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Abstract: Nanosized aggregations of metal ions shielded by
organic ligands possessing both exquisite structural aesthetics
and intriguing properties are fundamentally interesting. Three
isostructural gigantic transition-metal-rare-earth heterometal-
lic coordination cages are reported, abbreviated as { Nig,REqs}
(RE=Gd, Dy, and Y) and obtained by a mixed-ligand
approach, each possessing a cuboidal framework made of
160 metal ions and a nanosized spherical cavity in the center.
Along with the structural novelty, these hollow cages show
highly selective adsorptions for CO, over CH,or N, at ambient
temperatures. Moreover, the gadolinium analogue exhibits
large magnetocaloric effect at ultralow temperatures.

P olymetallic complexes featuring ordered arrangement of
the constituent metal centers into cluster-like core structures
are an interesting class of coordination compounds. Early
interest in such species originated from the synthetic chal-
lenges and their appealing molecular structures.'”” The
research has now been extended beyond the initial prerog-
ative of synthetic and structural chemistry into materials
preparation and property investigation, largely due to the
potential in developing molecule-based magnetic materials.
Although numerous such compounds have been reported,
some of which possessing both exquisite structural beauty and
intriguing properties,®? synthetic chemists have been pushing
the envelope to assemble even larger species with ever
increasing metal nuclearity, while materials scientists are
stimulated by the anticipated structure—property correlation
in these nanoscopic yet molecular materials as well as the
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possibility of connecting well-defined molecular systems with
any hierarchically assembled nanostructures.

We have been interested in the synthetic and materials
chemistry of polymetallic complexes. By controlling the
hydrolysis of the metal ions using certain organic ligands,
we have obtained a large number of polynuclear transition-
rare earth complexes.'”! We found that both the metal and the
hydrolysis-limiting ligands are important in determining the
nuclearity of the cluster complexes and their specific molec-
ular structures. Attempting at further advancing the synthetic
frontiers of such compounds, we recently explored the use of
mixed sets of ligands. It is hypothesized that the subtle
balance between different ligands may lead to clusters with
structures and/or properties that have yet to be envisioned.
Herein, we report our preliminary findings with the combined
use of iminodiacetic acid (IDA) and 2,2-dimethylol propionic
acid (DMPA) to control the co-hydrolysis of mixed Ni" and
rare-earth metal RE(III) (RE =Gd, Dy, or Y) ions under
solvothermal conditions.

IDA was chosen because of its established success in the
assembly of heterometallic 3d-4f complexes."!! In these
complexes, individual complex units of transition-metal ions
with IDA are linked through carboxylate O atoms to form
a shell of transition-metal complex that formally serves to
limit lanthanide hydrolysis; this controlled hydrolysis affords
polyhedral lanthanide-hydroxo cores of the eventual hetero-
metallic cluster complexes. Considering the high oxophilicity
of the lanthanide ions, we submit that introducing ligands
whose coordination is based on the exclusive presence of O
atoms may interfere with the coordination of the hydrolyti-
cally produced hydroxo groups. As such, both the RE—O core
motif and the overall cluster structure are altered. DMPA,
a ligand with only O-based coordinating ability, was chosen in
this particular capacity.

As verification of this mixed-ligand approach, we report
herein three isostructural cluster complexes with common
formula of [Nig,REg(13-OH),54(IDA ) es(DMPA) -
(CH;CO0),5(NO;3)54(H,0)s]  Clyx CH;OHyH,O (RE=
Gd 1, x=35, y=120; Dy 2, x=30, y=80; Y 3, x=8, y=
90) (see Supporting Information for details of synthesis and
characterization). To our best knowledge, these giant clusters,
possessing a unique porous cube-like structure as revealed by
crystallographic studies (see below), represent the highest-
nuclearity heterometallic cluster complexes that contain both
transition-metal and rare-earth elements. Interestingly, the
porous solids of these compounds also exhibit high selectivity
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for CO, over CH, or N, at room temperature and large
magnetocaloric effects (MCEs) at ultralow temperatures.

A structural description of 1 as a representative is given
below.!'”! The complex cation is a cube-like unit of [NigGdys-
(13-OH);5(IDA)(DMPA) 1,(CH;CO0) 15(NO3),,(H,0)5,]**
(abbreviated as {Nig,Gdye} hereafter) with four add-on frag-
ments of {Ni(IDA)(H,0)s} via coordination by the O atoms of
IDA ligands (Figure 1; Supporting Information, Figure S1).
As anticipated, the DMPA ligand participates in the coordi-
nation of the Gd-hydroxo cluster core. It is the “interfering”
coordination of this second organic ligand (with respect to
IDA) that provides the key linkage between the “propeller-
like” {NisGd,} building block on each vertex of the cuboidal
cage and the triangular {NiGd,} units that are located in the
middle of the edges. The DMPA ligands are obviously key to
preventing the inward expansion of the Gd-hydroxo cluster
core with 24 chelating acetate ligands that entrenched in the
inside of the inorganic-hydroxo skeleton. Thus, the unique
intracluster aperture is formed. Moreover, the shape and the
functions of DMPA ligands are like geckos that firmly grasp
the metal-hydroxo pillars with the remainder 24 chelating
acetate ligands, which ensure a highly stabilized arch structure
together, while for the NO;™ ions, they are symmetrically
straggled in the six windows of the hollow cavity to satisfy
coordination requirement of Gd ions and balance the charge.
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The vertex-building {NiGd,} unit with approximately
a threefold axial symmetry can be viewed as assembled from
a {Gd,} sub-core of nine edge-sharing truncated {Gd;O;(us-
OH)} cubanes and a triangular {Nig} subunit of six {Ni(IDA)-
(H,0);} fragments (Figure 1¢). Each Ni" ion is situated in
a distorted octahedral coordination sphere and every IDA
ligand, along with chelating one Ni" ion in a tridentate
fashion, adopts the synm-anti bridging mode to connect
adjacent Ni" ions with a Ni"-Ni' separation of 5.21-5.24 A
(Supporting Information, Figure S2). Such bridged units are
then linked with {Gd,} core through triply bridging hydroxo
groups and carboxylate O atoms of the IDA ligands to give
the vertex-occupying {Ni;Gd,} unit; eight such units are
further connected by 12 units of {NiGd,} to afford an
unprecedented {Nig,Gdye} cuboidal cage (Figure 1). Alterna-
tively, the cube-like core may be viewed as being formed by
using a coordination framework of Ni-IDA to limit the
hydrolysis of Gd™ to produce the {Gdy} core (Supporting
Information, Figures S3 and S4).

The nanoscopic cage has an inner cavity of ca. 1.4 nm in
diameter with the external edge ca. 3.2nm (Figure 1d;
Supporting Information, Figure S1b). Adjacent clusters are
piled up into a 3D extended structure whose porous structure
is composed of two kinds of cavities, A and B (Figure 2;
Supporting Information, Figures S5 and S6). Cavity A pos-

Figure 1. a) The coordination mode of the DMPA ligand. b) Ball-and-stick view of the cationic {NigGdgs} core in 1 with H atoms removed for
clarity. Gd purple, Ni cyan, N green, O orange, C gray. c) The building units of {NigGdg}. d) The polyhedron structure of {NigGdge} core assembly
by eight propeller-like {NisGd,} building units and twelve {NiGd,} triangular linkers. Organic ligands are removed for clarity.
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Figure 2. a) The surface view of 1. b) Preferential adsorption site for
CO, in 1 revealed by computational simulations. The interactions are
displayed as green dashed lines. Color codes as in Figure 1.

sesses an inherent spherical void with an opening of 7.5 A x
50A (Supporting Information, Figure S1b), while cavities of
B-type are formed by packing adjacent cuboidal cluster units
through H-bonding interactions. As shown in the Supporting
Information, Figure S5, the porous structure is a result of the
alternate arrangement of the two types of cavities, which is
similar to the structural features of nanoporous molecular
crystals.'¥)

The TGA curve of 1 (Supporting Information, Figure S7)
indicates a weight loss of 10.81 % from room temperature to
150°C because of the removal of the lattice guests (H,O and
MeOH, caled 8.0%) and aquo ligands (caled 2.81 %) with
decomposition starting at 250°C. To verify the permanent
porosity of the framework, a crystalline sample of 1 was
completely exchanged with methanol for 36 h and then
desolvated under high vacuum at 180°C for 24h to be
activated for gas adsorption measurements. Powder X-ray
diffraction (PXRD) pattern of the activated 1 corresponds
well with the simulated pattern (Supporting Information,
Figure S8), indicating that the structural integrity of the
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Figure 3. a) Experimental N, isotherms for 1 at 77 K; @ adsorption,

o desorption. b) Adsorption isotherms of CH,, and CO, at 298 K for 1.

Inset: IAST predicted selectivity for CO,/CH, adsorption based on the
observed adsorption isotherms of the pure gas for 1.

activated sample. The N, sorption isotherm of 1 measured at
77 K exhibited typical type-I characteristics, with a saturated
uptake of 133 cm’g™" at STP (Figure 3), corresponding to
a pore volume of 0.21 cm®g ', which is slightly lower than the
value 0.24 cm®g! calculated based on the crystal structure.
The Brunauer-Emmett-Teller (BET) and Langmuir surface
areas are estimated to be 467 and 610 m*g *, respectively. A
pore distribution analyzed by the density functional theory
(DFT) model suggests a narrow distribution of the micro-
pores with a diameter of about 6.8 A (Supporting Informa-
tion, Figure S9), in good agreement with the metric value of
Type A cavities from the crystallographic analysis (Support-
ing Information, Figure S1). Type B cavities have a wider pore
size distribution of a 9.5-12.0 A diameters.

Selective adsorption of CO, from CH, and N, is a funda-
mental process in CH, purification from natural gas. The
unique cage-based porous structure prompted us to evaluate
its potential application for CO,/CH, and CO,/N, gas
separation. We measured the single-component isotherms
toward CO, and CH, for 1 at 298 K by volumetric measure-
ment. As shown in Figure 3b, the CO, adsorption isotherm at
1.0 atm reaches a gas uptake of 50.0 cm*g~!, which is much
higher than that of CH, (6.2cm’g™') under the same

conditions.
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From the single-component isotherms, the multi-compo-
nent isotherms and the selective adsorption for CO,/CH,
mixture on 1 can be modeled by using the ideal adsorbed
solution theory (IAST). For a mixture of equimolar CO, and
CH,, the selectivity of CO,/CH, is in the range of 17-29
(Figure 3b, inset). Note that a material with a selectivity value
of 20 at 298 K and 1.0 atm outperforms many reported MOFs
under the same conditions (Supporting Information,
Table S2).%! The N, adsorption isotherm at 298 K was also
measured, but yielding only a small uptake (ca.l cm’g™") at
1.0 atm (Supporting Information, Figure S10). The CO, and
N, uptakes at the relevant partial pressures for flue gas
(0.15 atm CO,, 0.75 atm N,) were also calculated to give
practically useful CO,/N, selectivity of 94 at 298 K. The CO,/
N, selectivity of 1 is also at the forefront of the list when
compared with other MOFs (Supporting Information,
Table S3).'*! The highly selective adsorption of 1 for CO,
over CH, or N, suggests its potential application for CO,
capture from natural or flue gases.

To gain insight into the mechanism possibly responsible
for the adsorption, grand canonical Monte Carlo (GCMC)
simulations were employed to evaluate the interactions
between the adsorbed CO, molecules and 1. Preferential
adsorption site and corresponding enthalpies were obtained
from the simulations. The binding energy of the host—guest
structure is ca. 40.1 kImol~!, which is close to the measured
value of 42 kI mol ' (Supporting Information, Figure S11). In
the simulated host—guest structures, the CO, molecule forms
two short contacts with two oxygen atoms from the same
nitrate by its electropositive carbon (O--N 2.88-3.17 A),
while two oxygen atoms of CO, interact with one methylene
group of IDA ligand and one methyl group of acetate,
respectively, through two C—H--O hydrogen bonds (C--O
3.56-3.69 A, H-O 2.55-2.76 A, xC-H-N 138-146°) (Fig-
ure 2b). As such, we argue that the strong electrostatic
interactions and hydrogen bonding interactions between CO,
and framework bring about the highly selective adsorption of
CO, over CH, or N, in 1.

The presence of a large number of Gd™ ions also
prompted us to investigate the magnetic properties of 1 in
the context of developing molecule-based materials for
magnetic cooling. Using a polycrystalline sample (Supporting
Information, Figure S12), the room temperature yy, 7 value of
811.2 cm*Kmol " is only slightly smaller than the calculated
value of 820.0 cm’Kmol ™' for 64 uncorrelated Ni' ions
(64.0 cm*Kmol ™" for S=1 and g=2) and 96 uncorrelated
Gd"™ ions (756.0 cm®>Kmol™ for S=7/2 and g=2). Upon
cooling, the yy7T product decreases gradually, reaching
a minimum of 795.8 cm®*Kmol ™ at 36 K before increasing
to a peak of 815.0 cm® Kmol " at 20 K. The up-turn of the y T
versus T plot below 35 K suggests a non-diamagnetic ground
spin state. The y,, ' versus T plot in the temperature range of
50-300 K can be fitted well to the Curie-Weiss equation,
producing C=813.0 cm*Kmol™" and 6 = —1.15 K (Support-
ing Information, Figure S13). The negative but small Weiss
constant (0) indicates the presence of weak antiferromagnetic
interactions or a combined action of spin-orbit coupling
effects and weak ferromagnetic interactions among the metal
centers.
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The isothermal magnetization measurements for 1 were
also performed from 2 to 10 K (Supporting Information,
Figure S14). The M versus H curve at 2K is under the
theoretical Brillouin function for 160 uncoupled spin centers,
which is consistent with the above Curie—Weiss fitting result.
The magnetic entropy change ASy;, a parameter used to assess
the magnetocaloric effect (MCE) of a material, can be
calculated by the Maxwell equation AS\(T)= [[0M(T,H)/
0T, dH. The resulting AS)y, values at different applied
magnetic fields and temperatures are plotted in the Support-
ing Information, Figure S12 (inset); a maximum value of
42.8 Jkg 'K ' was obtained at 3 K and AH =7 T. This value is
the largest among the values reported for transition-metal—
rare-earth cluster compounds, but slightly smaller than some
Gd"™-only clusters (Table 1). The maximum entropy change
calculated by using the equation —ASy=nRIn(2S+1) is
269.9 R =54.1 Tkg ' K. This discrepancy can be attributed to
the weak magnetic interactions between the neighboring
metal centers or the magnetic anisotropy originated from the
Ni'' ions (see below).l"!

Table 1: Reported —ASy, (>35 Jkg ' K™") for reported molecules.

Complexes —ASy [l kg 'Kl T[K]  AH[T]  Ref.
{Gdy0} 46.9 2.0 7 [5]
{Gd,} 46.1 2.5 7 (6]
{Gd.s} 43.6 1.8 7 17
{Ni"e,Gd"s} (1) 428 3.0 7 this work
{Co"yCo"Gd",;} 413 2.0 7 AE)
{Gd,} 40.6 1.8 7 18]
{Ni";oGd",.} 38.2 2.0 7 M1a]
{Gd;3} 37.9 1.8 7 9]
{Ni",,Gd"} 36.3 3.0 7 [17b]
{Gdy.} 35.3 3.0 7 [20]

The significance of Gd™ in compounds with large MCEs is
commonly accepted, but systems offering the opportunity to
pin down the critical contribution of Gd™ are not readily
available unless 3d or 4f metals in a heterometallic compound
can be substituted for diamagnetic metal ions. We were able
to obtain the isostructural compound 3 in which diamagnetic
Y(III) ions are present in place of Gd™ in 1. Comparative
magnetic studies (Supporting Information, Figures S15 and
S16) were carried out under otherwise identical conditions for
3. The yuT product remains nearly constant until 35 K and
then increases gradually to a maximum value of
64.6 cm®Kmol ™' at 7.5 K. The yy ' versus T plot in 50-
300 K obeys the Curie-Weiss law with C=63.6 cm’Kmol™
and 0 =—0.3 K. In contrast to 1, the reduced Weiss constant
presumably indicates weak ferromagnetic interactions among
the Ni centers, which may compete with the spin—orbit
coupling effects of the single nickel(II) ions or antiferromag-
netic interactions with other metal centers. The calculated
maximum MCE for 3 is only 9.2 Jkg ' K™'. It becomes clear
that the large MCE in 1 arises primarily from the Gd™ ions
(Supporting Information, Figure S17). However, owing to the
complexity of the system, quantitative analysis of the
magnetic couplings between the metal centers is practically
impossible.
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Ac susceptibility data of 1-3 (Supporting Information,
Figures S18-S20) reveal no single-molecule magnet behavior
down to 2 K. MCE studies for 2 also show much less entropy
change (—ASy,,=18.9Jkg 'K™' at 4K and H=7 T) as
compared to 1, which further confirm the significant contri-
bution of Gd™ ions to large MCE in 1 (Supporting Informa-
tion, Figures S21 and S22).

In summary, we have obtained the highest-nuclearity
heterometallic transition-metal-rare-earth cluster complexes
by using organic ligands of distinct coordination character-
istics. Such porous cages are robust and exhibit fantastic
function of high selective gas adsorption of CO, over CH, or
over N, at room temperatures. The presence of a large
number of interesting magnetically metal ions in an inte-
grated molecular platform offers the opportunity to study
how different metal ions contribute to bring about the
interesting properties that are useful in developing molecular
functional materials. Finally, we expect that this mixed-ligand
approach to be quite general in facilitating the assembly of
cluster motifs whose structures are complex and aesthetically
pleasing but cannot be predicted a priori based merely on
ligand structures.
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