. All complexes were synthesized from the starting

material [CoII2(μ-OH2)(O2C
tBu)4]·(HO2C

tBu)4 Co2, which was
made by a literature method.20 We have used two types of
lanthanide starting materials, the hydrated lanthanide nitrate salts
and dimetallic pivalate complexes [Ln2(O2C

tBu)6(HO2C
tBu)6]

(Ln = Gd Gd2, Tb Tb2, Dy Dy2, and Y Y2). We have also carried
out the reaction with and without additional base, and with varia-
tion of the phosphonic acid used. Through these variations, we
have produced seven different structural types (Figure 1). The
reactions were performed in simple autoclaves using, in general,
MeCN as the solvent, and crystals were obtained either directly
from cooling the solution at the end of the reaction, or by
allowing the solution formed in the autoclave to stand for
several days. In general, experiments with Ln heavier than Gd

give crystals directly from the autoclave, while with Ln = Nd,
we have only found crystals after several days. The reactions
Ln−Gd gave crystals both directly and from the filtrate.
In the absence of base, the reaction of Co2 with a lanthanide

nitrate and tert-butylphosphonic acid gives the first family,
[CoII8Ln

III
8(μ3-OH)4(NO3)4(O3P

tBu)8(O2C
tBu)16] 1 (Ln = Gd

1Gd, Tb 1Tb, Dy 1Dy, Ho 1Ho, Er 1Er, Yb 1Yb, and Y 1Y).
Although the reaction is performed in mildly acidic conditions,
the presence of hydroxide in the structure is not surprising
because lanthanide ions can cause hydrolysis of bound water
molecules even at pH 1.21 The yield of the gadolinium complex
1Gd is lower than for the heavier Ln ions.11a The compounds
can be recrystallized from dichloromethane. For gadolinium, we
also isolated the compound [CoII4Gd

III
2(O3P

tBu)2(O2C
tBu)10-

(MeCN)2](MeCN)2 5Gd, by allowing the clear solution ob-
tained from the autoclave to stand at room temperature. We
have also made the equivalent 5Nd complex, which suggests
that this hexametallic cage will form for the lighter lanthanides.
The lower yield of 1Gd and the isolation of a second complex
for Ln = Gd and Nd suggests that the size of the lanthanide ion
influences the product formed.
If a base (e.g., Et3N, NaOMe, NaOEt, and KOH) is added to

the reaction, a second family of compounds forms: [CoII6Ln
III
8-

(μ3-OH)8(O3P
tBu)6(O2C

tBu)16(H2O)2(MeCN)x](MeCN)y 4
(for x = 0 and y = 2, Ln = Gd 4Gd, Tb 4Tb, Dy 4Dy, and
Ho 4Ho; for x = 2 and y = 1, Ln = Er 4Er, Yb 4Yb, and Y 4Y).
This reaction occurs in a range of bases and in MeCN, DMF,
and toluene, which suggests this family of compounds are the
strongly favored products for the heavier lanthanides. We have
not obtained crystalline material from this reaction when using

Scheme 1. Coordination Modes of Phosphonate (a), Pivalate
or Acetate (b), and Nitrate (c) in This Article, Labeled with
Harris Notation20

Figure 1. Synthetic procedures and resulting structures. Color codes (applied to the following figures) for the structures: Ln, purple; Co, blue; P,
green; O, orange; N, cyan; C, gray.
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lighter lanthanides, which again suggests the size of the lanthanide
ions is important in influencing the reaction pathway.
If Gd2 is used in place of the hydrated lanthanide nitrate salts

in the same reaction that gives 1Ln complexes, [CoII8Gd
III
4-

(O3P
tBu)6(O2C

tBu)16] 2 can be obtained. Unfortunately, this
reaction does not work for heavier lanthanides. In the same
conditions, if benzylphosphonic acid is used in place of tert-
butylphosphonic acid, a third family of compounds can be
obtained: [CoII4Ln

III
6(O3PCH2Ph)6(O2C

tBu)14(HO2C
tBu)x-

(MeCN)y(H2O)z] 3 (for x = z = 0 and y = 2, Ln = Gd 3Gd
and Tb 3Tb; for x = 1, y = 1, and z = 2, Ln = Dy 3Dy and Y 3Y).
Although the formulas of the 3Gd and 3Tb are similar to those
of 3Dy and 3Y, the structures are different (vide infra). If we
use Nd2, we do not obtain crystals directly from the auto-
clave, but crystals grow in the solutions formed in the autoclave
after a few weeks. The crystals contain the compound [CoII8Nd

III
2-

(μ3-OH)2(O3PCH2Ph)4(O2C
tBu)12(HO2CMe)2](MeCN)6 6Nd,

and the gadolinium analogue 6Gd can also be made this way.
Structural Description. We have divided the Co−Ln

families of compounds into two groups, grid families involving
structures 1, 2, 3, and 5, and the cage families, 4 and 6.

Structures of the Grid Families 1, 2, 3, and 5. These are
rare examples of mixed-metal grids as compared to previously
reported homometallic grids.22−25 The core of family 1 features
a central nitrate-bridged [Co4] square (Figure 2), which is

connected to an outer [Ln8] ring through oxygen atoms from
either phosphonate or hydroxide ligands. There are also four
tetrahedral cobalt(II) ions at the corners of the outer square.
The structure is therefore a [4 × 4] grid with the central square
rotated by ca. 45° with respect to the outer ring. If the four
corner cobalt ions were removed, the 12 metal core is similar to
the famous {Mn12} single-molecule magnet,26 in which four
central manganese(IV) ions are surrounded by eight manganese-
(III) ions, except that the central four central manganese(IV)
ions are in a cubane geometry rather than a [2 × 2] square.
The second grid family features a [4 × 3] grid (Figure 3).

The central row of the grid contains four four-coordinate cobalt(II)

ions with tetrahedral coordination geometries, while the four cobalt
sites in the outer rows of the grid are five-coordinate with a

geometry close to trigonal-bipyramidal (τ = 0.72).27 The rela-
tive sizes of Co and Gd lead to the grid being irregular, with the
Co···Gd separations (4.0 Å) greater than the Co···Co separa-
tion (3.3 Å).
The core structure of family 3 shows the influence of the

phosphonate ligands; as compared to the tert-butyl substitute
used in families 1 and 2, the less bulky benzyl group allows the
phosphonate to bind to more metal ions. When the lanthanides
are Gd or Tb, the core features a central cobalt(II) dimer that is
surrounded by other metal centers due to the bridging phos-
phonate. If the central cobalt(II) dimer is viewed as a single node,
the resulting topology of this core is a [3 × 3] grid (Figure 4).

Complex 3Dy is noticeably less symmetrical than 3Tb, with
the central cobalt(II) dimer found at the edge of the grid in
3Dy (Figure 5). There is also a change of space group from

P21/n to P-1. The coordination geometries of the cobalt(II)
ions differ between the two structures. In 3Tb, two Co sites
have tetrahedral geometries and two octahedral, while in 3Dy
only one cobalt site is tetrahedral and the other three are five-
coordinate with a geometries best described as square-pyramidal
(τ ranges from 0.3 to 0.5).27 The metal−metal contacts vary
between the structures: in 3Tb, average contacts are Tb···Tb
4.09 Å, Co···Tb 3.85 Å, with the Co···Co contact in the dimetallic
unit 3.18 Å; in 3Dy, average contacts are Dy···Dy 3.92 Å, Co···Dy
3.72 Å, and the short Co···Co contact 3.34 Å. The phosphonates
show the 4.221 and 5.222 coordination modes in 3Gd, 3Tb,
and 3Dy, while in 3Dy a single example of the 3.211 mode is
also found.
The 5Ln family contains at its center a [2 × 2] grid, with

cobalt and lanthanide ions at alternate corners of a rhombus
(Figure 6). The Co···Ln edges of the rhombus are 3.74 Å long.
The metals are bridged by two 4.221 tert-butylphosphonates at
the center and four 2.11 pivalates on the edges. A further
external cobalt site is bound to each lanthanide site by three
2.11 bridging pivalates, with a Co···Ln contact of 3.92 Å. All of
the cobalt(II) sites in this structure have a tetrahedral geometry.

Figure 2. The [Co8Ln8] core of 1 (left) and its rotated-[4 × 4] grid
representation (right).

Figure 3. The [Co8Ln4] core of 2 (left) and its [4 × 3] grid-skeleton
representative (right). Note that this grid representation does not
discriminate the different magnetic interactions.

Figure 4. The [Co4Ln6] core of 3Gd and 3Tb (left) and its [3 × 3]
grid representation (right). Note that Co2 represents the central
cobalt(II) dimer.

Figure 5. The [Co4Ln6] core of 3Dy and 3Y (left) and its [3 × 3] grid
representation (right). Note that Co2 represents the cobalt(II) dimer.
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Before considering the cage families, we note the shape of
these complexes. As many proposed applications of molecular
magnets involve deposition on surfaces, a good contact be-
tween the molecule and the substrate is desirable. As can be
seen from Figure 7, the grid molecules are roughly flat; however,

as the numbers of the metal sites increase, the molecule
becomes less planar. This is best seen from the bending of
the largest [4 × 4] grid in the family 1. This observation
is consistent with other homo- and heterometallic grids.

The largest grid from Thompson’s group contains 20 metal
centers in a [5 × 5] grid, as shown by current-imaging
tunneling spectroscopy (CITS) imagery on a highly ordered
graphite (HOPG) surface,22h and is difficult to crystallize
possibly because the structure is not planar, unlike smaller grids
from the Thompson group.22

Structures of the Cage Families 4 and 6. If base is added
to the synthesis that produces family 1, a new family of cages
4 can be obtained. The structure of this family features eight
μ3-hydroxides that form the bridge between the six cobalt and
eight lanthanide centers at the core of the complexes (Figure 8a).
At the center is a [CoII2Ln

III
2(μ3-OH)4]

6+ cubane, with a larger
Ln−O−Ln angle (109.4°) as compared to smaller Ln−O−Co
(100.7°) and Co−O−Co angles (100.1°). This cubane is
attached to one side of a {Co2Ln6O8} ring, through two μ3-
hydroxides and four 4.221 phosphonates. Two further 4.221
phosphonates bind to the under-side of this ring. There are two
further cobalt centers bound to the {Co2Ln6O8} ring through
μ3-hydroxides. These cobalt sites are above the plane of the
{Co4Ln6O8} ring (bottom Figure 8), folding toward the
[CoII2Ln

III
2(μ3-OH)4]

6+ cubane. All of the cobalt sites are five-
coordinate with a geometry close to trigonal bipyramid (τ =
0.65)27 with the fifth coordination site occupied by a solvent
molecule. The average nearest Co···Ln, Ln···Ln, and Co···Co
separations throughout the structure are about 3.50, 3.90, and
3.20 Å, respectively. The presence of so many hydroxides gives
this cage an inorganic core wrapped within a strongly hydro-
philic exterior consisting of tert-butyl groups from either pivalates
or phosphonates (Figure 8b).
The core of the 6Ln complexes contains eight cobalt and two

lanthanide ions that are bridged by four 4.221 phosphonate
ligands (Figure 9a). The two lanthanide ions are bridged by a
μ-oxygen from a phosphonate, forming an Ln2O2 rhombus.
The two phosphonates involved each bridge to two cobalt
centers. In each case, one of these cobalt centers forms part of a
[Co3(μ3-OH)] triangle, with these two triangles in the structure
linked through two μ-oxygens from a further phosphonate.
Two of the cobalt sites in each triangle have an octahedral
geometry, while the third is tetrahedral. The second cobalt
bound to the central phosphonates in each case has a tetra-
hedral coordination geometry. The average nearest Co···Ln,
Ln···Ln, and Co···Co separations are ca. 3.72, 3.99, and 3.23 Å,
respectively. There is a small space as indicated by the yellow
spheres (Ø = 4.6 Å without eliminating the van der Waals) in
Figure 9a in this {Co8Ln2} core, which is surrounded by the
organic ligands. Two protonated acetate ligands in the periph-
eral adopt a 2.20 mode bridging two adjacent cobalt(II) ions
and form hydrogen bonding with the oxygen atom from nearby
pivalates (O···O distance of 2.82 Å and O−H···O angle of 167°),
as shown in Figure 9b. This coordination mode of acetate is also
found in a {Ni6Ln6} Wells−Dawson cage.11b We reason that the
formation of the acetate is from hydrolysis of acetonitrile in
solvothermal reaction; this has been observed previously.11b,28,29

■ MAGNETIC PROPERTIES
The magnetic behavior of polycrystalline samples of families
1−6 has been studied, and the results are summarized in Table 1.
The room temperature χT values were used to calculate the
average g-value per cobalt site, using the known ground state
for each 4f-ion and the Curie constant for those ions. The cal-
culation also assumes that any interaction between spins is
insignificant at room temperature. The g-value should be related
to the coordination geometry of the Co(II) ions, with octahedral

Figure 6. [Co4Ln2] core of 5 (upper) and its central [2 × 2] grid-
skeleton representative (lower).

Figure 7. The ball-and-stick (left) and the space-filling (right) views of
the labeled grid families.
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geometries giving larger values than tetrahedral due to spin−
orbit coupling. The result is inconclusive, showing a range of
g-values for the cobalt sites in each family, which suggests that
the assumption of no significant interaction is invalid. More
sophisticated analysis of the magnetism of such complex struc-
tures involving ions with an orbital component of their mag-
netism is presently impossible.

For all compounds, the χT decreases steadily with decreasing
temperature due to the spin−orbital coupling effect of the cobalt(II)
ions and the lanthanide centers (gadolinium excepted) (Figures 10
and S1−S4).12,30−35 Although in most cases the χT versus T curve
is falling at 2 K, there are upward turning points observed in the case
of 3Gd and 5Gd (Figures 10 and S3), which suggests either
ferromagnetic interactions in these two compounds, or ferromagnetic

Figure 8. The subunits of the {Co6Ln8} core (a) and the ball-and-stick and space-filling side views (b) of 4.

Figure 9. Side (upper) and top (lower) views of the {Co8Ln2} core (a) and the ball-and-stick (upper) and space-filling (lower) side views (b) of 6.
The yellow spheres indicate the space within the cage, and the dotted green lines indicate the hydrogen bondings between the oxygen atoms.
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behavior. In all cases, the value of χT is not zero at the lowest tem-
perature measured, suggesting that paramagnetic states are still
populated due to the very weak exchange involving 4f-ions.

Magnetization (M) measurements from 2 to 10 K (insets of
Figures 10, S1−S4) in each case show a steady increase with
increasing field (B), but do not saturate at 7 T. This feature has
been widely observed in complexes containing antiferromagnetic
exchange. By comparing the slopes of the M versus H plots, we
can discern that those gadolinium-containing analogues in each
family are steeper at lower field. In other words, they are easier
magnetized, which is critical in magnetic cooling applications.
The magnetic study of yttrium analogue allows us to study

the magnetic interactions between the cobalt centers in each
family. The M versus B plots of 1Y, which contains four tetra-
hedral and four octahedral cobalt(II) sites (Figure 2), at low
temperatures (2−6 K) reach 11.0 μB at 7 T at 2 K (inset of
Figure S1, 1Y). This value is consistent with four uncoupled
tetrahedral cobalt(II) ions (calcd 11.0 μB for four S = 3/2, g =
2.48 centers). Therefore, we reason that the octahedral cobalt(II)
ions in the central {Co4} square are antiferromagnetically coupled,
leading to a diamagnetic ground state for this subunit, while the
remaining corner tetrahedral cobalt(II) ions behave as almost
uncoupled ions in 1Y. However, attempts to fit these data to
the sum of the Brillouin functions for four S = 3/2 ions were
not successful, suggesting significant anisotropy for the four
tetrahedral cobalt(II) sites. Attempts to model the data further
did not seem wise, given the assumptions made about the octa-
hedral cobalt sites. The magnetization behavior of 3Y is similar,
again suggesting the cobalt(II) sites are uncoupled.
For 4Y, χT falls much faster below 100 K, approaching a

nearly vanished value at 2 K. Field-dependent magnetization at
low temperatures (inset of Figure S2, 4Y) shows a linear in-
crease, indicating antiferromagnetic interactions between the

Table 1. Magnetic Data for Families 1−6

compound

obs χT at
300 K

(cm3 mol−1

K)

calcd
average g-
value for
Co(II)

obs χT at
2 K (cm3

mol−1 K)

obs M at
2 K and 7
T (μB)

−ΔSm at 3
K and 7 T
(J kg−1 K−1)

1Gd 82.7 2.29 36.1 39.2 21.4
1Tb 118.5 2.53 38.8 49.1
1Dy 134.0 2.35 61.3 57.5 11.6
1Ho 136.1 2.51 55.4 56.0
1Er 117.3 2.61 59.0 55.5
1Yb 47.6 2.69 21.1 21.9
1Y 23.0 2.48 5.5 11.0 4.5
2Gd 54.6 2.48 36.1 39.2 21.1
3Gd 61.6 2.76 79.3 46.5 23.6
3Tb 84.9 2.73 42.8 35.6
3Dy 97.6 2.59 65.4 46.1
3Y 12.6 2.59 8.0 10.6
4Gd 81.9 2.59 59.0 64.1 28.6
4Tb 111.5 2.45 40.4 38.1
4Dy 127.5 2.24 59.8 49.0
4Ho 126.8 2.25 41.3 52.5
4Er 112.3 2.70 46.3 48.9
4Y 19.2 2.61 1.7 7.5
5Gd 26.2 2.36 21.9 20.1 20.0
5Nd 13.4 2.32 4.4 9.8
6Gd 42.4 2.66 11.4 25.1 11.8

Figure 10. The χT versus T plot of family 3 under 0.1 T dc field. Inset: The field-dependent magnetization plots at indicated temperatures. Lines are
visual guides.
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cobalt(II) centers and an S = 0 ground state. Therefore, it is
reasonable to conclude that the cobalt(II) pairs in the central
{Co2Ln2} cubane and the {Co2Ln(μ3-OH)} triangles are anti-
ferromagnetically coupled.
Ac susceptibility studies show no slow relaxation of mag-

netization in any of these compounds; none of them are single-
molecule magnets. To compare the MCE of the previously
reported 1Gd complex, entropy changes (ΔSm) of 1Dy and 1Y
have been performed according to the Maxwell equation
ΔSm(T)ΔB = ∫ [∂M(T,B)/∂T]B dB.

1 As expected, the resulting
entropy changes of 1Dy and 1Y are much smaller than those of
the gadolinium analogue (Figure 11). The maximum −ΔSm of
1Dy occurs at higher temperature (4 K), and the value (11.6
J kg−1 K−1) is just one-half of gadolinium analogue. The tendency
of −ΔSm versus T plots of 1Y is similar to the dysprosium
analogue, but the maximum value is even lower, in accord with
the lower magnetic density of 1Y.
Entropy changes were calculated from the magnetization

data for all of the gadolinium cages. For the 4Gd complex (top
Figure S5), the −ΔSm versus T plots increase gradually from 10
to 3 K, reaching a maximum of 28.6 J kg−1 K−1 at 7 T. There is
still no sign of a downturn, which means the maximum of the
4Gd should come at a lower temperature for the investigated
applied field changes. For 5Gd, the −ΔSm versus T plots reach
a maximum of 20.0 J kg−1 K−1 (middle of Figure S5). This value
is lower than that observed in 4Gd. For 6Gd, the maximum is
11.8 J kg−1 K−1 (bottom of Figure S5). The results show, again

unsurprisingly, that the entropy change increases with the
gadolinium content of the cage.

■ HEAT CAPACITY

To further investigate the observed largest magnetothermal
effect of 4Gd, we have performed heat capacity measurements,
which represent the best experimental tool for the assessment
of the MCE.7 Figure 12 shows the dependence on temperature
of the heat capacity of 4Gd, collected for 0.35 K < T < 30 K
and applied fields B0 = 0, 1, 5, 9, and 14 T. Especially at the
lowest temperature, it can be seen that the experimental curves
are strongly dependent on the applied field, while in the high-
temperature range, a large field-independent contribution
appears that can be attributed to the lattice phonon modes of
the crystal.
The entropy S of 4Gd at the corresponding fields and tem-

peratures (Figure S6) is then obtained from the heat capacity
data by making use of the expression S = ∫ C/T dT. From this
result, it becomes straightforward to obtain the magnetic entropy
change ΔSm for the selected field changes; these results compare
well with the ΔSm deduced from the magnetization data of 4Gd
(Figure 13).

Figure 11. Experimental ΔSm for 1Gd, 1Dy, and 1Y at various fields and temperatures. Lines are guides to the eye.

Figure 12. Experimental heat capacity C of 4Gd, normalized to the gas
constant R, at various fields and temperatures. Figure 13. Experimental ΔSm for 4Gd at various fields and tem-

peratures, as obtained from the heat capacity data. The ΔSm deduced
from the magnetization data is also plotted for comparison, proving
the remarkable agreement between these two complementary
techniques.
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The magnetic entropy change for 4Gd reaches large values,
for example, −ΔSm = 33 J kg−1 K−1 at 4 K for the investigated
field change, ΔB0 from 14 to 0 T. The field-dependent max-
imum in −ΔSm is approaching the full available entropy of 4Gd,
which corresponds to the sum of the entropy of six uncorrelated
Co(II) and eight uncorrelated Gd(III) spins, that is, 6 × R
ln(2SCo + 1) + 8 × R ln(2SGd + 1) = 24.9R = 47.6 J kg−1 K−1.

■ CONCLUSIONS
To summarize, by using dimetallic cobalt(II) pivalate complex
as a starting material reacted with a range of different lanthanide
starting materials, we have obtained a range of 3d−4f mixed-
metal complexes with six type of cores: {Co8Ln8}, {Co8Ln4},
{Co4Ln6}, {Co6Ln8}, {Co6Ln8}, {Co4Ln2}, and {Co8Ln2}. These
3d−4f heterometallic complexes show a potential capability for
magnetic cooling at low temperatures. The observed entropy
changes of the gadolinium derivatives are always the largest ones
in one family, which is consistent with the need for a high iso-
tropic spin. Finally, we observe that the MCE increases by
increasing the relative percentage of the gadolinium content in
the cluster core.
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