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ABSTRACT: An open-framework hybrid solid with two
different types of manganese phosphate chains has been
synthesized under solvent-free conditions. A type I chain
consists of isolated Mn2O10 dimers, while a type II chain
contains an infinite Mn−O−Mn chain constructed from
corner-sharing Mn2O10 dimers. The compound shows
ferrimagnetic behavior, which is different from the
antiferromagnetic behavior for its structural analogue that
only contains type I manganese phosphate chains.

Crystalline open-framework hybrid solids have been
extensively studied because of their potential applications

in catalysis, gas storage, separation, cathode materials, and
sensing.1 They emerge as an important class of solid-state
materials by integrating both the compositional and structural
features of zeotype inorganic solids and metal−organic frame-
works.2 During the past years, greats efforts have been made to
synthesize new metal phosphate−carboxylates under hydro-
thermal conditions.3 These hybrid compounds display some
interesting structural features and appealing physical properties
such as magnetism and luminescence. An illustrative example is
the gallium phosphate−oxalate NTHU-6 emitting yellow
luminescence with high photoluminescence quantum efficien-
cy.3c

The development of new strategies for the synthesis of
crystalline materials is of great importance.4 Compared with the
hydrothermal method, solvent-free synthesis exhibits several
advantages, such as reduced pollution, decreased system
pressure, low cost, simple processing, and ease of handling.5

Because the competition between solvent−framework and
template−framework interactions is eliminated under solvent-
free conditions, the crystallization pathway for open-framework
structures may be different from that of hydrothermal synthesis.
In particular, some new secondary building blocks may be
produced under solvent-free conditions. Thus, solvent-free
synthesis provides new access to finding novel open-framework
materials with interesting structures and physical properties.
One-dimensional metal phosphates often act as the building

blocks for hybrid open-framework structures. Different metal
phosphate chains, such as a corner-sharing 4-ring chain, an edge-
sharing 4-ring ladder, and a zigzag chain composed of corner-
sharing polyhedra, have been observed in phosphate-based
hybrid structures.6 For a specific hybrid structure, it always
contains one type of inorganic chain as its building block. If
different inorganic chains can be combined in the same

crystalline framework, more complicated open-framework
structures are expected to be achieved. However, the growth of
a hybrid framework with two or more building blocks is of great
challenge because such a hybrid structure is generally more
difficult for molecular recognition and a self-repairing process
during crystallization.7 Here we report the solvent-free synthesis
of a new open-framework hybrid solid, namely, H2pip·
Mn5(HPO4)3(C2O4)3(H2O)2 (1; pip = piperazine), which
contains two different types of manganese phosphate chains as
its building blocks. For a comparative study, its structural
analogue, formulated as H2pip·Mn4(HPO4)2(C2O4)3(H2O)2
(2) and which only contains one type of inorganic chain, is
also presented.
Blocklike crystals of compound 1 were obtained together with

sticklike crystals of compound 2 by heating a mixture of
piperazine, Mn(H2PO4)2·2H2O, and H2C2O4·2H2O in a molar
ratio of 1:1.5:3 at 150 °C for 8 days. The two compounds were
manually separated under an optical microscope (11% yield for 1
and 42% yield for 2 based onmanganese). The yield of 1 could be
improved to 46% by variation of the molar ratio of the starting
materials. The phase purity of each as-synthesized compound is
confirmed by powder X-ray diffraction (XRD) and CHN
elemental analysis. Thermogravimetric analysis (TGA) shows
that compound 1 remains stable up to 270 °C. Compound 2
loses its crystalline water molecules in the temperature region
185−235 °C (observed 4.1%; expected 4.5%). The framework
starts to decompose at 270 °C.
Compound 1 crystallizes in the triclinic space group P1̅ (No.

2).8 The asymmetric unit contains five manganese atoms, three
HPO4 tetrahedra, three oxalate ligands, two water molecules, and
one diprotonated pip cation. The linkages between manganese
atoms, HPO4 tetrahedra, and oxalate ligands create a three-
dimensional open-framework structure (Figure 1a). Viewed
along the [100] direction, there are 8-ring channels delimited by
four MnO6 octahedra, two HPO4 tetrahedra, and two oxalate
ligands. The pore size of the 8-ring channel is about 6.2 × 7.0 Å2

(measured from the distances between two oxygen atoms across
the window). The doubly protonated pip cations are well
ordered within the channel, which occupy 19.6% of the unit cell
volume. They form hydrogen bonds with framework oxygen
atoms, with the shortest N···O distances in the region of
2.754(4)−2.859(4) Å.
The most interesting structural feature of compound 1 is the

presence of two types of manganese phosphate chains as its
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building blocks. As seen in Figure 1b, the connections of
Mn(1)O6 octahedra, Mn(2)O6 octahedra, and HP(1)O4
tetrahedra result in the formation of a type I chainlike building
block. Such an inorganic chain features isolated Mn2O10 dimers
linked by HPO4 tetrahedra. A type II inorganic chain is
constructed from Mn(3)O6, Mn(4)O6, Mn(5)O6, HP(2)O4,
and HP(3)O4 polyhedra (Figure 1c). The inorganic chain
features an infinite Mn−O−Mn chain constructed from corner-
sharing Mn2O10 dimers. The two kinds of chainlike building
blocks are further cross-linked by oxalate ligands to form a three-
dimensional structure.
If only the type I chain acts as the inorganic building block, the

framework structure of 2 will be obtained. Single-crystal XRD
analysis reveals that this compound is isostructural to several
open-framework M−HPO4−C2O4 (M = Mn,9 Fe,10 and Co11)
compounds obtained under hydrothermal conditions. It has a
three-dimensional framework with 8-ring channels along the
[100] direction. The organic cations are accommodated within
the channels, which occupy 22.1% of the unit cell volume. It is
worth noting that the framework structure only consists of the
type I inorganic chain as the building block.
To gain insight into the topological structures of 1 and 2, it is

instructive to view Mn4P2 (Figure 2a) and Mn6P4 (Figure 2b)
clusters as the 6-connected nodes. Despite the fact that the two
clusters have different size and shape, they have similar
connection modes with adjacent clusters. Each cluster connects
six adjacent clusters through common oxygen vertices and

oxalate ligands, giving rise to a three-dimensional structure with a
pcu topology (Figure 2c). In the case of 1, the Mn4P2 and Mn6P4
clusters coexist in the structure with a ratio of 50:50. In the case of
2, all of the 6-connected nodes are occupied by the Mn4P2
clusters. Theoretically, the use of Mn6P4 clusters as the nodes to
construct an isoreticular structure formulated as H2pip·
Mn6(HPO4)4(C2O4)3(H2O)2 is possible.
It has been demonstrated that the use of larger building blocks

in a specific framework topology favors the formation of larger
pore apertures.12 For example, upon replacement of the T3
clusters in the UCR-7 network by the T4 clusters, the pore size
will be enlarged from 18-ring to 24-ring.13 Surprisingly,
compound 1 displays the same pore aperture as that found in
compound 2, despite the fact that it possesses a larger inorganic
building block than compound 2. Careful analysis of the two
structures reveals that every polyhedron in the Mn4P2 cluster is
involved in the pore structure, while the extra four polyhedra in
the Mn6P4 cluster do not appear in the 8-ring pore. The extra
polyhedra play a role to thicken the inorganic walls of compound
1 but not to enlarge its pore size.
The temperature dependence of the magnetic susceptibility of

the two compounds was measured in the temperature range 2−
300 K (Figure 3). The magnetic moments (μeff) at 300 K per

mole of manganese atom are 5.81 μB for 1 and 5.78 μB for 2, in
agreement with the expected spin-only value of manganese(II) in
the high-spin state (5.92 μB). For compound 1, when the
temperature is decreased, the χMT values smoothly decrease to a
minimum (1.66 cm3 K mol−1) at 12 K. Below 12 K, χMT sharply
increases and reaches a maximum value (11.15 cm3 K mol−1) at
around 5.5 K before eventually falling to 6.07 cm3 K mol−1 at 2.0
K. This curve is similar as that of [Mn3(suc)2(ina)2]n, which is
characteristic of ferrimagnetic behavior caused by the structural
factor of the Mn−O−Mn chain.14 The thermal evolution of χM
follows the Curie−Weiss law at temperatures above 12 K, with
Cm = 4.53 cm3 K mol−1 and θ = −23.1 K. Similar to other
isostructural manganese phosphate−oxalates,9 compound 2 is an
antiferromagnet. The χMT value decreases continuously upon
cooling and reaches a value of 0.24 cm3 K mol−1 at 2 K. The
thermal evolution of χM follows the Curie−Weiss law at
temperatures above 8 K, with Cm = 4.46 cm3 K mol−1 and θ =
−21.0 K.

Figure 1. (a) Perspective view of the framework structure of 1
constructed from two types of manganese phosphate chains: (b) type I
building block; (c) type II building block. Color code: MnO6 octahedra,
green; PO4 tetrahedra, blue; oxygen, red; carbon, gray.

Figure 2. View of (a) the Mn4P2 and (b) Mn6P4 clusters as the 6-
connected nodes in (c) the pcu topology of 1. Compound 2 has the
same pcu topology with the Mn4P2 clusters as the nodes.

Figure 3. Temperature dependence of χMT and χM
−1 for compounds 1

(a and b) and 2 (c and d).
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In summary, a new crystalline open-framework manganese
phosphate−oxalate has been synthesized in a solvent-free flux of
oxalic acid. The presence of two different types of manganese
phosphate chains in the same hybrid framework is observed for
the first time. It exhibits interesting ferrimagnetic behavior, which
is quite different from the antiferromagnetic interactions
between metal centers in its structural analogue that only
contains one type of manganese phosphate chain. The present
work demonstrates that a solvent-free approach may offer
exciting opportunities to finding new hybrid open-framework
materials with novel structures and appealing properties.
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