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Stepwise synthesis of Zr-based metal–organic
frameworks: incorporating a trinuclear
zirconocene-based metallo-pyridine ligand†
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Two isostructural heterometallic ZrMOFs (denoted as ZrMOF-Co

and ZrMOF-Ni) were obtained by a stepwise synthesis approach.

Single-crystal X-ray structural analyses indicate that the two

ZrMOFs are both built from trinuclear zirconocene-based

metallo-pyridine building blocks, featuring a 2D infinite chain

structure. Furthermore, magnetic studies reveal that ZrMOF-Co

shows antiferromagnetic performance, while ZrMOF-Ni features a

ferromagnetic behavior.

Metal–organic frameworks (MOFs), as a new class of
outstanding porous crystalline materials, have been widely
researched in gas storage separation, catalysis, magnetism,
sensing and other fields.1–4 The design and synthesis of
various MOFs with new properties and functions are a major
research focus. Among MOFs, zirconium-based metal–organic
frameworks (ZrMOFs), owing to their abundant structure
types, superior stability, fascinating properties and functions,
are considered as one of the most promising materials for
catalysis, molecular adsorption separation, drug delivery and
fluorescence sensing.5–7 A representative study made by
Lillerud's group reported a series of UiO-type ZrMOFs with
excellent stability and large specific surface area.8 Since then,
research studies on the synthesis and properties of ZrMOFs
have sprung up.9–13 It is worth noting that Zhou and
coworkers reported multifarious PCN-type ZrMOFs.14

Intriguingly, they exploited heterometallic MOFs by
cooperative cluster metalation and ligand migration and
sequential transformation.15 Recently, by virtue of using a
trinuclear Zr3-based metallo-pyridine ligand, Cui and
coworkers achieved the highly specific coordination-driven

construction of heterometallic ZrMOFs, where unprecedented
nonanuclear Zroxocarboxylate clusters are first discovered.16

Taking the aforementioned prominent work into
consideration, our strategy is to use a presynthesized
trinuclear zirconocene-based precursor (Fig. 1c) as a
zirconium source for the generation of heterometallic MOFs
by combining with various transition metal cations.
Consequently, two 2D heterometallic Zr-MOFs were obtained
(Fig. 1d and S1†): [Zr6(C5H5)6O2(INA)6CoCl4]·4DMA·5H2O
(denoted as ZrMOF-Co) and [Zr6(C5H5)6O2(INA)6-
NiCl4]·4DMA·16H2O (denoted as ZrMOF-Ni) (INA− = the anion
of isonicotinic acid), respectively. Solvent molecules are
estimated by the combination of the SQUEEZE calculation
results and thermogravimetric and elemental analyses.

The synthetic process for a trinuclear zirconocene-based
metallo-pyridine precursor was slightly modified according to
the literature,16,17 and the details of the synthetic procedure are
given in the ESI.† Single crystals of ZrMOF-Co and ZrMOF-Ni
were successfully obtained by reacting the Zr3 precursor and
cobalt chloride hexahydrate or nickel nitrate hexahydrate in N,
N-dimethylacetamide (DMA) at 70 °C for 12 h. It is noteworthy
that we have tried to replace DMA with another frequently-used
solvent, N,N-dimethylformamide (DMF), but no crystals were
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Fig. 1 (a) Cp2ZrCl2 (Cp = η5-C5H5), (b) isonicotinic acid, and (c) the
trinuclear zirconocene-based precursor. (d) The crystal structure of
ZrMOF-Co or ZrMOF-Ni. Color code: Zr, turquoise; Cl, yellow; Co or
Ni, light pink; O, red; N, blue; C, grey.
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achieved. To some extent, it can be seen that the DMA solvent is
more applicable to this reaction system.

The phase purities of ZrMOF-Co and ZrMOF-Ni are
confirmed by the agreement between the experimental
powder X-ray diffraction (PXRD) pattern and the simulated
pattern generated from structural analysis (Fig. S3 and S4†).
Single-crystal X-ray structural analyses reveal that the two
compounds crystallize in the triclinic system with the space
group P1̄. They both maintain molecular building blocks
(MBBs) consisting of Zr3-oxycarboxylic acid ligands, which
have a symmetry similar to C3v with the carboxylate ligands
orientated to one face and the μ2-OH groups to the other
(Fig. S2†). The average Zr–O–Zr angle is 104.38°. Each
carboxylate linker is symmetrically connected with two
adjacent Zr atoms (av. Zr–O(carboxylate) 2.204 Å). The central
μ3-O atom is equally coordinated to all three Zr centres (av.
Zr–Oc 2.123 Å).

In view of the isomorphism of the two compounds, ZrMOF-
Co is described as an example. For ZrMOF-Co, its asymmetric
unit (Fig. 2a) contains a trinuclear zirconocene-based
isonicotinic ligand, two DMA molecules, two Cl atoms and one
Co atom. There are two types of Cl atoms, one of which is
coordinated by a Co atom. Notably, the other Cl atom is
dissociated, acting as a counteranion to balance the positive
charge. The distance between this free Cl atom and the two
adjacent Zr atoms ranges from 4.640 to 4.677 Å, as shown in
Fig. 2b. Except for the two coordinated Cl atoms, four N atoms
from four bridging INA ligands are connected with a Co atom,
leading to an octahedral configuration of a Co centre (Fig. 2c).
The bond length between the cobalt atom and the nitrogen
atoms (from INA ligands) is in the range of 2.210–2.240 Å.

The IR spectra of the two compounds were investigated.
The absorption band near 3300 cm−1 is due to the stretching
vibration of the O–H bond. The peak at 1627 cm−1 is attributed
to the N–H stretching vibration.18 The sharp peak at 1542 cm−1

indicates the stretching vibrations of the CC bond. The peak
at 1261 cm−1 belongs to the C–N stretching absorption.19 In
addition, the absorption peak at 607 cm−1 is ascribed to the
characteristic stretching vibration of the Zr–O bond.

To investigate the thermal stabilities of ZrMOF-Co and
ZrMOF-Ni, TGA experiments for both compounds were
carried out from room temperature to 800 °C under a
nitrogen atmosphere. As seen from Fig. S6 and S7 in the
ESI,† the two compounds exhibit weak thermal stability. For
ZrMOF-Co, the first weight loss of 3.74% in the range 25–100
°C is comparable with the calculated value of 3.68%, due to
the removal of 5 H2O molecules. Subsequently, the second
weight loss is 14.08% in the temperature range ca. 100–200
°C, which is attributed to the removal of 4 DMA molecules
(calcd 14.24%). As the temperature continues to rise, the
structure starts to collapse, and the final product is ZrO2.
ZrMOF-Ni exhibits a continuous weight loss of 24.32% from
25–190 °C, which is mainly attributed to the removal of 16
H2O molecules (calcd 10.29%) and 4 DMA molecules (calcd
13.26%). As the temperature increases, the structure starts to
collapse, leading to the formation of the final product ZrO2.

The chemical state of the two ZrMOFs was analyzed by
X-ray photoelectron spectroscopy (XPS) measurements. As
shown in Fig. S8 and S9,† the presence of O, N, C, Zr, and Co
or Ni in the two ZrMOFs was confirmed. The Co2p XPS
spectrum (Fig. 3a) of ZrMOF-Co exhibits two major peaks at
781.1 and 797.1 eV, corresponding to Co2p3/2 and Co2p1/2,
respectively, and the two weak bands at 785.8 and 802.7 eV
are the Co2p3/2 and Co2p1/2 satellite signals, respectively. The
spin-energy separation between the Co2p3/2 peak and the
Co2p1/2 peak is approximately at 15.8 eV, which is
characteristic of Co2+ as previously reported.20,21 Fig. 3b

Fig. 2 (a) The asymmetric unit of ZrMOF-Co, (b) the coordination
environment of the dissociative Cl atom, and (c) the octahedral Co atom.

Fig. 3 (a) The Co2p XPS spectrum of ZrMOF-Co. (b) The Ni2p XPS
spectrum of ZrMOF-Ni.
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shows the XPS spectrum in the Ni2p region. Two strong
peaks at 873.9 and 856.3 eV can be assigned to Ni2p1/2 and
Ni2p3/2, respectively, associated with two satellite peaks at
862.1 and 880.5 eV,22 implying the presence of Ni in the
divalent state form.

The temperature-dependent magnetic susceptibilities of
the two ZrMOFs were measured over the range of 2–300 K.
The plots of the molar magnetic susceptibility χM and χMT
versus T of ZrMOF-Co and ZrMOF-Ni under a constant
magnetic field of 1000 Oe are shown in Fig. 4. As can be seen
from Fig. 4a, the χMT value of ZrMOF-Co at 300 K is 2.30 cm3

K mol−1. It is slightly higher than the theoretical value of
1.875 cm3 K mol−1 for an uncoupled high-spin Co(II) ion (S =
3/2, g = 2),23 which is consistent with the orbital contribution
of the divalent cobalt ion, mainly due to the stronger spin–
orbit coupling in the Co(II) ion, which in turn leads to the
occurrence of magnetic anisotropy in the Co(II) ion. Then, the
χMT value slowly increases from 2.30 cm3 K mol−1 to 2.53 cm3

K mol−1, the χMT value slowly decreases from 2.53 cm3

K mol−1 to 2.42 cm3 K mol−1 at 60 K, and upon cooling, the
χMT value reaches a minimum of 1.78 cm3 K mol−1. The
temperature dependence of the reciprocal susceptibilities
(χM

−1) conforms to the Curie–Weiss law above 2 K with a
negative Weiss constant of θ = −0.79 K and a Curie constant

of C = 2.43 cm3 K mol−1 (Fig. S10†), further supporting the
presence of antiferromagnetic interactions in ZrMOF-Co.
Besides, a magnetic behavior is observed for ZrMOF-Ni
(Fig. 3b), and the χMT value of ZrMOF-Ni gradually increases
from 0.35 cm3 K mol−1 to 0.77 cm3 K mol−1 at 14 K and then
quickly decreases to 0.48 cm3 K mol−1. The thermal variation
of the molar susceptibility obeys the Curie–Weiss law over
the range 55–200 K. The values of the Weiss and Curie
constants are θ= 24.84 K and C = 0.48 cm3 K mol−1 (Fig.
S11†). The positive θ value supports the presence of
intermolecular ferromagnetic interactions in ZrMOF-Ni.24,25

Focusing on the potential applications of these ZrMOFs,
the fabrication of nanostructured materials derived from the
pyrolysis of MOFs has been confirmed as an effective
route.26,27 Heterometallic MOFs containing cobalt or nickel
are commonly considered as potential candidate materials
for the preparation of MOF derivatives.28 Herein, ZrMOF-Co
and ZrMOF-Ni may serve as sacrificial templates/precursors
to prepare functional MOF derivatives with potential photo
and electrochemical activities and durability for applications
in electrochemical energy storage and catalysis.

In summary, two isostructural two-dimensional
heterometallic ZrMOFs have been successfully synthesized by a
stepwise synthesis strategy. Single-crystal X-ray structural
analyses reveal that they are both constructed from a
presynthesized Zr3-based INA precursor, leading to a two-
dimensional infinite chain structure. Furthermore, the magnetic
studies indicate that ZrMOF-Co shows antiferromagnetic
performance, while ZrMOF-Ni features a ferromagnetic behavior.
The incorporated presynthesized Zr3 carboxylate pyridine ligand
not only adds a representative example to the limited family of
Zr-based building blocks, but also will be regarded as an
outstanding 3-connected linker which is potentially suited for
constructing other Zr-based metal organic materials.
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