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In recent years, there has been much interest in the
synthesis of microporous phosphates with open-framework
structures because of their potential applications in separation,
gas adsorption, and heterogeneous catalysis." Since the
discovery of aluminophosphate molecular sieve VPI-5 with
18-ring channels in 1988, considerable efforts have been
made to the exploitation of new extra-large micropore
materials so that one can perform shape selective catalysis
on large molecules. So far, a number of open-framework
phosphates with extra-large pores have been prepared in the
presence of organic amines as the structure-directing agents
(SDAs). Notable examples are gallium phosphates MIL-31,
MIL-46, and MIL-50 with 18 rings,? aluminophosphate JDF-
20 and gallium phosphate cloverite with 20 rings,* nickel
phosphates VSB-1 and VSB-5, gallium phosphate NTHU-
1, and zinc phosphate ND-1 with 24 rings.’> Notably, the
incorporation of pseudopyramidal phosphite units [HPO3]*~
in the framework instead of tetrahedral phosphate groups
[PO.?~ may reduce the connection of M-O-P, so as to
generate more open interrupted frameworks. Up to date,
several phosphites with extra-large pore openings have been
prepared, such as [Ni(C¢N,H,4)2][Zns(H,O)(HPO3)s] and
Zn3(HPO3)4Zn(H,0) with intersecting 16-ring channels and
vanadium phosphite (CsN,H;4)[VO(H20)]3(HPO3)4+H,O with

elliptical 14-ring channels.® Recently, three novel metal
phosphites, [(C4H2N),][Zns(HPO3)4] (ZnHPO-CJ1) and
Zn,Al 57Cro.10(HPO3)4[CeH11NH3]2(H,0)4 (Cr-NKU-24), with
extra-large 24-ring channels, and (C4HoNH3), [AlFZn,
(HPOs)4] (NTHU-5) with a 26-ring channel have been
reported.’

Since the first amino-templated cobalt phosphate, [C,H o
N,][CoPQOy4], was reported in 1994.% much work has been
focused on cobalt-containing open frameworks® because the
cobalt atom possesses both +2 and +3 valence states and
diverse coordination geometries of tetrahedron, bipyramid,
and octahedron. Furthermore, these materials might exhibit
potential catalytic properties. Although a few cobalt phos-
phites have been prepared, most of them have low-
dimensional frameworks except for three examples of
three-dimensional (3D) open frameworks, that is,
[C4N2H12][Co(HPO3)2(C204)31,* Co1i(HPO3)s(OH)s,'” and
Na12[C0(HP03)2].11 In particular, there is no extra-large pore
cobalt phosphite reported. Even for cobalt phosphates, the
known largest pore opening is limited to 16 rings in
[C4N3H ]3[Cos(PO4)s(HPO,)s] - H,0."2

Herein we report the synthesis and structure of the first
extra-large pore cobalt phosphite 2H3;0+[Cos(HPO3)o-
(CH30H);3]-2H,0O (denoted CoHPO-CJ2, CJ stands for
China, Jilin University) with one-dimensional (1D) channels
bound by 18 Co atoms. Its structure is featured by two-
dimensional (2D) cobalt-oxygen 18-net sheets which are
pillared by HPO; pseudopyramids to form a 3D open-
framework structure with pendent —CHj groups protruding
into the 18-ring channels. The magnetic property is also
studied in this work.

CoHPO-CJ2 was synthesized by a solvothermal reaction of
CoCl,*6H,0, H3POs, diethylenetriamine (DETA), ethylene
glycol (EG), and H,O in a molar ratio of 1.0:1.0:0.734:115:66.
Typically, CoCl,*6H,O (0.238 g) was first dissolved in a mixed
solvent of H,O (1 mL) and EG (7 mL), and then H;PO;
(0.164 g, 50 wt %) was added to the above reaction mixture
while stirring. Finally, 0.08 mL of DETA was added to adjust
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the pH value of the reaction mixture to 5-6. A homogeneous
reaction gel formed after stirring for 2 h was transferred to
a Teflon lined stainless steel autoclave (15 mL) and then
heated at 130 °C for 3 days under a static condition. The
purple rod-shaped single crystals were separated from the
remainder of the product by sonication, washed with distilled
water, and then dried in the air. The yield is calculated as
77 wt % based on cobalt atoms. CoHPO-CJ2 could also be
obtained by only using EG as the solvent but could not be
produced if only using water as the solvent under similar
synthesis conditions. The use of mixed solvent favors the
formation of large single crystals of CoHPO-CJ2. In addition,
DETA could be replaced by other organic amines, which
might just play a role of adjusting the pH value. CoHPO-
CJ2 could also be obtained by using methanol as the solvent
with the pH value of 3, but only powder samples could be
obtained.

X-ray powder diffraction (XRD) data were collected on a
Siemens D5005 diffractometer with Cu Ko radiation (A =
1.5418 A). The experimental XRD pattern agreed well with
the simulated one generated on the basis of single-crystal
structural analysis (Figure S1). Elemental analysis was
carried out on a Perkin-Elmer 2400 elemental analyzer.
Inductively coupled plasma (ICP) analysis performed on a
Perkin-Elmer Optima 3300 DV ICP instrument and gave Co,
34.5 wt %, and P, 20.8 wt % (calcd Co, 34.6 wt %; P, 20.5
wt %). The IR spectrum of the sample dispersed in KBr
pellets was recorded on a Perkin-Elmer FT-IR spectrometer
(PE430). A Perkin-Elmer TGA 7 thermogravimetric analyzer
was used to carry out thermogravimetric analysis in the air
with a heating rate of 20 °C min~'. Magnetic measurements
were performed on a Quantum-Design MPMS-XL SQUID
magnetometer at H = 5000 Oe over the temperature range
of 2-300 K.

Single-crystal structural analysis reveals that the
structure of CoHPO-CJ2 consists of macroanionic
[Cos(HPO3)o(CH30H)3]*~ framework and H;O™ counterions.
The methanol molecule coordinated to the framework is
believed to be resulted from the decomposition of the EG
solvent under solvothermal conditions. The fragmentations
of organic molecules are commonly observed under
hydrothermal or solvothermal conditions.'” The existence
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Figure 1. Fragment of thermal ellipsoid (30%) of CoHPO-CJ2 showing
the atomic labeling scheme.

of CH30H in the compound is suggested by the characteristic
bands of 3409 cm™! [(O-H)], 2925 and 2855 cm™ ! [(C-H)],
and 1382 cm™ ' [6(C-H)] in the IR spectrum (Figure S2),'°
and further confirmed by the elemental analysis (calcd C,
2.64; H, 2.27 wt %; found C, 2.51; H, 1.91 wt %). In
addition, CoHPO-CJ2 can also be synthesized by using
methanol as the solvent. Each asymmetric unit contains two
crystallographically distinct P atoms and Co atoms, respec-
tively (Figure 1). The Co atoms are in a distorted octahedral
environment: Co(1) atom coordinates to four #3-O and one
#-0O atom to form five Co—O-P bonds, as well as to the O(4)
atom of the methanol molecule; the Co(2) atom lying on
the 3-fold axis coordinates to six u3-O atoms to form six
Co—O-P bonds. The Co—O bond lengths are in the range of
2.068(6)-2.178(10) A, and O—Co-O bond angles vary in the
range of 76.6(4)-172.8(4)°. Bond valence sum (BVS)
calculations'” show that both Co(1) and Co(2) atoms have
the oxidation state of +2. The P(1) atom connects two u3-O
and one u#-O atom to nearby Co atoms, leaving a terminal
P-H bond. The P(2) atom locating on the mirror plane
connects two u3-O atoms to nearby Co atoms, leaving two
terminal sites occupied by O and H atoms, respectively. O(7)
is disordered over two crystallographically equivalent sites,
and the resulting P(2)=0(7) bond length is 1.411(19) A. The
P-O bridging bond lengths (av 1.497 A) are in agreement
with those observed in other cobalt phosphites.'® The
existence of the P-H bond is confirmed by the characteristic
band of phosphite anions [(H-P), 2443 c¢cm™'] in the IR
spectrum (Figure S2).'° Notably, the O(4) atom of the
methanol molecule is four-connected to two Co(1) atoms,
one H atom, and one —CH3. Such a coordination geometry
has been encountered in [(phen)sV¢O.2(CH30H)4]
-2CH;0H-4H,0.*°
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Figure 2. (a) Polyhedral view of the framework of CoHPO-CJ2 along the
[001] direction, showing the 18-ring channels. Water molecules in the
channels are omitted for clarity. (b) The 2D cobalt-oxygen 18-net sheet
parallel to the ab plane with a dimension of approximately 11.05 A; the
dashed circle shows a 3-fold symmetric windmill unit comprising the
Co(2)Og octahedron sharing edges with three adjacent Co(1)Og octahedra.
(c) A polyhedral view showing the connection of 2D cobalt-oxygen 18-
net sheets stacking along the [001] direction linked by HPO3 pseudopyramids.

The structure of CoHPO-CJ2 is built up from the con-
nection of CoOg octahedra and HPO; pseudopyramids, giving
rise to a 3D open framework possessing extra-large 18-ring
channels along the [001] direction (Figure 2a). Interestingly,
its structure features a novel 2D cobalt—oxygen 18-net sheet
composed of alternating face-shared Co(1) octahedral dimer
and Co(2) octahedron via edge sharing. Each Co(2)Og
octahedron shares edges with three adjacent Co(1)Og octa-
hedra to form a 3-fold symmetric windmill unit. Each
Co(1)O¢ octahedron shares a face with the neighboring
windmills, resulting in an infinite 2D layered structure with
18-ring window of C3v symmetry (Figure 2b). Each 18-ring
window accommodates three methanol molecules connected
to Co(1) atoms. As the 1,2-diaminocyclohexane molecules
in ND-1,>? the hydrophobic —CH; groups of each layer
protruding into the channels in CoHPO-CJ2 are arranged in
a triangle at the same level which are stacked along the
channels in a staggered fashion and thus appear as hexagons
on the 2D projection (Figure 2a). The dimension of the 18-
ring window is approximately 11.05 A (C(1)-+-0O(5) dis-
tance). Adjacent layers are stacked along the [001] direction
and are further linked by HPO3 pseudopyramids to form the
3D open-framework structure of CoHPO-CJ2 with 18-ring
channels along the [001] direction (Figure 2c).

The TG curve (Figure S3) shows three stages of weight
loss occurring at 250-1000 °C. The first weight loss, a total
of 2.58 wt % at 250-350 °C, corresponds to the loss of the
H,0 molecules (calcd 2.64 wt %). The second weight loss
of 3.18 wt % at 350-530 °C corresponds to the loss of the
protonated water molecules (calcd 2.79 wt %). The third
weight loss of 3.35 wt % corresponds to the partial
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decomposition of the methanol moiety attached to inorganic
framework (calcd 7.05 wt %). XRD study shows that the
structure collapses upon heating above 300 °C.

The void space of the 18-ring channel, based on the
distance across the pore is about 8.5 A in diameter (the
distance of two opposite carbon atoms), which is comparable
to those in the extra-large pore zinc phosphate ND-1 (8.6
A).> The framework density of CoOHPO-CJ2 is 18.4 M/1000
A3 (M = Co, P), which is much higher than those of other
18-ring phosphates, such as MIL-31 (12.6),>* MIL-46
(12.0),%® MIL-50 (12.7),>¢ and VPI-5 (14.2),% and those of
extra-large pore zinc phosphites, such as [Ni(C¢N»
Hi4)2][Zny(H,0)(HPO3)s]  (11.25)**  and  Zns(HPO3),
-Zn(H,0)s (15.3)%° both containing 16-rings. The higher
framework density of CoHPO-CJ2 is due to the close packing
of the Co-O-Co layers via HPO; groups.

The temperature dependence of the magnetic susceptibility
of CoHPO-CJ2 was recorded at an applied magnetic field
of 5 KOe over the temperature range of 2-300 K. Figure S4
of the Supporting Information shows the plots of ym, ym7,
and 1/yy versus T of CoHPO-CJ2. The susceptibility obeys
the Curie-Weiss rule [ym = C/T — 0] over a wide range of
temperatures (2-300 K) for CoHPO-CJ2. The effective
magnetic moment per Co>" calculated from the derived Curie
constant is 5.06 up, which agrees with those reported for
other Co(II) compounds.?' The negative Weiss constant, 0
= —13.71 K, implies an antiferromagnetic interaction
between Co®" ions.

In summary, CoHPO-CJ2, a novel open-framework cobalt
phosphite with extra-large 18-ring channels, has been
synthesized solvothermally. Its structure is featured by 2D
cobalt—oxygen 18-net sheets which are linked by HPOs;
pseudopyramids to form a 3D open framework with pendent
—CH; groups protruding into the 18-ring channels. The
successful preparation of CoHPO-CJ2 will promote the
further development of many new open-framework transi-
tion-metal phosphite materials with extra-large pore structural
architectures and interesting properties.
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