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synthesis of hydrogen-bonded
metal–organic frameworks†

Zongjing Xiao,a Pengfei Li,b Beibei Sun,a Xinrui Bao,a Lei Gan a and Huajun Yang *a

The integration of different types of frameworks into one would provide a unique opportunity for the

development of crystalline frameworks that can combine the unique advantages of each. In this work,

we successfully realize the integration of metal–organic frameworks (MOFs) and hydrogen-bonded

organic frameworks (HOFs) through the synthesis of two hydrogen-bonded metal–organic frameworks,

namely NNM-1(M) (M = Cu or Ni). The structures of NNM-1 are built on (4, 4)-squared coordinative

metal–organic layers. Between the layers, two adjacent protonated carboxylic groups serve as both

hydrogen donors and acceptors, leading to the formation of hydrogen-bonded pillars with R2
2(8) dimeric

hydrogen bonding, the most common hydrogen-bonded motif in HOFs. It was found that water plays

a vital role in the structural transformation from 3D MOFs to H-MOFs here. Under a low pressure of 0.1

bar, the material NNM-1(Cu) can adsorb 4.84 mmol g−1 of NH3, making it a promising adsorbent for

ammonia capture.
1 Introduction

Over the past several decades, crystalline porous materials,
including metal–organic frameworks (MOFs),1–4 covalent
organic frameworks (COFs),5–7 hydrogen-bonded organic
frameworks (HOFs),8,9 and also some traditional porous mate-
rials, have experienced explosive growth.10 Each type of frame-
work clearly has its own advantages that some or all of the
others do not have. For example, HOFs, constructed by weak
hydrogen bonding, have excellent self-healing and regeneration
properties.11 COFs usually exhibit ultra-stable structures that
can survive in very harsh chemical environments.12 In
comparison with HOFs and COFs, the existence of metals
endows MOFs with greater potential in gas adsorption and
separation,13 catalysis,14,15 electrochemistry,16–19 and so on.

The integration of different types of frameworks into one
should provide a unique opportunity for the development of
crystalline frameworks that can combine the unique advantages
of each. One such example is metal-covalent organic frame-
works (or MCOFs),20 with the introduction of metal ions into
COFs, which have emerged as a distinct class of porous mate-
rials with great potential in catalysis,21 optics,22 and so on.

We are interested in integrating MOFs and HOFs so that the
new frameworks can inherit the advantages of both, such as the
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g 210023, China. E-mail: huajunyang@

iversity, Nanjing 210023, China

(ESI) available. CCDC 2433919 and
a in CIF or other electronic format see

y the Royal Society of Chemistry
metal sites in MOFs and the excellent processability of HOFs. In
fact, the coexistence of coordination bonds and hydrogen bonds
in crystalline frameworks is not rare.23–25 However, in most
scenarios, such frameworks would be simplied into a zero-
dimensional structure based on coordination metal
complexes or metal–organic cages without consideration of
hydrogen bonding.26,27 In other words, the nature of the
frameworks aligns with that of HOFs, which is also probably
why such materials are commonly called M-HOFs.

In this work, we successfully realize the integration of metal–
organic frameworks and hydrogen-bonded organic frameworks
through the synthesis of two hydrogen-bonded metal–organic
frameworks, namely NNM-1(M) (M = Cu or Ni). The structures
ofNNM-1 are built on (4, 4)-squared coordinative metal–organic
layers with hydrogen-bonded pillars. Between the layers, two
adjacent protonated carboxylic groups serve as both hydrogen
donors and acceptors, leading to the formation of R2

2(8) dimeric
hydrogen bonding, the most common hydrogen-bonded motif
in HOFs.
2 Results and discussion
2.1 Synthesis and structural features

Rod-shaped crystals (NNM-1) suitable for single crystal X-ray
diffraction (SCXRD) can be obtained by a solvothermal reac-
tion of M(NO3)2$xH2O (M = Cu or Ni), 1,4-diazabicyclo[2.2.2]
octane (DABCO), and bicyclo[2.2.2]octane-1,4-dicarboxylic acid
(H2BODC) in the mixed solvents of DMF and H2O. The phase
purity of both crystals was validated using their PXRD patterns
(a drop of HBF4 was required for NNM-1(Cu) to improve the
phase purity, Fig. S1 and S2†). NNM-1 crystallized in the
Chem. Sci.
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Scheme 1 Schematic illustration of crystalline porous materials with
different coordination modes. (a) Hydrogen-bonded Organic Frame-
works (HOF); (b) Metal–Organic Frameworks (MOF); (c) Metal–
Organic Hydrogen-Bonded Frameworks (M-HOF); (d) Hydrogen-
Bonded Metal–Organic Frameworks (H-MOF).
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orthorhombic system with the space group of Immm (No. 71,
Table S1†). The asymmetric unit contains one quarter of metal,
one eighth of DABCO, one quarter of HBODC−, and one eighth
of BODC2−, which thus gives a formula of M2-
(DABCO)(HBODC)2(BODC) (Fig. S3 and S4†). It is worth
mentioning that the ligand of H2BODC has two kinds of
deprotonated forms in the nal structures including the fully
deprotonated one (BODC2−) and the partially deprotonated
HBODC− with a protonated end. Two adjacent protonated
carboxylic groups serve as both hydrogen donors and acceptors,
leading to the formation of R2

2(8) dimeric hydrogen bonding,
the most common hydrogen-bonded motif in HOFs (Fig. S5†).28

The structure of NNM-1 can be viewed as a pillar-layered
structure with unique hydrogen-bonded pillars. The secondary
building unit (SBU) of NNM-1 is the prototypical paddle-wheel
metal dimer. The two metals in the SBU connect two BODC2−

and two DABCO to form (4, 4)-squared layers (Fig. 1b). The
layers are further pillared by pairs of hydrogen-bonded
HBODC− (Fig. 1c) to form pcu-type H-MOFs. The nal NNM-1
possesses a double-interpenetrated structure composed of two
evenly staggered and independent sets of frameworks (Fig. 1d
and S6†).

The most striking structural feature of NNM-1 is the obser-
vation of the prototypical hydrogen-bonded motif as the linkage
in a MOF structure. In fact, the coexistence of coordination
bonds and hydrogen bonds in crystalline frameworks is not
rare. However, in most scenarios, such frameworks would be
simplied to a zero-dimensional structure based on coordina-
tion metal complexes or metal–organic cages without consid-
eration of hydrogen bonding.29,30 In other words, the nature of
the frameworks aligns with that of HOFs, which is also probably
why such materials are commonly called M-HOFs (Scheme 1).
NNM-1 is still two-dimensional and porous without considering
hydrogen bonding, which still falls into the category of MOFs.

NNM-1 bears a close resemblance to the three-dimensional
M2(BODC)2(DABCO) MOF. The transformation from M2-
(BODC)2(DABCO) to NNM-1 could be viewed as the replacement
of one BODC2− ligand in one direction by a pair of HBODC−
Fig. 1 The assembly and structure of NNM-1: (a) three starting compon
layer; (c) hydrogen-bonded pillar (a pair of HBODC−); (d) double-interp
white; O, red; and N, blue.

Chem. Sci.
(Fig. 2). Alternatively, NNM-1 can also be treated as defective
M2(BODC)2(DABCO) with missing-cluster defects.

It was found that water plays a vital role in the structural
transformation from M2(BODC)2(DABCO) to NNM-1. For the
synthesis of M2(BODC)2(DABCO), only DMF was used as the
solvent.31–33 With the addition of water, the nal product
transformed toNNM-1, even with the samemetal to ligand ratio
(Fig. S7†). Such a synthetic rule was subsequently found to be
applicable to a series of DMF/water solvents with different
volume ratios and different reaction temperatures (Fig. S8–
S11†). As shown in Fig. S10 and S11,† regardless of whether the
ents for the assembly of NNM-1; (b) two-dimensional (4, 4)-squared
enetrated structure of NNM-1. Color codes: Cu, sky blue; C, gray; H,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the structures of (a) M2(BODC)2(DABCO) and (b)
a single set of NNM-1; and (c) the reaction scheme for M2(BODC)2(-
DABCO) and NNM-1.
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reaction temperature is 100 °C or 120 °C, the product obtained
is NNM-1 as long as the water is added, while the product is
M2(BODC)2(DABCO) without the addition of water. A possible
reason is that Cu2+/Ni2+, as a borderline Lewis acid (not too hard
or too so), has a relatively balanced affinity for water and all
the ligands. Therefore, a large amount of water can compete
with the ligands to coordinate with Cu2+/Ni2+, leading to
missing-cluster defects in NNM-1.

We also directly put Cu2(BODC)2(DABCO) crystals and
H2BODC ligands into the solvents (DMF and water with 1 drop
of HBF4) and aer aging for 2 days at 100 °C, the cell parameters
obtained by single crystal diffraction tests are identical to those
of NNM-1(Cu), and the PXRD pattern agrees well with that of
NNM-1(Cu), which can sufficiently prove that the nal product
has transformed into NNM-1(Cu) (Fig. 3).

2.2 Stability

As can be seen from the TGA curves ofNNM-1(Cu), the structure
gradually collapses at around 300 °C and completely collapses
aer 400 °C (Fig. S12†). NNM-1(Ni) has much higher thermal
stability, which does not degrade until almost 450 °C (Fig.
S13†). The chemical stability of both materials was also tested
by immersing them in aqueous solutions of different pH for 1
Fig. 3 The variation of PXRD patterns during the post-synthesis of
NNM-1(Cu) with Cu2(BODC)2(DABCO) as the raw material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
day. PXRD patterns indicated that both materials could main-
tain the crystallinity in solutions with pH from 3 to 11, which
was further conrmed by CO2 adsorption with essentially
unchanged CO2 uptake (Fig. S14–S17†).

2.3 Porosity and NH3 adsorption isotherms

The guest-accessible volume was determined to be 167 Å3 per
unit cell (∼8%) using the PLATON program. N2 adsorption
isotherms at 77 K showed negligible uptake for both materials
(Fig. S18 and S19†). The permanent porosity of the two MOFs
was thus evaluated based on the CO2 adsorption isotherms
collected at 195 K (Fig. S20 and S21†). The Brunauer–Emmett–
Teller (BET) specic surface areas ofNNM-1(Cu) and NNM-1(Ni)
were determined to be 67.82 m2 g−1 and 178.98 m2 g−1,
respectively.

NH3 capture properties were investigated due to the combi-
nation of relatively high stability, ultra-microporosity, and high
density of carboxylic acid sites for NNM-1. Although NNM-1(Cu)
has a lower surface area, its NH3 uptake at 1 bar is up to 7.89
mmol g−1 at 298 K and 9.96 mmol g−1 at 273 K, signicantly
higher than that of NNM-1(Ni) (Fig. 4a and S22). In particular,
when converted to volumetric uptake, the uptake at 298 K is as
high as 237.4 mg cm−3, higher than that of FDU–HOF–3, KUF-
1a and other carboxylic acid-based frameworks (Table S2†).34–36

Under a low pressure of 0.1 bar, the material NNM-1(Cu) can
adsorb 4.21 mmol g−1 of NH3 in the rst cycle, and aer two
cycles, the amount of ammonia adsorbed in the third cycle at
0.1 bar even increased, reaching 4.84 mmol g−1 (Fig. S23–S26†).
Under 25 mbar, NNM-1(Cu) can still adsorb 2.81 mmol g−1. As
shown in Fig. 4b, the maximum adsorption capacity of NNM-
1(Cu) remains essentially unchanged aer three cycles, which
indicates that this material possesses high cycling stability.

It could be reasonably proposed that NH3 uptake in NNM-
1(Cu) occurs by chemisorption through breaking of the cupric
carboxylate bond, as observed in Cu(cyhdc).37 Exposure of acti-
vated NNM-1(Cu) to ammonia solution also caused a color
change from green to blue, conrming a signicant change in
the coordination environment of Cu2+ (Fig. S27†). The infrared
spectrum (Fig. S28†) showed a distinct NH4

+ vibration peak,
indicating that NH3 reacted with –COOH in the structure of
NNM-1 during the ammonia adsorption process. The PXRD
patterns of NNM-1(Cu) aer NH3 adsorption also showed
a phase transformation with the main peaks shiing towards
Fig. 4 (a) NH3 adsorption isotherms ofNNM-1(Cu) at 273 K and 298 K;
(b) comparison of the maximum NH3 adsorption capacity of the three
cycles of NNM-1(Cu) at 298 K.

Chem. Sci.
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lower angles (Fig. S29 and S30†). Unfortunately, we failed to
obtain the structure by single crystal XRD due to its low
crystallinity.

In order to investigate the effect of NNM-1(Cu) on the
removal of NH3 at low concentrations in air, we conducted
breakthrough experiments for NH3 removal under dry condi-
tions as well as at certain humidity (Fig. S31†) and obtained
water adsorption curves for both materials (Fig. S32 and S33†).
In the breakthrough test under dry conditions with a mixture of
1000 ppm ammonia in N2 through a xed bed lled with NNM-
1(Cu) at 298 K, a strong retention of ammonia was observed. As
shown in the breakthrough curves displayed in Fig. S29,† the
breakthrough time of NH3 under dry air conditions is measured
to be 142min g−1 forNNM-1(Cu) and the saturation NH3 uptake
amount is found to be 5.45 mmol g−1. NNM-1(Cu) showed
a signicant decrease in the NH3 sorption capacity under
humid conditions, indicating competitive adsorption between
H2O and NH3 molecules of the active adsorption sites, even
though the water adsorption capacity is relatively low in a wide
pressure range.
3 Conclusions

In summary, this work reports the creation of a new family of
materials with the integration of MOFs and HOFs into H-MOFs.
H-MOFs here are different from previously reported M-HOFs,
for which the frameworks would be simplied into zero-
dimensional structures based on coordination metal
complexes or metal–organic cages without consideration of
hydrogen bonding. It was found that water played a vital role in
the structure transformation from three-dimensional MOFs to
H-MOFs. The water-mediated synthesis of NNM-1 offers
a promising synthetic strategy with great potential for the
development of new materials and applications.
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