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Incorporating functionality into the framework of metal-organic frameworks (MOFs) has attracted
substantial interest because the physical and chemical properties of MOFs can be tuned by
functionalizing pores. The ligand functionalization of MOF-74 is challenging because of its pristine
organic ligand and framework structure. Herein, we report a series of ligand-functionalized Ni-MOF-74
derivatives synthesized by defect engineering using a mixed-ligand approach. Defect generation and
ligand functionalization of Ni-MOF-74 were simultaneously achieved by incorporation of fragmented
organic ligands such as 5-formylsalicylic acid, 3-hydroxysalicylic acid, 2-hydroxynicotinic acid and 5-
hydroxy-1H-benzimidazole-4-carboxylic acid. The resulting defect-engineered Ni-MOF-74 derivatives
maintained relatively good crystallinity up to fragment incorporation levels of ~20% and exhibited
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1. Introduction

The defect engineering of metal-organic frameworks (MOFs)
has received increasing interest because MOFs with certain
structural defects can outperform defect-free MOFs in many
applications."™ Among several reported defect generation
methods, fragmented ligand installation has been confirmed to
be a simple and efficient synthetic strategy to induce defects in
MOF structures, where the fragment exhibits lower connectivity
than the pristine ligand.>” In general, fragmented ligand
installation employs a mixed-ligand synthesis approach® that
can efficiently introduce various functionalities into MOFs
while retaining the parent MOF structure. Mixing the pristine
ligand with its fragmented derivatives during synthesis can
change the local coordination environments of the metal
centers, which results in defect sites in the MOFs, thereby
affecting their chemical and structural properties.

MOF-74 is an intensively explored MOF because of its high
density of potential open metal sites, high porosity, and high
surface area.”’® It features chains of metal ions linked by tet-
ratopic  2,5-dioxido-1,4-benzenedicarboxylate (DOBDC"") to
yield one-dimensional hexagonal channels. The defect engi-
neering of MOF-74 has been relatively uninvestigated,
presumably because of the difficulty in integrating fragmented
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defect concentrations in the framework.

ligands into an extremely rigid framework instead of the highly
connected pristine ligand. Recently, a few reports on the defect
engineering of MOF-74 using fragmented organic ligands have
been published.”*™ These reports revealed that structural
defects in MOF-74 can be created only when 2-hydroxy-1,4-
benzenedicarboxylic acid (H,BDC-OH) is used as the frag-
mented ligand, suggesting that the coexistence of two -COOH
and one -OH coordinating groups is a prerequisite for the
defect formation of MOF-74. Recently, we established a de novo
synthetic route to induce structural defects in Ni-MOF-74 using
salicylic acid as a fragmented ligand with only one -COOH and
one -OH as coordinating groups.'> Furthermore, applying the
same synthetic protocol, we demonstrated that 3- and 5-ami-
nosalicylic acids could be incorporated into the Ni-MOF-74
framework, generating amine-tagged defect-engineered Ni-
MOF-74  derivatives, the first examples of ligand-
functionalized MOF-74 materials."

The functionalization of defect-engineered MOFs has
received little attention during the past decade, although the
incorporated functionality may confer new promising proper-
ties to defect-engineered MOFs."*™" In this paper, we report the
synthesis of a series of functionalized defect-engineered Ni-
MOF-74 derivatives and their CO, adsorption properties. Alde-
hyde- and hydroxy-functionalized defect-engineered derivatives
were prepared by direct solvothermal synthesis using a mixed-
ligand approach with 5-formylsalicylic acid (H,-5-fSA) and 3-
hydroxysalicylic acid (H,-3-hSA) as fragmented organic ligands
(Fig. 1). We demonstrated that heteroaromatic fragments, 2-
hydroxynicotinic  acid  (H,-2-hNA) and  5-hydroxy-1H-
benzimidazole-4-carboxylic acid (H,-5-hBImCA) could also be
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Fig. 1 Schematic representation of simultaneous defect generation
and functionalization of Ni-MOF-74 by a mixed-ligand synthesis.

incorporated into the Ni-MOF-74 framework. The resulting Ni-
MOF-74 derivatives maintained their crystallinity up to the
fragment incorporation levels of ~20% and exhibited perma-
nent porosity with surface areas of 640-1325 m”> g~ *. The CO,
uptake strongly correlated more with the surface area than with
the pore volume of the defect-engineered Ni-MOF-74 deriva-
tives. The CO, uptake was affected by the type of incorporated
functional group and by its position and size. The defect-
engineered Ni-MOF-74 exhibited a lower isosteric heat of CO,
adsorption compared with that of the pristine Ni-MOF-74,
except for the 3-hydroxysalicylic acid-incorporated derivative.

2. Experimental

2.1. Synthesis of defect-free Ni-MOF-74

A solid mixture of Ni(NO;),-6H,O (198 mg, 0.680 mmol) and
H,DOBDC (95 mg, 0.480 mmol) was dissolved in 10 mL of a N,N-
dimethylformamide (DMF)/ethanol (EtOH)/H,O (15:1: 1, v/v/v)
mixed solvent. The solution was transferred to a 20 mL vial,
tightly sealed and heated at 100 °C for 24 hours. The precipitate
was collected, then washed three times using DMF, followed by
solvent exchange with methanol (MeOH) over 3 days. The
crystalline product kept stored in MeOH before use in the
experiment.

2.2. Synthesis of defect-engineered Ni-MOF-74 derivatives

2.2.1. [Niy(DOBDC); (5-fSA),(OH),(H;0),.,] (5-fSA,). 5-
fSA, was synthesized using a mixed ligand with 2,5-dihydroxy-
1,4-benzenedicarboxylic acid (H,DOBDC) and 5-formylsalicylic
acid (H,-5-fSA) at various mole ratios instead of pure H,DOBDC.
A solid mixture of Ni(NO;),-6H,0 (198 mg, 0.680 mmol), 2,5-
dihydroxy-1,4-benzenedicarboxylic acid (H,DOBDC) (85.6 mg,
0.432 mmol) and H,-5-fSA (8.0 mg, 0.048 mmol) was dissolved
in 10 mL of a mixed solvent (15:1:1, DMF/EtOH/H,0, v/v/v).
The solution was transferred to a 20 mL vial, tightly sealed
and heated at 100 °C for 24 hours, resulting in 5-fSAg ¢g. The
precipitate was collected, then washed at least three times using
DMF, followed by solvent exchange with MeOH for at least five
times over 3 days. The same reactions with the mole ratio of
H,DOBDC : H,-5-fSA at 7:3 and 5: 5 produced 5-fSA 4, and 5-
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fSAy 39, respectively. The crystalline product kept stored in
MeOH before use in the experiment. The total amount of
ligands used maintained 0.480 mmol for all the synthetic
conditions.

2.2.2. [Niy(DOBDC); ,(3-hSA),(OH),,(H,0),.+,] (3-hSA,). A
solid mixture of Ni(NO;),-6H,O (198 mg, 0.680 mmol),
H,DOBDC (85.6 mg, 0.432 mmol) and 3-hydroxysalicylic acid
(H,-3-hSA, 7.4 mg, 0.048 mmol) was dissolved in 10 mL of
a DMF/EtOH/H,0 (15:1: 1, v/v/v) mixed solvent. The solution
was transferred to a 20 mL vial, tightly sealed and heated at
100 °C for 24 hours, resulting in 3-hSAp 6. The precipitate was
collected, then washed at least three times using DMF, followed
by solvent exchange with MeOH for at least five times over 3
days. Similarly, 3-hSA,,; and 3-hSA¢ 41 were synthesized using
the mole ratio of H;DOBDC : H,-3-hSA at 7: 3 and 5: 5, respec-
tively. The crystalline product kept stored in MeOH before use
in the experiment.

2.2.3. [Niy(DOBDC); ,(2-hNA),(OH),(H,0),.,] (2-hNA,). A
solid mixture of Ni(NO3),-6H,O (198 mg, 0.680 mmol),
H,DOBDC (85.6 mg, 0.432 mmol) and 2-hydroxynicotinic acid
(H,-2-hNA, 6.7 mg, 0.048 mmol) was dissolved in 10 mL of
a DMF/EtOH/H,0 (15:1:1, v/v/v) mixed solvent. The solution
was transferred to a 20 mL vial, tightly sealed and heated at
100 °C for 24 hours, resulting in 2-hNA, 6. The precipitate was
collected, then washed at least three times using DMF, followed
by solvent exchange with MeOH for at least five times over 3
days. 2-hNA ;7, and 2-hNA, , were synthesized using the mole
ratio of H,DOBDC : H,-2-hNA at 7: 3 and 5: 5, respectively. The
crystalline product kept stored in MeOH before use in the
experiment.

2.2.4. [Niy(DOBDC),_,(5-hBImCA),(OH),,(H,0),.,] (5-
hBImCA,). A solid mixture of Ni(NO;),-6H,0 (198 mg, 0.680
mmol), H,DOBDC (85.6 mg, 0.432 mmol) and 5-hydroxy-1H-
benzo[d|imidazole-4-carboxylic acid (H,-5-hBImCA, 8.6 mg,
0.048 mmol) was dissolved in 10 mL of a DMF/EtOH/H,0 (15:
1:1, v/v/v) mixed solvent. The solution was transferred to
a 20 mL vial, tightly sealed and heated at 100 °C for 24 hours,
resulting in 5-hBImCA 4. 5-hBImCA, ;, and 5-hBImCA, ,, were
synthesized using the mole ratio of HyDOBDC : H,-5-hBImCA at
7:3and 5 : 5, respectively. The crystalline product kept stored in
MeOH before use in the experiment.

3. Results and discussion

3.1. Synthesis and characterization of defect-engineered Ni-
MOF-74 derivatives

To simultaneously achieve the defect generation and framework
functionalization of the parent Ni-MOF-74, we selected H,-5-fSA
and H,-3-hSA as defect-generating fragment organic ligands
(Fig. 1). The 5-formylsalicylate (5-fSA)-incorporated defect-
engineered Ni-MOF-74 derivative (denoted by 5-fSA,, where x
represents the mole fraction of the integrated 5-fSA*>™ at the
DOBDC*™ ligand sites of the framework) was synthesized by
mixing H,DOBDC with different molar ratios (from 10 to 50%)
of H,-5-fSA. The fragment installation was solvent-dependent:
therefore, the defect-engineered MOFs could only be obtained
in a DMF/EtOH/H,0 (15:1:1, v/v/v) solvent mixture."* The 3-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PXRD patterns (left) and N, sorption isotherms (right) of (a) 5-
fSA, and (b) 3-hSA,.

hydroxysalicylate (3-hSA)-incorporated derivative (3-hSA,) was
also prepared under the same synthetic conditions. The PXRD
patterns of 5-fSA, and 3-hSA, showed that they were iso-
structural to the pristine Ni-MOF-74, and no other phase was
present in the defect-engineered Ni-MOF-74 (Fig. 2). However,
peak broadening was observed in the PXRD patterns at
increasing mole fractions of 5-fSA>~ and 3-hSA®", indicating the
low crystallinity of the defect-engineered MOF-74 at high feed
ratios of the fragment (Fig. 2). The amount of fragment incor-
porated in the defective framework ranged from 8 to 39% for 5-
fSA*>™ and 6 to 41% for 3-hSA>~ (Fig. S1, S2 and Table S1, ESI{).
Similar reactions were performed using two heteroaromatic
fragments, H,-2-hNA and H,-5-hBImCA. Both fragments
possessed -COOH and -OH groups on adjacent carbon atoms,
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Fig. 3 PXRD patterns (left) and N, sorption isotherms (right) of the

heteroaromatic fragment-incorporated defect-engineered Ni-MOF-
74. (a) 2-hNA, and (b) 5-hBImCA,.
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similar to those in salicylic acid (Fig. 1). The reactions resulted
in finely powdered crystalline MOFs (2-hNAx and 5-hBImCA,)
that were isostructural to the pristine Ni-MOF-74 (Fig. 3). When
the initial feed ratio of H;DOBDC : H,-2-hNA or H,-DOBDC : H,-
5-hBImCA was 50:50, the degree of fragment incorporation
reached 20—30% (Fig. S3 and S4, ESIT). Remarkably, the defect-
engineered MOFs exhibited thermal stability, comparable to
that of pristine Ni-MOF-74 (Fig. S5, ESIT). They also showed
excellent stability even in boiling water for 3 days. The PXRD
patterns of defect-engineered MOFs recorded before and after
exposure to boiling water did not show any significant broad-
ening in the PXRD peaks, indicating that no deterioration of
framework structure occurred in boiling water (Fig. S6, ESIT).

3.2. Porosity of defect-engineered Ni-MOF-74 derivatives

The introduction of fragmented ligands into the framework can
affect the surface area and pore volume of defect-engineered
MOFs.* To evaluate the effect of the fragmented ligand instal-
lation on the porosity of the MOFs, we measured their N,
adsorption isotherms at 77 K. The activated defect-engineered
Ni-MOF-74 exhibited type-I isotherms corresponding to micro-
porous solids (Fig. 2 and 3). A continuous increase in N,
adsorption was observed at high relative pressures (P/P, > 0.80)
in all the defect-engineered Ni-MOF-74 derivatives with
increasing defect concentration, suggesting that significant N,
adsorption also occurred on the external surface of the MOFs.*
This is because the external surface of the small sized (typically
nanometer-sized) defect-engineered MOF derivatives is large
enough to influence N, adsorption. The Brunauer-Emmett-
Teller (BET) surface area of the defect-engineered MOFs ranged
from 640 m* g~ ' to 1325 m”> g~ ! with pore volumes of 0.456 cm®
¢ to 0.670 cm® g~ ', As the incorporation level of fragmented
ligands increased in the framework, the BET surface areas
decreased (Table S2, ESIt). The BET surface area and pore
volume of 5-fSAg og, 5-fSA¢ 21, and 5-fSAg 30 were 1325 m*> g~ * and
0.586 cm® g~ ', 1209 m® g ' and 0.670 cm® g, and 894 m* g !
and 0.517 cm® g™, respectively. 3-hSAq o had a BET surface
area of 1323 m”> ¢! and a pore volume of 0.608 cm® g™, while
the BET surface area of 3-hSAg »; (1042 m> g~ ') was significantly
reduced compared to 3-hSAg o6, the pore volume (0.607 cm® g™ )
was almost the same. The further incorporation of 3-hSA*~
fragment led to the drastic decrease in porosity. 3-hSAg .41
exhibited the most drastic decrease in porosity and the lowest
surface area (640 m”> g~') and pore volume (0.456 cm?® g™
among the MOFs because of its poor crystallinity. For 2-hNA,,
the BET surface area and pore volume of 2-hNA, ¢6, 2-hNA 7,
and 2-hNA, ,, were 1325 m* ¢ *and 0.575 em® g %, 1156 m? g *
and 0.550 cm® ¢™*, and 934 m? g~ " and 0.570 cm® g™, respec-
tively. Similarly, the BET surface area and pore volume of 5-
hBIMCA, ¢4, 5-hBImCA, 1,, and 5-hBImCA, , were 1196 m? g !
and 0.539 cm® g, 1189 m* g " and 0.514 cm® g~ ', and 1038 m>
¢ ' and 0.486 cm® g™, respectively. For 5-hBImCA,, the frag-
mented ligand 5-hBImCA>~ had the largest size, so a similar
degree of incorporation resulted in the greatest reduction in
surface area and pore volume.
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The incorporation of fragmented ligands affected the pore
size distributions of the defect-engineered MOF-74 derivatives.
As the mole fractions of 5-fSA>~ increased, the pore-size distri-
butions of 5-fSA, became wider while maintaining the same
mean pore dimension (~12 A) (Fig. S7, ESIt). A similar trend
was observed for 3-hSAg¢¢ and 3-hSA,,;, where 3-hSAg,q
exhibited a broader distribution with the same mean pore
dimension as 3-hSA ¢ (~11 A). However, further incorporation
of 3-hSA®” led to the drastically narrow pore size distribution
with the mean pore dimension of 10 A, as observed in 3-hSAg ;.
In addition, pores with an extremely broad pore size distribu-
tion centered at ~20 A with a total cumulative pore volume of
0.176 cm® g~ " were generated, corresponding to 40% of the total
cumulative pore volume estimated up to 5 nm (Fig. S8, ESIT).
This abnormal pore size distribution might have resulted from
the low degree of crystallinity of 3-hSAq4; because of the
simultaneous occurrence of fast crystal and defect formation in
the presence of a large amount of H,-3-hSA. For 2-hNA,, the
mean pore dimension of 14 A for 2-hNA o6 noticeably shifted to
12 A for 2-hNA, 1, and 10 A for 2-hNA, ,o. 5-hBImCA, exhibited
a similar pore size distribution, with a mean pore diameter of
14 A.

3.3. CO, adsorption of defect-engineered Ni-MOF-74
derivatives

The adsorption behavior of CO, can be affected by the func-
tionalities of the MOFs.? To investigate the effects of functional
groups on the CO, adsorption of defect-engineered Ni-MOF-74
frameworks, CO, adsorption isotherms were measured at 273
K (Fig. 4). The defect-engineered Ni-MOF-74 derivatives were
grouped into three subgroups based on the incorporation level
of fragmented ligands. At low incorporation levels (i.e., ~10% or
less than 10% of the incorporation level), 3-hSAy¢¢ and 2-
hNA, o6 exhibited the highest CO, uptake (169-170 cm® g~ " at 1
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bar and 273 K), followed by 5-fSAq o5 (155 cm® g~ ') (Fig. 4a). 5-
hBImCA, ;, and 5-hBImCA, ¢4 adsorbed 147 cm® g~ and 139
em® g¢7' at 1 bar and 273 K, respectively. CO, adsorption
isotherms were recorded at 195 K to calculate the maximal CO,
uptake capacity (Fig. 4b).>* 3-hSAy o6 and 2-hNA, ¢ exhibited the
equivalent maximum CO, uptake (311 ¢cm® g ') at 1 bar.
However, in the low-pressure region, 2-hNA, o6 adsorbed more
CO, than 3-hSAg 6. In addition, 5-fSAy s and 5-hBImCA 4,
showed almost equivalent CO, adsorption behavior with
a maximum CO, uptake of 285 cm® g~ ' at 1 bar. Among the
MOFs containing ~20% of functionalized fragments, 5-fSAq 5,
exhibited the highest CO, uptake (143 cm® g~ at 1 bar and 273
K), followed by 2-hNA, ;5 (138 cm® g~ ' at 1 bar and 273 K) and 5-
hBIMCA, 5 (121 ecm® g ' at 1 bar and 273 K) (Fig. 4c). Addi-
tionally, 3-hSA, »; exhibited the lowest CO, uptake (114 cm?® gt
at 1 bar and 273 K) among the MOFs in this category, owing to
its poor crystallinity. At an incorporation level of ~30% or more,
the CO, uptake drastically decreased for the defect-engineered
MOFs owing to poor crystallinity (Fig. 4d). Overall, the CO,
uptake of the defect-engineered MOFs exhibited a better
correlation with the surface area than with the pore volume
(Fig. S9, ESI{). Interestingly, 5-fSA, and 3-hSA, showed different
CO, adsorption behaviors. At low incorporation levels of frag-
ments, 3-hSAq e exhibited slightly better CO, uptake than 5-
fSAp.0s. In contrast, 3-hSAg,; and 3-hSAy 4, adsorbed signifi-
cantly less CO, than 5-fSAq,; and 5-fSA, 39, which is attributed
to the poor crystallinity of 3-hSA, at the high incorporation level
of 3-hSA®". This observation is reminiscent of the lower degree
of crystallinity of 3-aSA, (3-aminosalicylate-incorporated Ni-
MOF-74) than 5-aSA, (5-aminosalicylate-incorporated Ni-MOF-
74) at similar fragmented ligand loading levels, as reported in
our previous study."” The poor crystallinity of 3-hSA, may be due
to increased steric hindrance upon incorporation of 3-hSA™".
The -CHO group of 5-fSA, points to the channel without steric
hindrance, whereas the ~-OH group of 3-hSA, may slightly bump
into the framework, resulting in the reduced crystallinity of the
MOF.

3.4. Isosteric heat of adsorption for defect-engineered Ni-
MOF-74 derivatives

The isosteric heat of adsorption (Qy) is a critical factor in gas
storage and adsorptive separation processes.”” To estimate the
Qs values of defect-engineered Ni-MOF-74 derivatives, CO,
isotherms of 5-fSAq s, 3-hSAg g6, 2-hNAg o6, 5-hBIMCA, ;,, and
defect-free Ni-MOF-74 were collected at 273 K, 283 K, and 293 K,
respectively, and Qg values were estimated using the virial
method (Fig. S10—S14, ESIT). The Qg values of CO, adsorption
for defect-engineered MOFs ranged from 31 to 38 kJ mol " at
low CO, loadings, and decreased gradually with increasing CO,
uptake (Fig. 5). These Qg values were comparable to or lower
than that of defect-free Ni-MOF-74. This finding indicated that
the CO, adsorption on the defect-engineered MOFs primarily
occurred at the open metal sites inside the channel, as in the
defect-free Ni-MOF-74.'>** Interestingly, 3-hSAq ¢s had slightly
higher loading-dependent Qg values than those of defect-free
Ni-MOF-74, suggesting that the free hydroxyl group of 3-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Loading-dependent isosteric heats Qg of CO, adsorption of
functionalized defect-engineered Ni-MOF-74 derivatives.

hSAp 06 also interacts with CO, molecule primarily bound to
open Ni** ions inside the channel. A large CO, uptake capacity
with a low Qg value of the absorbent is important for the effi-
cient regeneration of adsorbed CO, in an energy-saving
adsorptive separation process. Lowering the Qg values by
incorporating fragmented ligands may provide insight into the
development of adsorbents with high adsorptive separation
potentials.

4. Conclusions

We synthesized a series of ligand-functionalized defect-
engineered Ni-MOF-74 derivatives using a mixed-ligand
synthesis approach. The crystallinity and microporosity of the
functionalized defect-engineered MOFs depended on the mole
fraction of the incorporated fragments and the type, position
and size of the functional groups. The CO, uptake of defect-
engineered MOFs strongly correlated surface area and crystal-
linity than with pore volume. At high incorporation levels, the
functional groups and crystallinity became more important for
the CO, uptake. The position of the functional groups and the
size of the aromatic rings also affected the CO, uptake. Incor-
poration of fragmented ligands, except the fragmented ligand
with -OH group, lowered the isosteric heat of CO, adsorption.
Defect-engineered Ni-MOF-74 derivatives with high hydro-
thermal stability can be used for a variety of aqueous
applications.
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