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ABSTRACT: A new family of Co/rare-earth intermetallic
cubane aggregates [Co3Ln(hmp)4(OAc)5H2O] (Ln = Dy,
Ho, Er, Tm, Yb, Y) have been synthesized by self-
assembly. Single-crystal X-ray diffraction analysis revealed
that they are remarkably isostructural in showing a
common [Co3Ln] core. Magnetic studies showed that
the Dy, Er, Tm, Yb, and Y complexes are ferromagnetic.
The Dy complex exhibits the largest magnetocaloric effect
(−ΔSm = 12.58 J kg−1 K−1), which can be attributed to the
large magnetic density of DyIII.

Intermetallic cubane is a special class of molecular materials
that have niche applications in cluster catalysis,1 up-

conversion photoluminescence,2 and molecular magnetism.3

Among the representative examples are [Cu3Ln]
4 (Ln = Y, Gd),

[Cu2Dy2],
5 [Mn2Dy2],

6 [Gd3Fe],
7 [Co2Ln2]

8 (Ln = Gd, Dy, Ho,
Tb, Y), and [Ni2Ln2]

9 (Ln = Gd, Dy, Tb). The functions and
applications of these materials hinge on the electronic character
that the rare-earth element can bring to the cubane aggregate
core and how such intermetallic hybridization can be controlled
and harnessed. This challenge brings along a major obstacle to
this field: how to keep the isostructural cubane framework and
develop a controllable metal-substitution mechanism to replace a
d-metal with an f metal. Realization of this form of molecular
engineering would be considered as a major breakthrough
because it could pave the way to “pick-and-choose” a heterometal
to slot into a predetermined structural core and use the
intermetal and its cooperative effect with its d-metal neighbors
to tune the functional outcomes. Unfortunately, this remains an
elusive target because no such general method has been
developed or reported. First, unlike ligand replacement, metal
replacement is inherently difficult because the usual nucleophilic
or electrophilic substitution is rarely suitable. There is, hence, no
simple synthetic pathway to substitute d with f metal (e.g., from
Co4 to Co3Ln) without disrupting the cubane framework.
Second, self-assembly, simple as it is, does not usually drive
toward to a singular framework with specific intermetallic
compositions because different metals tend to have different
thermodynamic drivers.
In this Communication, we report a simple and effective self-

assembly method for intermetallic cubanes that can be applied to
a range of rare-earth metals. In this system, supported by the
ligand 2-(hydroxylmethyl)pyridine (hmpH), all metals examined
converge to a desirable singular [Co3Ln] (Ln = Dy, Ho, Er, Tm,

Yb, Y) cubane core under standard self-assembly conditions.
Using a single set of conditions, we are, hence, able to synthesize
an array of isostructural intermetallic aggregates between CoII

and LnIII and herein report their common crystallographic and
structural features.
The mixtures of Co(OAc)2, Ln(OAc)3 (Ln = Dy, Ho, Er, Tm,

Yb, Y), and hmpH10 in tetrahydrofuran are self-assembled in a
stoichiometric ratio at room temperature in an inert atmosphere
to afford pink-red solids of [Co3Ln] cubane aggregates (Scheme
1). All of them show a common parent peak of [Co3Ln-

(hmp)4(OAc)4]
+ in their electrospray ionization mass spectrom-

etry (ESI-MS) spectra in CH2Cl2 (Figure S1 in the Supporting
Information, SI). Attempts to introduce light lanthanide metals
(Nd, Sm, Eu, Gd, or Tb) have failed to yield any desirable
products, perhaps because of the strong structural distortion
imposed by the large radius of these metals.
Single-crystal X-ray diffraction analysis of all of these new

compounds, 1−6, has revealed that they are isostructural with a
[Co3Ln] core, capped by four pyridylmethoxy O atoms to form a
common heterocubane [Co3LnO4] framework (the structure of
1 as a representative example is shown in Figure 1; other figures
as well as bond and angle data are given in the SI). The [Co3Ln]
core is supported by four pyridylmethoxide and five acetate
ligands to maintain electroneutrality. Two of the octahedral CoII

atoms carry terminal pyridyl N atoms, thus leaving the third CoII

atom supported by a lone water molecule. The acetates are
distributed as two chelating ligands on LnIII, one bridging
between the homometallic Co−Co pair, another across the
intermetallic Co−Ln pair, and the last one serving as a unique
unidentate ligand to fill the remaining vacant site on the hydrated
CoII center.
The Co−O [1.935(7)−2.251(8) Å] and Co−N [2.092(6)−

2.159(5) Å] bonds are normal among octahedral CoII complexes.
The Ln−O bonds [2.274(4)−2.440(5) Å] decrease from 1 to 5,
and those of 6 are similar to those of 2, which are attributed to
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Scheme 1. Synthetic Scheme for 1−6 with Ln = Dy (1), Ho
(2), Er (3), Tm (4), Yb (5), and Y (6)
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lanthanide contraction. The Co···Co [3.0006(6)−3.2370(2) Å]
and Co···Ln distances [3.318(1)−3.633(2) Å] are outside their
formal bonding distances, suggesting that these cubanes are best
treated as aggregates instead of clusters. The Co···Co distances
are, however, shorter than the antiferromagnetic Co···Co
distance of [Co2Y2] cubane

8 [3.2409(8)−3.27(4) Å].
These molecules are inherently chiral, with nonsuperimpos-

able mirror images (Figure S2 in the SI), but they are obtained as
racemic mixtures. Each [Co(hmp)2O2] unit is structurally
distinguished as two enantiomers (Λ-cis and Δ-cis in Scheme
2). When they are assembled with the distinctive CoII and LnIII, it

results in a racemic mixture of two homochiral (ΛΛ and ΔΔ)
frameworks (Scheme 3). Single-crystal analysis revealed that
molecular equivalents of ΛΛ-[Co3Ln] and ΔΔ-[Co3Ln] are
cocrystallized in an achiral crystal of the space group P1 ̅ to form a

(ΛΛ/ΔΔ)-[Co3Ln] racemate. Attempts in racemic resolution
by high-performance liquid chromatography are hampered by
product decomposition in the chiral column.
Variable-temperature direct-current (dc) magnetic suscepti-

bility data were collected for 1−6 from 300 to 4 K under an
applied field of 0.1 T (Figure 2) using a vibrating sample

magnetometer integrated with Quantum Design PPMS. The
observed χmolT values at 300 K (Table 1) are larger than the spin-

only values calculated by Curie law using the relevant parameters
S, L, J, and gJ. This is attributed to the significant orbital
contributions of the high-spin CoII centers with octahedral
geometry.11

The magnetic interaction between the CoII centers in [Co3Ln]
can be studied with reference to the diamagnetic YIII.8,12 As the
sample of 6 is cooled, the χmolT value decreases gradually and
reaches a round minimum of 7.90 cm3 K mol−1 at 30 K (Figure
2). Upon further cooling, the χmolT value increases rapidly,
reaching a maximum value of 9.48 cm3 K mol−1 at 4 K. The
decrease of χmolT from 300 to 30 K is due to the spin−orbit
coupling of CoII,13 while the behavior from 30 to 4 K indicates
overall ferromagnetic coupling between CoII centers.14

The χmolT values of 1−5 decrease gradually from 300 to 30 K,
which is due to the spin−orbit coupling of CoII and LnIII.
Complexes 1, 4, and 5 show χmolT trends similar to that of 6, in
the 4−30 K range, which indicates the overall ferromagnetic
couplings within the [Co3Ln] cores. The χmolT values of 3 in the
4−30 K range reach a maximum of 17.77 cm3 K mol−1 at 10 K,
indicating the very weak ferromagnetic couplings within the

Figure 1. Molecular structure of the ΛΛ isomer of 1 (hmp H atoms
omitted for clarity). Color code: Dy, pink; Co, blue, O, red; N, green; C,
gray; H, open circles.

Scheme 2. Structural Representations of the Enantiomeric
Pairs of the Basic [Co(hmp)2O2] Moiety (Ethyl Acetate
Groups Are Omitted)

Scheme 3. Structural Representations of the Enantiomeric
Pairs (Ethyl Acetate Groups Are Omitted) of the [Co3Ln]
Core

Figure 2. Plot of χmolT versus T under an applied dc field of 0.1 T for 1−
6.

Table 1. Magnetic Data of 1−6a

1 (Dy) 2 (Ho) 3 (Er) 4 (Tm) 5 (Yb) 6 (Y)

S(Ln3+) 5/2 2 3/2 1 1/2 0

S(Co2+) 3/2
3/2

3/2
3/2

3/2
3/2

L(Ln3+) 5 6 6 5 3
J(Ln3+) 15/2 8 15/2 6 7/2
gJ(Ln

3+) 4/3
5/4

6/5
7/6

8/7
gJ(Co

2+) 2 2 2 2 2 2
χmolT(calcd)

b 19.80 19.70 17.11 12.78 8.20 5.64
χmolT(obs)

b 23.82 22.93 20.18 15.90 11.66 8.95
−ΔSmc 12.58 8.90 11.53 10.30 9.94 6.04

aS, L, and J are quantum numbers for total spin angular momentum,
total orbital angular momentum, and total angular momentum,
respectively, of the ground multiplet. gJ is the Lande ́ factor. bValues
of χmolT are given in cm3 K mol−1. cMCE values −ΔSm at 5.5 K for a
field change of 7 T are given in J kg−1 K−1.
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[Co3Er] cores. However, the χmolT values of 2 decrease abruptly
from 30 K to its minimum at 4 K, which is due to either overall
antiferromagnetic coupling within the [Co3Ho] cores or
depopulation of the low-lying excited states in the f shell of
HoIII.15 The decrease of χmolT values of 1 and 3 below their
maxima may be traced to depopulation of the low-lying excited
states in the f shell of LnIII. Because both CoII and LnIII have
complicated intrinsic magnetic characteristics including spin−
orbit coupling andmagnetic anisotropy, the intermetallic Co−Ln
interactions are likely to be complex.8

Measurements of the field-dependent magnetizations (M) at
low temperatures (4−8 K) were performed (complex 1 in Figure
3 and the others in Figure S3 in the SI). Themagnetization values

at 4 K for all compounds are lacking in saturation ofM versus H,
and the magnetization values at 7 T are also lower than the
expected saturation values. These phenomena indicate the
presence of significant anisotropy and low-lying excited states of
an ensemble of magnetic moments in each molecule.
Entropy changes were calculated for all of the compounds

(Figure S3 in the SI) using the Maxwell equation as follows:
ΔSm(T)ΔH = ∫ [∂M(T,H)/∂T]H dH,16 and the magnetocaloric
effect (MCE) values at 5.5 K for a field change ΔH = 7 T are
summarized in Table 1. The value of −ΔSm for 1 reaches a
maximum of 12.58 J kg−1 K−1 at 5.5 K. This is the largest
magnitude among all of the [Co3Ln] aggregates because Dy

III has
a large magnetic density.12 However, compared to the reported
isotropic GdIII compounds,11,12,17 the MCE values of 1 are much
lower, which is attributed to the strong magnetic anisotropy of
DyIII.18 The frequency dependence of the out-of-phase (χ″)
signal of 1 is characteristic of single-molecule magnetic behavior
aroused from the magnetic anisotropy (Figure S4 in the SI).
In summary, we found that pyridyl-2-ylmethanoate (hmp) is a

suitable ligand to promote the self-assembly of a series of
isostructural heterometallic [Co3Ln] (Ln = Dy, Ho, Er, Tm, Yb,
Y) cubane aggregates. Unlike the known [Co2Ln2]

8 series, the
titled system converges to a common [Co3Ln] core. The
consistency across different rare-earth atoms is remarkable given
that the synthetic method is exceptionally simple. These have
provided a powerful means of tuning the magnetic properties of
the aggregates (ferromagnet, weak ferromagnet, or antiferro-
magnet) by using different metal dopants.
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Figure 3. Field-dependent magnetization plots for 1 from 4 K to 8 K.
Inset: Values of −ΔSm calculated using the magnetization data for 1 at
various fields (0.5−7 T) and temperatures (4.5−7.5 K).
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