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ABSTRACT: The last decade has witnessed significant advances in the scale-up synthesis of metal–organic frameworks (MOFs) 
using commercially available and affordable organic linkers. However, the synthesis of MOFs using elongated and/or multitopic 
linkers to access MOFs with large pore volume and/or various topologies can often be challenging due to multi-step organic 
syntheses involved for linker preparation. In this report, a orthogonal MOF synthesis strategy is developed by utilizing the 
coordination and covalent bonds formation in one-pot where monoacid-based ligands reacted to form ditopic ligands which then 
assembled into a 3-D MOF with Zr6 clusters. Chemical stability of the resulting materials was significantly enhanced through 
converting the imine bond into robust linkage via cycloaddition with phenylacetylene. Oxygen storage capacities of the MOFs were 
measured, and enhanced volumetric O2 uptake was observed for the stabilized MOF, NU-401-Q. 
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Introduction  
Metal–organic frameworks (MOFs)1-4 are a class of 
crystalline porous materials, constructed from metal 
ions or clusters and organic ligands, with reported 
record-high internal surface areas.5, 6 They are highly 
attractive due to their remarkable performance in 
various applications including, 
adsorption/separation,7-15 catalysis,16-18 drug 
delivery19, 20 and sensors.21, 22. With the metal nodes as 
the joints, the organic linkers serve as the spacer 
which plays a crucial role in dictating the topology and 
properties of the resulting MOFs. This versatile 
structural tunability has inspired extensive research 
to develop MOFs with different chemical and physical 
properties by simply varying the organic linkers or the 
strategic implemenation of reticular chemistry,23, 24 
post-synthetic modification25, 26 and ligand 
exchange/insertion.27  
The development of multitopic organic ligands with 
various functionalities and geometries is essential for 
the discovery of MOFs with novel properties and 
topologies.28 For those sophisticated ligands with 
intriguing structures and functionalities, the 
syntheses typically involve multi-step organic 
reactions, which could be laborious and costly due to 
the increasing demand of time and reagents. As a 

result, cost and time efficient syntheses of linkers are 
envisioned to better faciliate the scale-up syntheses of 
MOFs constructed by intricate organic linkers.  
Pioneering research has been implemented toward 
the simplification of MOF preparation procedures 
where a traditional de novo synthesis is challenging. 
For example, post-synthetic metathesis and 
cyclization reactions have been successfully utilized to 
generate fused aromatic systems in MOFs.29, 30 
Additionally, a combination of in situ linker syntheses 
and solvothermal MOF syntheses was adopted for 
one-pot MOF assembly.31, 32 Yaghi and coworks 
reported a 2-D titanium−organic framework with 
imine ligands in situ condensated.33 Such strategies 
have demonstrated cyclisation,34 dehydrogenative or 
oxidative coupling,35, 36 hydroxylation,35, 37 
hydrolysis,38-40 cleavage of the S−S bonds,41, 42 imine 
condensation,33, 43 cycloaddition of organic nitriles44, 

45 and C–C heterocoupling; in the latter case 
amorphous hybrid porous materials were produced.46 
More recently, diazo coupling, imidizatio and 
condensation of boronic acids47 were also reported to 
be candidates for one pot strategy during the 
preparation of this manuscript. Although the 
synthesis procedures were simplified to a one-pot 
strategy where both organic ligand syntheses and 
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MOF assembly occurs spontenously, the introduction 
of additional reagents for desired ligand formation 
complicated the synthesis which could ultimately 
compromise the crystallinity and porosity of resulting 
networks. 
Zirconium based-MOFs (Zr-MOFs), constructed from 
Zr6 clusters (Zr6(μ3-O)4(μ3-OH)4) and multitopic 
organic linkers, have been extensively investigated 
due to their exceptional stability, topological diversity 
and ease of preparation.23 While there are many 
efforts for aqueous solution based preparation of Zr-
MOFs, their economically viable preparation would be 
greatly benefited from a one-pot synthesis strategy. To 
this end, it was hypothesized that Schiff base imine 
(C=N) based linkers, in which aldehyde and amine 
based building blocks could condense under 

solvothermal conditions, would be advantegous since 
their condensation product can form under similar 
conditions as MOF syntheses require.  
In this report, with dynamic covalent imine bonds and 
coordination bonds between Zr6 clusters and 
carboxylates, two highly porous Zr-MOFs with fcu 
topology were synthesized via one-pot reactions by the 
in situ assembly of imine-based ligands. Furthermore, 
the intrinsically reversible imine bonds in the resulting 
network were successfully transformed into stable 
quinoline structures by the Aza-Diels-Alder 
cycloaddition reaction, which dramatically enhanced the 
hydrolytic stability over the parent structure. Motivated 
by the high porosity of the resulting MOFs, O2 storage 
capacity of the materials reported in this study was also 
examined. 

 

Figure 1. Schematic representation of (a) the formation of imine bonds with aldehyde and amine groups, (b) NU-401 (left), NU-
401-Q (right) and ligand stabilization reaction (middle), (c) catenated NU-402 and Zr6 cluster (middle). Lime green = Zr, Blue = 
N, Gray = C, Red = O. 

Results and Discussion 
By manipulating the ratios of starting precursors and 
reaction conditions in one-pot syntheses from simple 
monocarboxylates with amino- and aldehyde groups, 
two fcu-net MOFs were synthesized with high 
crystallinity, remarkable porosity and extended 
apertures (Figure 1). NU-401 with L1 as the organic 
linker was crystallized from one-pot solvothermal 
reaction, where the inexpensive and readily available 
4-aminobenzoic acid and 4-formylbenzoic acid were 
employed as the building blocks for an in situ organic 

ligand assembly. Moreover, the monocarboxylate 
moities served as modulators for the coordination 
reactions between the dicarboxylate linkers and Zr6 
clusters. The crystallinity of NU-401 was observed 
from the experimental powder X-ray diffraction 
(PXRD) pattern (Figure 2, up), through which the 
crystal structure of NU-401 was constructed using the 
ToBaCCo software for computational MOF synthesis 
according to topological blueprints by Gómez-
Gualdrón and coworkers.48, 49 The structure output 
from ToBaCCo was geometrically optimized according 
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to the UFF50 using the Forcite Module of Materials 
Studio51. The structure of NU-401 was further 
confirmed via Pawley refinement of the experimental 
PXRD data, and the refinement results (Rw = 6.2%, 
Table S1 and Figure S4) matched well with the 
optimized unit cell parameters. Uniform octahedral 
particles (~1 μm, Figure S1) were observed by 
Scanning Electron Microscopy (SEM). The internal 
porosity was characterized by nitrogen 
adsorption/desorption measurements under 77 K 
where type I isotherms were observed (Figure 2, 
down). With the Brunauer–Emmett–Teller (BET) 
method, high porosity was calculated for NU-401 with 
apparent surface area and pore volume of 3310 m2/g 
and 1.35 cm3/g, respectively. Correspondingly, a 
micropore of 1.4 nm was observed in the DFT-
calculated pore size distribution (Figure S2), which 
was consistent with the size of the in situ assembled 
imine ligand (L1).  
 

 

Figure 2. PXRD patterns (up) and N2 
adsorption/desorption isotherms (down) of NU-401 and 
NU-402. 

To further test our modular sythetic strategy, a 
diamine building block p-phenylenediamine, instead 
of 4-aminobenzoic acid, was employed together with 
4-formylbenzoic acid as the assembling building 
blocks for an extended ditopic organic ligand. The 
resulting linker consisted of three phenyl rings  
connected by two imine bonds (L2, Figure 1) to 
produce the MOF NU-402. In the experimental PXRD 
pattern (Figure 2, up), the first peak of NU-402 

appeared with a lower two theta degree than NU-401, 
indicating larger d-spacing between the paralel planes 
due to the extended ligand. The non-interpenetrated 
crystal structure of NU-402 was constructed using 
ToBaCCo according to the fcu topology but significant 
inconsistency was observed between the simulated 
and experimental PXRD patterns. As it is known that 
the introduction of an extended ligand tends to 
increase the likelihood of structural 
interpenetration,52, 53 an additional interpenetrated 
structure was created through the translation of the 
non-interpenetrated strucutre by half of the unit-cell 
in each crystallographic direction, resulting in a 
doubly-interpenetrated framework for NU-402 with 
an fcu topology. The geometry of the resulting 
computational model was then optimized according 
to the UFF using the Forcite Module of Materials 
Studio. The structure of NU-402 was further 
confirmed via Pawley refinement of the experimental 
PXRD data, and the refinement results (Rw = 6.7%, 
Table S1 and Figure S6) matched well with the 
optimized unit cell parameters. Nitrogen sorption 
isotherms of NU-402 showed a BET surface area of 
2530 m2/g and a pore volume of 0.88 cm3/g. A slightly 
larger micropore (~1.7 nm) was observed by the 
calculation with the DFT method. Upon digestion of 
NU-401 and NU-402 with a diluted D2SO4/d6-DMSO 
solution, 1H nuclear magnetic resonance (NMR) 
spectroscopy showed characteristic peaks for the 
cooresponding building blocks (Figure 3) due to the 
hydrolysis of imine bonds under acidic condition. 

 

Figure 3. 1H NMR spectra of NU-401 (up), NU-402 
(middle), NU-401-Q (down). (D2SO4/d6-DMSO, 500 MHz) 



 

 

4 

Since the intrinsically reversible C=N bond54 is subject 
to hydrolysis under aqueous conditions, the instability 
of resulting networks remains an issue. Here, post-
synthetic modification (PSM) methods including 
reduction,55 oxidation56 and Aza-Diels−Alder 
addition57, 58 have been attempted to stabilize the C=N 
bond, among which only the latter one with the 
incorporation of phenylacetylene succeeded while the 
MOFs degraded under the former conditions (see 
supporting information for details). Quinoline-linked 
NU-401-Q maintained its crystallinity based on the 
PXRD pattern after stabilization, but a one-third 
decrease of BET area was observed from 3310 to 2140 
m2/g. This was attributed to an additional phenyl 
group occupying more space and adding to the mass 
of the resulting MOF. The pore size slightly decreased 
from 1.4 nm to 1.3 nm due to the introduction of the 
bulky phenyl group. Upon digesting the NU-401-Q 
material, the 1H NMR spectrum agreed with the 
corresponding structure with no signal of the original 
Schiff base structure, indicating complete post-
synthetic functionalization (Figure 3). In addition, 
quinoline linkage survived from the strongly acidic 
digestion condition, suggesting much higher stabilily 
of NU-401-Q over parent NU-401. Comparison of the 
diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) results of NU-401 and NU-
401-Q revealed disappearance of a peak at 743 cm-1 
representing the C–H stretching from the H–C=N 
Schiff base group in the parent NU-401 instead of NU-
401-Q structure. Furthermore, a new set of peaks 
between 1600 cm-1 and 1450 cm-1 appeared which 
corresponded to the stretchings of the as formed 
aromatic quinoline core in NU-401-Q (Figure 4). As a 
result, the reversible C=N bond was fixed with the 
introduction of  phenylacetylene. 

 

Figure 4. DRIFTS of NU-401, NU-401-Q and NU-402. 

With the incorporation of phenylacetylene into the 
Schiff base bond, the stability of NU-401-Q compared 
with the original NU-401 was evaluated by immersing 
the materials in deionized water for 20 hours. NU-
401-Q with a more rigid C=N bond fixated by 

phenylacetylene survived the aqueous environment 
while NU-401 completely lost its crystallinity and 
porosity (Figure 2 and Figure 5). After treating NU-
401-Q with deionized water, more than 75% of the 
BET area was retained (ca. 1610 vs. 2140 m2/g) 
according to the nitrogen sorption isotherms. The 
hysteresis at the range of P/P0 = 0.5 ~ 0.8 in the 
isotherms of water-treated NU-401-Q could be 
attributed to the defects inside the network where the 
uncoordinated Zr6 clusters and organic linkers were 
spontaneously dismissed under aqueous conditions 
(Figure 5). Apparently, the water-resistent ability of 
NU-401 was effectively improved after incorporation 
of the phenylacetylene. This proposed procedure 
could be scaled up to several grams in one batch with 
negligible influence on the quality of resulting 
materials. 

 

Figure 5. N2 sorption isotherms (up) and DFT-calculated 
pore size distribution (down) of NU-401, NU-401-Q and 
their corresponding materials after water treatment. 

Oxygen storage is important for healthcare, industrial 
and military applications, and high porosity is one of 
the most critical factors for screening materials for 
oxygen storage.59, 60 For Zr-MOFs reported in this 
study which were prepared in one-pot and with high 
surface areas, the excess oxygen adsorption isotherms 
for NU-401, NU-402 and NU-401-Q were measured 
up to 100 bar at room temperature (Figure 6). NU-401 
and NU-401-Q showed gravimetric oxygen uptakes of 
8.4 and 8.8 mol/kg, respectively at 95 bar, comparable 
to previouly reported HKUST-1,59 while NU-402 
showed a moderate oxygen capacity due to a lower 
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pore volume. The isotherm data was fitted to the Toth 
model,59 the parameters of which were summarized in 
the supporting information (Figure6, Table S2). Other 
than gravimetric capacity, volumetric oxygen uptake 
was more crucial, which is directly related to the size 
of the storage tank. By taking the void fraction and 
density into account, the volumetric uptake was 
calculated based on the ideal crystallographic density 
and plotted with increasing pressure. It was found 
that NU-401-Q had a higher volumetric capacity 
compared to the parent NU-401 (Figure 6, down), 
emphasizing the effectiveness of the post-synthetic 
strategy utilized here. For practical oxygen storage, 
deliverable oxygen adsorption capacity is critical to 
evaluate promising structures, which is defined as the 
uptake amount between storage pressure of 100 bar 
and release pressure of 5 bar. For the materials 
reported in this study, their deliverable capacities 
followed the similar trend as the excess uptakes 
reached up to ~190 cm3/cm3 deliverable O2 uptake for 
NU-401-Q (Table S3). 

 

Figure 6. Toth model fitted (up), gravimetric (middle) and 
volumetric (down) excess O2 uptake on NU-401, NU-402 
and NU-401-Q. 

In conclusion, this study showed that access to high 
suface area Zr-MOFs built from ditopic ligands can be 
simplified to a methedology where linker synthesis 
and assembly of 3-D MOFs occurs in a one-pot fashion 
which is highly desirable for scalability. We 
demonstrated that highly porous Zr-MOFs with fcu 
topology can be prepared in a one-pot synthesis using 
benzoic acid with amine and aldehyde functionalities 
and Zr salt in DMF. Furthermore, with a simple Aza-
Diels−Alder addition, the hydrolytic stability of the 
resulting Zr-MOF was greatly enhanced. In addition, 
NU-401-Q showed an impressive volumetric O2 
uptake at room temperature which exceed the parent 
material, NU-401. 
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