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Abstract 
Metal-organic frameworks (MOFs) are promising functional compounds; 
however, they are known to be moisture sensitive. Here, we investigate the 
hydration and dehydration processes of the carboxylate-containing MOFs 
[Ni2(nic)4(H2O)]n (nic = nicotinic acid) and the mononuclear complex 
[Ni(nic)2(H2O)4], respectively. X-ray single crystal diffraction reveals that the 
hydrogen bonds between water and carboxylic oxygen play a key role in these 
processes. Molecular-level mechanisms of reversible hydration and dehydra-
tion are proposed, based on the competition between water and carboxylic 
oxygen for coordination with Ni. This study provides important information 
for future studies on the hydrolytic stability of MOFs in moisture. 
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1. Introduction 

Owing to their excellent physical and chemical properties, metal-organic 
frameworks (MOFs) are regarded as promising functional materials with sig-
nificant application potentials [1] [2] [3]. For instance, IRMOF-1 (MOF-5), 
IRMOF-3, MIL-53, MIL-101, HKSUT-1, Uio-66, and MOF-74 have exhibited 
great potentials in storing H2 and CH4 for energy applications [4] [5] [6] [7], 
heterogeneous catalysis-modified synthesis and metallization [8] [9] [10], lumi-
nescent materials [11] [12], magnetic materials [13], and drug delivery [14]. Ad-
ditionally, MOFs can function as precursors for the synthesis of porous carbon 
materials [15] [16]. 
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Nevertheless, the relatively poor stability of MOFs in moisture has severely 
limited their industrial applications. Under isolated conditions, they are ther-
mally stable at 350˚C - 400˚C, which meets the requirements of most applica-
tions. However, water adsorption may degrade their structural ordering and sta-
bility, as hydration causes the carboxylic groups coordinated to the metallic core 
to detach in these materials [17] [18] [19]. 

For this reason, improvements in the hydrolytic stability of MOFs are urgently 
needed. Indeed, the stability of MOFs in water has been widely studied [20]-[31], 
and significant progress in structural stability has been achieved by theoretical 
and experimental means. For instance, the introduction of hydrophobic groups 
(e.g., −CH3 and −OCH3) is an effective way to improve the framework stability 
of MOFs, because the hydrophobicity and steric hindrance of the substituent 
groups can separate the coordinatively unsaturated metal ions from water 
molecules [32] [33] [34]. Therefore, considerable efforts have been made to un-
derstand the relationship between the structure of MOFs and their water stabil-
ity, in order to synthesise more moisture-resistant MOFs [14]. We reported here 
that hydration of framework complexes is a coordination competition of differ-
ent oxygen atoms, in which the hydrogen bonds play a key role. This study of 
framework complex hydration at the molecular level facilitates the understand-
ing of the corresponding mechanisms, and provides good references for im-
proving the hydrothermal stability of framework complexes. 

2. Experimental 

All reagents and chemicals were commercially obtained, and used without fur-
ther purification. 

2.1. Instrumentation 

The crystal structures were obtained on a Bruker Smart-1000 CCD diffractome-
ter. X-ray powder diffraction (XRPD) measurements were recorded on a Bruker 
D8 ADVANCE diffractometer at 40 kV, 40 mA for Cu Kα radiation (λ = 1.5406 
Å), with a step size of 0.01˚ in θ and a scan speed of 0.1 s per step. Elemental 
analyses of C, H and N were carried out on a Carlo-Erba 1112 Elemental Ana-
lyzer. Infrared (IR) spectra were recorded on an EQUINOX55 spectrophotome-
ter (Bruker) in the range of 4000 - 400 cm−1 with the KBr disk technique. Ther-
mogravimetric analysis (TGA) was performed under N2 at a heating rate of 5 
˚C/min on a TA-Q600 system. A Quantachrome AUTOSORB-MP surface area 
analyser was used to measure the gas adsorption. The water adsorption/desorp- 
tion tests were conducted using a high-pressure volumetric analyser (HPVA II, 
Micromeritics Instrument Ltd., Shanghai, China). 

2.2. Experimental Details 

Synthesis of MOFs 1 [Ni2(nic)4(H2O)]n (nic = nicotinic acid) was synthesised 
with hydrothermal method from a mixture of NiCl2·6H2O (1 mmol, 0.237 g), 
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3-cyanopyridine (2 mmol, 0.208 g) (The yield and crystallinity of [Ni2(nic)4(H2O)]n 
can be enhanced by replacing nicotinic acid with 3-cyanopyridine), and H2O (20 
mL) in a 30 mL Teflon-lined stainless steel reactor. The solution was heated to 
150˚C for 96 h. Then the reaction system was slowly cooled to room tempera-
ture. The green block crystals were collected and washed with distilled water and 
then ethanol (yield: 60%). Anal. Calcd for C24H18N4Ni2O9 (%) C, 46.21; H, 2.91; 
N, 8.98. Found: C, 46.16; H, 2.92; N, 9.01. IR (KBr disk, cm−1): 1637(vs), 1602(s), 
1581(s), 1576(m), 1401(vs), 1343(m), 1316(m), 1192(s), 1158(m), 1091(m), 
1057(m), 1046(m), 1035(s), 1101(m), 521(w), 885(w), 821(s), 759(s), 699(s), 
643(m), 574(w), 545(w), 451(m), and 440(m) cm−1. 

Transformation of the MOFs 1 crystal to the mononuclear complex 2, 
([Ni(nic)2(H2O)4]). The 3D framework structure of 1 was first reported by Wu 
[35], but the sorption of water following its hydration was not noted. MOFs 1 
can transform to 2 [36] completely at room temperature in atmosphere [37]. 
When 1 was heated in water, the transformation process is accelerated. Anal. 
Calcd for C12H16N2NiO8 (%) C, 38.44; H, 4.30; N, 7.47. Found: C, 38.46; H, 4.26; 
N, 7.51. IR (KBr disk, cm−1): 1618(vs), 1575(vs), 1393(s), 1198(m), 1112(m), 
1050(m), 842(m), 765(s), 686(w), and 600(w) cm−1. 

3. Results and Discussions 

Although the structures of 1 and 2 have been reported previously [35] [36], the 
interconversion between them via dehydration/hydration processes has not been 
fully understood [37]. According to previous studies [35], 1 is a green block 
crystal with a 3D mushroom-like crystal structure, and it can be completely 
converted to the pale blue powder of 2 when exposed to air for about 60 days. 
The transition from 1 to 2 is through a hydration process. The XRPD pattern of 
the blue powder has been reported [37] [38], and the simulated pattern is based 
on the atomic coordinates of 2 [36] (Supplementary Information). 

Our experiments revealed that 1 and 2 can be converted into each other: the 
hydration of 1 in air or a heated solution resulted in 2 (with significantly higher 
rates in the heated solution), and the dehydration of 2 under hydrothermal con-
ditions resulted in 1 (Supplementary Information). The nickel ions in 1 were six- 
coordinated by two nitrogen atoms and four carboxylic oxygen atoms (Figure 
1), while in 2 they were six-coordinated (Figure 2, beige octahedron) by two ni-
trogen atoms and four water molecules (O1−O4). Therefore, the coordinated 
carboxylic oxygen atoms in 1 were substituted by water molecules during hydra-
tion. The bidentate coordination of bridging water molecules was changed into 
monodentate coordination during hydration to produce 2. In this process, seven 
water molecules were required for every two molecules of 2. In the reverse proc-
ess of dehydration under hydrothermal conditions, these water molecules were 
substituted by carboxylic oxygen atoms. Hence, it can be concluded that water 
molecules and carboxylic groups compete with each other for nickel coordina-
tion, and the hydration and dehydration reactions are reversible. 
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Figure 1. ORTEP drawing with labelling scheme for com-
pound 1 [Ni2(nic)4(H2O)]n; some H atoms are omitted for 
clarity. 

 

 
Figure 2. ORTEP drawing with labelling scheme for com-
pound 2 [Ni(nic)2(H2O)4], some atoms are omitted for clarity. 
Beige: coordinated octahedron, grey: uncoordinated octahe-
dron. 
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According to the structure of 2 (Figure 2), the six-coordinated Ni1 ion was 
surrounded by six other 2 molecules (O5−O10, which formed the grey octahe-
dron); each of them contained an uncoordinated carboxylic oxygen atom linked 
to a coordinated water molecule via hydrogen bonds. Therefore, the Ni1 ion was 
surrounded by a coordinated octahedron of four water molecules (O1−O4) and 
two N atoms, and an uncoordinated octahedron of 2 molecules connected by 
hydrogen bonds. These two octahedrons intersect each other spatially to mini-
mise the repulsive force. In the uncoordinated octahedron, the axial atoms O5 
and O6 were each located between and connected to two coordinated water 
molecules in the same plane. Meanwhile, the four carboxylic oxygen atoms 
above and below this plane (O7−O10) were located between the coordinated 
water molecules and nitrogen atoms, and linked to the water molecules via indi-
vidual hydrogen bonds. In this way, the equatorial plane of the uncoordinated 
octahedron was established. 

Based on the above spatial configuration, we concluded that the two octahe-
drons competed against each other for coordinating with Ni1. Under ambient 
conditions, the carboxylic oxygen atoms were located far from Ni1 due to steric 
hindrance effects, and 2 was favoured over 1 in terms of stability. The coordi-
nated octahedrons in 1 were squeezed, while those in 2 were stretched which 
were more stable due to the Jahn-Teller effect. 

On the other hand, under hydrothermal conditions with high temperature 
and pressure, the bulky carboxylic oxygen atoms were more effective than the 
small water molecules at coordination. The two coordinated nitrogen atoms 
were not substituted by oxygen atoms, due to their high coordination affinity. 
Because of steric hindrance, one coordinated carboxylic group of the niacin was 
substituted by a small water molecule (O7 in Figure 1), which acted as a bi- 
dentate ligand that connects two adjacent Ni1 ions to form a dimer structure. In 
this way, Ni was coordinatively saturated and compound 1 was obtained. Note 
that the nitrogen atoms, although still coordinated, were shifted from their posi-
tions in 2 by the repulsive force. 

From the TGA result, guest water was not observed in the pores of the 3D 
porous structure of 1. Only two intra-molecular hydrogen bonds would be 
formed between the uncoordinated carboxylic oxygen atoms and the hydrogen 
atoms in the coordinated water molecules. As shown in the stacked graph 
(Figure 3), the presence of mushroom-shaped pores in 1 could severely limit the 
free space in the vicinity of Ni1, and no uncoordinated octahedrons were al-
lowed. Within these pores, up to four water molecules localized by hydrogen 
bonds were allotted the free space between two coordinated carboxylic oxygen 
atoms, specifically. 

The maximum quantity of moisture adsorption observed was 8.44% (Figure 
4), which is equivalent to three water molecules per Ni1. This is close to the 
theoretical prediction of four water molecules per Ni1, and we attribute the dif-
ference to experimental errors. The hydration was expected to occur in multiple 
steps, and as many as seven water molecules were required for each 1 molecule.  
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Figure 3. 3D structure of 1, showing the mushroom-shaped 
pores. 

 

 
Figure 4. Shows the isothermal moisture adsorption/desorp- 
tion curve of 1. 

 
Therefore, the extra water molecules must come from adsorption. Specifically, 
the 3D structure of 1 was destroyed when one coordinated carboxylic oxygen 
was substituted by water, creating more free space in the vicinity of Ni1. This 
enabled external water molecules to enter this space to further hydrolyse the 
carboxylic groups, resulting in 2. This multi-step mechanism may explain the 
extremely slow hydration rate of 1 under ambient conditions. As mentioned ear-
lier, the coordinated nitrogen atoms were not substituted by water, due to their 
higher coordination affinity. Water molecules that were localized by hydrogen 
bonds generated another ligand field in the vicinity of Ni1. Due to their small 
size, these water molecules were close to Ni1 to readily substitute the carboxylic 
groups under ambient instead of hydrothermal condition. This also serves as an 
explanation to the moisture sensitivity of MOFs. By comparison, in all N-coor- 
dinated MOFs such accumulation of water molecules in the vicinity of metal 
ions and additional ligand fields have not been observed, as no hydrogen bonds 
could be established due to the high alkalinity of these MOFs. Hence, the N-co- 
ordinated MOFs exhibited excellent water stability. 

In the solution phase, the water molecules could be dispersed without estab-
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lishing the additional ligand fields. In real solutions, however, water molecules 
were nevertheless localized in the vicinity of metal ions by the hydrogen bonds, 
resulting in a local micro-environment in which the substitution of carboxylic 
groups by water molecules was favoured. 

In summary, we propose that water adsorption on 1 is a dynamic process 
based on crystal structure change; and the hydration of 1 is achieved in multiple 
steps in which the hydrogen bonds play a key role. The two coordinated nitro-
gen atoms are not substituted during the conversion between 1 and 2, although 
their locations are shifted. 

4. Conclusions 

In the dehydrated MOFs [Ni2(nic)4(H2O)]n 1, the adsorbed water molecules were 
localized in the vicinity of the metal ions, due to the hydrogen bonds between 
the coordinated water molecules and carboxylic groups (since other parts of the 
structure were hydrophobic). Located in the free space within the octahedron of 
coordinated water molecules and carboxylic groups, the adsorbed water mole-
cules generated another ligand field (at an angle to the first octahedron) that in-
teracted with the Ni ion and competed with the original oxygen ligands. Under 
ambient conditions, the adsorbed water molecules exhibited higher affinity to 
the metal ions due to their proximity. As a result, the MOFs were hydrolysed. 
The nitrogen atoms were not substituted due to their high coordination affinity. 

Similarly, in the mononuclear complex 2, an accumulation of uncoordinated 
carboxylic groups in the vicinity of the metal ions were also observed, which can 
be attributed to hydrogen bonds. Located in the free space within the octahedron 
of coordinated water molecules, these uncoordinated carboxylic groups formed 
another octahedron and competed with the coordinated octahedron. Under high 
temperatures and pressures, the carboxylic oxygen atoms exhibited higher coor-
dination affinity than water, and the reversible dehydration of 2 was favoured. In 
essence, we found that the hydration of MOFs occurred by the coordination 
substitution of oxygen atoms, in which hydrogen bonds played a key role. This 
study of MOFs hydration at the molecular level will facilitate the understanding 
of hydration mechanism of frameworks, and provide important information for 
improving the hydrothermal stability of MOFs. 
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