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Two metallo-hydrogen-bonded organic frameworks (MHOFs)
were synthesized by self-assembling a phosphate complex and a
macrocyclic ligand with three peripheral carboxylic acids. The
two MHOFs have different hydrogen-bond linkages and
structures, depending on whether the phosphate participates in
the hydrogen bonding. The various hydrogen-bonded networks
result in different thermal stabilities, BET surface areas, and water
vapor uptake capacities of the MHOFs. MHOF-PO,4-2, which has
more hydrogen bonds and higher porosity, shows better thermal
stability and water vapor adsorption than MHOF-PO4-1. This
study demonstrates the possibility of constructing diverse and
functional MHOFs based on phosphate complexes.

Hydrogen-bonded organic frameworks (HOFs), an emerging
type of crystalline porous material, have demonstrated
promising applications in various fields such as catalysis,"”
sensing,*® proton conductivity,”'® and adsorption."*”"” The
construction of HOFs relies on using functional groups with
hydrogen-bonded acceptor and donor properties to create
molecular building blocks. However, incorporating multiple
different functional groups into a single molecule is
challenging and limits the functional and structural diversity
of HOFs."®73% To overcome this limitation, a subclass of HOFs
called metallo-hydrogen-bonded organic frameworks (MHOFs)
has been developed.’’™® MHOFs are constructed from
complexes that offer abundant geometric configurations,
functional groups, and the possibility of incorporating open
metal sites.>*?”

The tetrahedral anion PO,*>” possesses four oxygen atoms
on its vertices, thus providing each oxygen atom with the
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potential to act as a hydrogen bond acceptor. This anion has
been utilized in forming supramolecular self-assemblies
through hydrogen bonding owing to its highly symmetrical
geometry.’®*° However, to the best of our knowledge, there
have been no reports on HOFs based on PO,*". This is likely
due to the high charge of PO,*” and the absence of suitable
hydrogen-bond donors.***! Therefore, it is crucial to introduce
additional components to overcome these limitations. Notably,
pioneering researchers have reported the synthesis of a
macrocycle that contains a coordinated pocket capable of
securely encapsulating three metal ions, particularly Cu(u) and
Zn(n), due to macrocyclic and chelating effects.*>™**
Additionally, charge-balanced anions are present around
the resulting complex.*®*” Inspired by these studies, we
synthesized a macrocyclic ligand (L) functionalized with three
peripheral carboxylic acids using the synthetic pathway
depicted in Scheme 1. In this work, we report MHOFs based
on the complexation of the macrocycle, Cu(u) and phosphate.
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Scheme 1 The synthetic route of L.
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These MHOFs exhibit distinct hydrogen-bond linkages and
structures, resulting in significant differences in their BET
surface areas, thermal stabilities, and water vapor capacities.

The self-assembly of L, Cu(NOj),, and KzPO, in H,O
results in the formation of MHOF-PO,-1, which is a dark
green crystal with a chemical formula LCuzPO,-6H,0.
Analysis using single-crystal X-ray diffraction reveals that
MHOF-PO,-1 crystallizes in the space group F4,32, with one-
third of the formula unit present in the asymmetric unit (Fig.
S1at). Within this complex, three Cu(u) ions adopt a pseudo-
square pyramid geometry and are enclosed within the central
coordination pocket of L. The binding is facilitated by three
deprotonated phenol hydroxyls and six secondary amines.
Additionally, the three Cu(u) ions are associated with three O
atoms from one PO,*” anion, forming a neutral complex. It is
important to note that the PO, ion is located on one side of
the complex, while the other remains unoccupied. As a result,
the hydrogen atoms of the six secondary amines can be
classified into cis-groups and trans-groups based on their
position relative to the PO, ion (Fig. 1a and b).

The bonding between the complex and water molecules
leads to the formation of the framework structure of MHOF-
PO,-1. Each complex is surrounded by six bridging water
molecules and three terminal water molecules within this
framework. Three of the bridging water molecules form three
O-H-'--O hydrogen bonds with three peripheral carboxylic
acids, with an average bond length of 1.847 A and a bond
angle of 162.75°. The other three bridging water molecules
form three N-H:--O hydrogen bonds with three trans-N-H
groups, with a bond length of 2.455 A and a bond angle of
144.94°. Additionally, the three terminal water molecules
form three N-H---O hydrogen bonds with three cis-N-H
groups, with a bond length of 2.252 A and a bond angle of
160.98° (Fig. 2a). It is important to note that each bridging
water molecule simultaneously connects to a carboxylic acid
and a trans-N-H group from two complexes. In other words,
each complex extends to three other complexes through six
bridging water molecules, forming a 3-connected hydrogen-
bonded network with an SRS topology (Fig. 2b and S1bf).

Furthermore, four of these networks interweave through
weak intermolecular interactions to create a 4-fold
interpenetrated framework (Fig. 2c and d). Within the
MHOF-PO,-1 framework, a pseudo-cuboctahedral cavity is

a) ‘7’;
0

ﬁ
T tra>s-N-H

Fig. 1 (a) The structure of the complex; (b) the two kinds of N-H
groups in the complex. Purple, sky blue, green, gray, blue, and red
spheres represent the P, Cu, H, C, N, and O atoms, respectively.
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Fig. 2 (a) The hydrogen-bond environment for each complex, (b) the
hydrogen-bond linkage between complexes and bridging H,O, (c) the
4-fold interpenetrated framework, and (d) the channel surface of
MHOF-PO4-1.

observed, with four complexes occupying four triangular
faces (Fig. Slc and df). MHOF-PO,-1 is nonporous when
analyzed with Zeo™ software using a probe radius of 1.86
A.*® However, after removing all the water molecules from
the framework, a porosity of 19.5% is observed.

The analysis indicates that the cis-N-H groups, C=0
groups of carboxylic acids, and O atoms of phosphate in
MHOF-PO,-1 have minimal contribution to the hydrogen-
bond framework. If all potential hydrogen-bond sites are
utilized in the framework construction, an MHOF with a
stronger hydrogen-bond linkage could be produced. As a
result, MHOF-PO,-2, which crystallizes in the P6; space
group, was obtained using MHOF-PO,-1 as the starting
material. MHOF-PO,-2 has the formula LCu;P0O,-3H,0, and
the asymmetric unit consists of one-third of the formula unit
(Fig. S2at). Structural analysis reveals that the peripheral
carboxylic acids of each complex extend outward to three
adjacent complexes by forming six hydrogen bonds with
three cis-N-H groups and three coordinated O atoms of the
capped PO,*". The distances for O-H---O and N-H---O bonds
are approximately 1.669 A and 2.247 A, respectively, with
bond angles of about 171.68° and 168.53°. Additionally, the
three cis-N-H groups and three coordinated phosphate O
atoms of each complex form six hydrogen bonds with three
carboxylic  acids from another three complexes
simultaneously (Fig. 3a and S2bf). Moreover, edge to face
n---m interaction is observed between adjacent complexes
(Fig. 3b). Furthermore, the capped PO,*” forms six hydrogen
bonds with three water molecules, with O-H---O distances of
approximately 1.883 A and 2.619 A and bond angles of about
172.17° and 129.06°. The three hydrogen atoms of the
trans-N-H groups form three hydrogen bonds with three
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d)
0-H---0: 1.669 A

 N-H---0:2.247 A

N-H--0:2.282 A
O-H--0:1.883 A
O-H---0:2.619 A

C-H---m: 3.359 A

Fig. 3 (a) The hydrogen bonds between complexes, (b) the n--m
interaction between adjacent complexes, (c) the inter-complex
hydrogen-bond linkage by bridging H,O, (d) the channel view along
the c direction, and (e) the channel surface of MHOF-PO,4-2.

water molecules, with an average N-H---O distance of 2.282 A
and a bond angle of 138.46°. Consequently, each ligand is
connected to two other ligands along the ¢ direction through
six bridging water molecules, forming a hydrogen-bonded
pillar along the ¢ direction (Fig. 3c). When calculated using a
probe radius of 1.86 A, MHOF-PO4-2 exhibits 17.5% porosity
and a one-dimensional channel along the ¢ direction, with an
average pore diameter of 4.96 A (Fig. 3d and e and S3d¥).i

Based on the analysis above, it is evident that there is a
significant variation in the number of hydrogen bonds
between MHOF-PO,-1 and MHOF-PO,-2. MHOF-PO,-2
exhibits more hydrogen bonds, specifically twenty-one,
whereas MHOF-PO,-1 only possesses nine hydrogen bonds
(including three terminal bonds). This suggests that MHOF-
PO,-2 maintains a more robust network of hydrogen bonds
than MHOF-PO,-1. Furthermore, MHOF-PO,-2 exhibits a
higher degree of porosity than MHOF-PO,-1, with a
calculated probe radius of 1.86 A, resulting in a porosity of
17.5% for MHOF-PO,4-2. In contrast, MHOF-PO,-1 exhibits no
porosity at this probe radius.

To analyze the porosity of MHOF-PO,-1 and MHOF-PO,-2,
N, (77 K) sorption analysis was conducted. Unexpectedly,
MHOF-PO,-1 exhibited a type-I adsorption isotherm with an
uptake amount of approximately 85 cm® g™ (Fig. 4a), which
contradicts the findings of the structural analysis.
Additionally, the crystallinity of MHOF-PO,-1 remained intact
throughout the sorption analysis (Fig. 4b). These abnormal
results may be attributed to the loss of select water molecules
during activation, with the framework supported by residual
hydrogen bonds. On the other hand, MHOF-PO,-2 exhibited
a standard isotherm expected of a microporous material with
an uptake amount of around 140 cm® g™'. The BET surface
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Fig. 4 (a) N (77K) uptake of MHOF-PO4-1 (red) and MHOF-PO4-2

(blue); PXRD patterns of (b) MHOF-PO4-1 and (c) MHOF-PO4-2; (d)
variable temperature PXRD patterns of MHOF-PO4-2.

area value of MHOF-PO,-2, calculated from the experimental
N, adsorption data, was approximately 520 m* g™

Furthermore, MHOF-PO,-2 displayed good crystallinity
even after adsorption (Fig. 4c). These findings indicate
that MHOF-PO,-2 possesses a higher BET surface area
and N, uptake capacity than MHOF-PO,-1. However, the
two materials exhibited different behaviors when
subjected to heat. Specifically, the framework of MHOF-
PO,-1 collapsed when heated to 80 °C (Fig. 4b), whereas
MHOF-PO,-2 maintained its crystallinity up to 120 °C
based on variable temperature PXRD analysis (Fig. 4d).
Upon heating to higher temperatures, new peaks were
observed between 9 and 15°, indicating the formation of
a new phase within the bulk sample. Finally, when
heated to 200 ©°C, the sample completely lost its
crystallinity, likely due to the breakage of the H-bond
linkage. These results are consistent with the findings of
the TGA analysis (Fig. S5b¥).

Water adsorption is an increasingly popular application
for porous materials.’®>° However, research on this topic is
scarce regarding HOFs. Due to the excellent stability of
MHOF-PO,-1 and MHOF-PO,2 in water (Fig. 4b and c),
water-vapor adsorption experiments were conducted at a
temperature of 298 K. The results indicate that MHOF-PO,-1
only has a water vapor adsorption capacity of 0.003 g g*
(0.176 mmol g™*) (Fig. 5a and S6at), which can be attributed
to its limited pore size and porosity. On the other hand,
MHOF-PO,-2 exhibits a type-IV adsorption isotherm and a
total water adsorption amount of 0.254 g g (14.1 mmol g ")
(Fig. 5a). The rapid uptake observed at low relative pressures
(0 to 0.98 mbar) can be attributed to monolayer adsorption
in the channel of MHOF-PO,-2. Moreover, the isotherm
shows a significant increase in water uptake from 12.92 to
16.94 mbar, suggesting pore-filling progression. Although a
hysteresis cycle is observed in the isotherm, the water

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Water vapor uptake (298 K) of MHOF-PO4-1 (red) and
MHOF-PO4-2 (blue); (b) water adsorption-desorption (298 K) cycling
of MHOF-PO,-2.

adsorption capacity of MHOF-PO,-2 remains reversible.
Additionally, the uptake capacity remains almost unchanged
after four adsorption and desorption cycles (Fig. 5b and S67).

Conclusions

We have successfully synthesized two MHOFs based on a
phosphate complex and a macrocyclic ligand. The two
MHOFs show different hydrogen-bond linkages and
structures, which affect their thermal stabilities, BET surface
areas, and water vapor uptake capacities. MHOF-PO,-2, which
has more hydrogen bonds and higher porosity, performs
better than MHOF-PO,-1. This study demonstrates the
possibility of constructing diverse and functional MHOFs
based on phosphate complexes. It may provide a new strategy
for designing HOFs with tunable properties.
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