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Abstract

The modular nature of metal-organic frameworks (MOFs) enables structural
and functional tuning through controlled combinations of organic linkers and
metal ions. Here, we report an isostructural MOF series, M-DGIST-20,
constructed from trinuclear TiM,(ps-O)(CO0)s (M*™ = Ni**, Co*", and Mn*")
clusters and a naphthalenediimide-based ligand. The frameworks feature high
porosity (~85% void volume) and serve as a platform to examine composition—
function relationships. lodine adsorption experiments reveal metal-dependent
kinetics, with Ni-DGIST-20 showing the fastest uptake due to stronger M-I,
interactions and higher structural robustness. Post-synthetic coordination of
imidazole at open metal sites further increases the adsorption rate and capac-
ity. In addition, efficient photothermal conversion and accessible metal sites in
M-DGIST-20 allow localized heating and Lewis acidic catalysis, accelerating the
Knoevenagel condensation and subsequent Michael addition-intramolecular
cyclization. This study demonstrates how compositional and post-synthetic
tuning can modulate adsorption and catalytic activity of MOFs.

KEYWORDS

Metal-organic frameworks (MOFs) are crystalline porous
materials constructed from metal ions or clusters and
organic linkers.' They have drawn significant attention
because of their large surface areas, tunable pore structures,
and high crystallinity, making them promising in gas stor-
age, separation, sensing, and catalysis.”'> However, many
MOFs are constructed from a single type of linker or metal
ion, and tuning only one component often provides limited
control over the resulting functionality. To overcome this
limitation, the multivariate strategy has emerged as an
effective approach, incorporating multiple linkers or
metal ions within a single framework. This approach
offers not only a means of compositional control but also
opportunities to investigate how composition influences
structures and properties. Various mixed-ligand-based
multivariate-MOFs (MTV-MOFs), including MTV-MOF-5,"*
MUF-7,"> PCN-700,'® and UMCM-1,'” have been developed
as representative examples of frameworks integrating mul-
tiple functionalities.'®*' These materials have been con-
structed through diverse approaches such as one-pot
synthesis using mixed linkers, topological combination of

adsorption, catalysis, metal-organic frameworks, multivariate MOFs, photothermal conversion

ligands with different connectivities, and sequential ligand
installation. In contrast to the extensive development of
mixed-ligand systems, synthesizing mixed-metal-based
MTV-MOFs???8 is far more challenging; different metal
ions often exhibit distinct reactivities and coordination
preferences, which makes it difficult to obtain highly crys-
talline frameworks and often results in different crystallin-
ities across metal ions and even amorphous products.
Consequently, understanding how metal ion composition
influences the structural and functional properties of
MOFs remains a challenge.

In parallel with compositional tuning at the metal
nodes, post-synthetic incorporation of functional mole-
cules offers another effective handle to modulate frame-
work properties.?®*° The installation of Lewis-basic ligands
such as pyridine derivatives, triazoles, imidazole analogs, and
aliphatic amines at open metal sites (OMSs) further modifies
the local coordination environment and strengthens host-
guest interactions by introducing new binding or reactive
sites.’>* These newly generated sites enable additional
interaction pathways, including acid-base interactions,
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FIGURE 1
of Co-DGIST-20 upon imidazole coordination, yielding IM@Co-DGIST-20.

hydrogen bonding, and o-/n-donor effects, which in turn
facilitate guest inclusion and catalytic activation, thereby
extending the functional landscape of MOFs.

In this study, a new series of isostructural MOFs, TiM(j13-
O)Ls (M-DGIST-20, M = Ni**, Co**, and Mn*"), was synthe-
sized by combining a naphthalenediimide (NDI)-based
linker (N,N'-bis(3-hydroxybenzoate)-1,4,5,8-naphthalene-
diimide, L?) with Ti** and divalent metal ions. The strong
Lewis acidity of Ti*" facilitates the crystallization of isostruc-
tural frameworks even in the presence of different M*" ions.
Furthermore, the resulting frameworks can incorporate
either a single transition-metal ions or multiple ones, yield-
ing mixed-metal MTV MOFs. The M-DGIST-20 series also fea-
tures a highly open structure with a void volume of
approximately 85%. However, the removal of guest sol-
vent molecules induces partial structural collapse due
to the combination of large pore volume and the inher-
ent flexibility of the metal nodes.>**® Although direct
evacuation under vacuum is not feasible, the solvent-
containing frameworks retains its structural integrity
and provide highly accessible pores and open metal
sites (OMSs), offering an excellent platform to systemat-
ically investigate how compositional factors, including
the incorporated metal ions and post-synthetic coordi-
nation of functional molecules, influence overall frame-
works behavior.

M-DGIST-20 was solvothermally synthesized by combin-
ing H,L with various Ti*" precursors and M?" nitrates in a

(a) Synthetic route of M-DGIST-20 and its single-crystal structure showing the pore architecture and metal node. (b) Structural change

1:1 mixture of N,N-dimethylformamide (DMF) and N,N-
diethylformamide (DEF) at 150 °C. Initially, titanium isoprop-
oxide (Ti(OPr),) and titanium butoxide (Ti(OBu),) were
employed as Ti*" precursors. However, their high reactivity
mainly resulted in amorphous products (Figure S7). To
address this issue, preformed Ti-oxo clusters were employed
to promote more uniform nucleation and crystal growth.
Since these clusters contain six-coordinated Ti*' centers,
their moderated reactivity allows more controlled crystalli-
zation.3”*® When TigOs(O'Pr)s(t-BA)s (O'Pr = isopropoxide,
t-BA = tert-butylacetate) was used, the hydrophobic
ligands reduced the solubility and overall reactivity, pre-
venting complete reaction and subsequent crystallization.
In contrast, TigOs(OPr)s(AB)s (AB = 4-aminobenzoate)
afforded large and uniform single crystals of Ni-DGIST-20
and Co-DGIST-20 (Figure 2a). These results indicate that
the coordination environment around the Ti*" centers crit-
ically influences precursor reactivity and that fine-tuning
the cluster structure is essential for controlling crystal
growth kinetics and improving framework crystallinity.

The crystal structures of Ni- and Co-DGIST-20, deter-
mined by single-crystal X-ray diffraction (SCXRD),*® reveal a
three-dimensional network constructed from TiM,(us-O)
(CO0)s nodes composed of one Ti*" ion and two divalent
transition-metal ions. Within each metal node, all metal
ions adopt an octahedral coordination environment, and
six L~ ligands are coordinated to each node, with
each ligand bridging two adjacent metal nodes. Although
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FIGURE 2 Optical microscopy images of M-DGIST-20 incorporating (a) a single and (b) two or three types of transition metal ions (scale
bars = 200 pm). (c) PXRD patterns of as-synthesized M-DGIST-20 compared with the simulated pattern of Co-DGIST-20. All the samples were

synthesized using benzoic acid as a modulator.

Ni- and Co-DGIST-20 share the same framework topology,
their M—O bond lengths differ, with Ni—p3-O and Co—3-O
distances of 1.958(4) and 2.083(5) A, respectively. Both
frameworks crystallize in the P63/m space group and con-
tain trigonal bipyramidal pores (Figure 1a and Table S1).

Furthermore, inspired by our previous study on the
mixed-metal MTV-MOF, MM'-DGIST-14,*® which shares the
same metal node as M-DGIST-20 and exhibited enhanced
crystallinity, structural stability, and photoactivity upon incor-
poration of multiple transition metal ions, we attempted the
synthesis of M-DGIST-20 using Ti*" ions combined with two
or more transition-metal ions (Ni**, Co*", and Mn*") in 1:1:1
or 1:1:1:1 feed ratios. To optimize the crystallization process,
various organic and inorganic acids were tested as modulators
(Figure S8). Among these, benzoic acid was the most effective,
affording not only Ni- and Co-DGIST-20 but also mixed-metal
analogs NiCo, NiMn-, CoMn-, and NiCoMn-DGIST-20
(Figure 2b). Notably, the crystals obtained using benzoic acid
exhibited distinct morphologies compared with those synthe-
sized using formic acid; however, their PXRD patterns con-
firmed that all M-DGIST-20 variants share the same framework
structure (Figures 2c and S6). The metal ion compositions and
incorporation ratios of each crystal were determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES) (Table S2), and the co-presence of Ti*" and M*"
within individual crystals was verified by scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-
EDS) (Figure S11). Notably, while the synthesis of Mn-
DGIST-20 was unsuccessful, Mn?" could be incorporated
when combined with Ni** or Co®", yielding NiMn-, CoMn-,
and NiCoMn-DGIST-20. These results illustrate that multiple
metal ions can promote framework formation, suggesting
that compositional tuning at the metal nodes offers a
promising route to expand structural diversity.

Although M-DGIST-20 possesses a highly open framework
structure, the removal of solvent molecules from the pores

induces partial structural collapse, resulting in negligible N,
uptake. Thus, liquid-phase iodine adsorption experiments were
conducted to evaluate the accessible porosity and to examine
how the incorporated metal ions influence the adsorption
behavior. lodine uptake from cyclohexane was monitored by
UV-Vis spectroscopy at exposure times ranging from 1 to
150 h. Among the series, Ni-DGIST-20 exhibited the fastest
iodine adsorption kinetics, whereas Co-DGIST-20 was more
than two times slower. In contrast, NiCo-DGIST-20, which con-
tains Ni*™ and Co®" in an approximately 6:4 ratio, displayed a
markedly faster adsorption rate than Co-DGIST-20, underscor-
ing the pronounced kinetic contribution of Ni**. The adsorp-
tion rates followed the order Ni- > NiCo- > Co- ~ NiCoMn-
> NiMn- > CoMn-DGIST-20 (Figure 3a). This trend aligns with
the Irving-Williams series (Ni*™ > Co?™ > Mn?"),%*" which pre-
dicts progressively stronger metal-ligand binding and higher
complex stability from Mn®*" to Ni**. Therefore, the stronger
coordination environment around Ni*" centers, together with
the enhanced structural robustness, appears to be the key fac-
tor responsible for the accelerated iodine adsorption observed
in Ni-containing MOFs.

Nevertheless, even Ni-DGIST-20, the fastest in the series,
exhibited relatively slow adsorption kinetics (96 h to reach
99% removal), indicating that the framework has limited
intrinsic affinity toward iodine. Nitrogen-containing moieties
such as amine, pyridine, and imidazole are known to inter-
act strongly with iodine.**”** Guided by this, M-DGIST-20
crystals were soaked in a 0.1 M imidazole solution, and imid-
azole was incorporated at the OMSs, as confirmed by SCXRD
and "H NMR analysis (Figures 1b and S3). In Ni-DGIST-20,
all OMSs were coordinated within 30 min, whereas in
Co-DGIST-20, only about 30% were coordinated in the
same period, requiring more than 6 h for complete
incorporation due to the weaker binding preference of
imidazole for Co®" relative to Ni*" (Figure 3b). The
imidazole-modified frameworks, IM@Ni-DGIST-20 and

858017 SUOWWIOD A1) 8|qeo!jdde 8y A peuienob ae sspiie YO ‘8sn JO Sa|n. 10} Ariq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O A3 1M AeIq 1 BUI|UO//Sdny) SUORIPUOD pue SWe 1 8yl 88S *[9202/20/zz] Uo AriqiTaulluo 48| ‘JO @nisul ynqBuoeko nbeeq Aq ZTTOL'SOA/Z00T OT/I0P/WO0D A8 | Im AreIq1juljuo//:sdiy Wo.j pepeojumod ‘€ ‘9202 ‘6765622T



248 | BULLETIN OF THE
KOREAN CHEMICAL SOCIETY

SEO ET AL.

(a)
A1 00 T e ——-
g .
)
c s
2 )
Q ‘
E
[
©
2 e~ Ni-DGIST-20
£ NiCo-DGIST-20
o e~ Co-DGIST-20
ﬂf\‘ —o- NiCoMn-DGIST-20

-~ NiMn-DGIST-20

. . . . _—* CoMn-DGIST-20
24 48 72 96 120 144

Time (h)
(c)
_100 -
/I
I/I

*- IM@Ni-DGIST-20
—— IM@Co-DGIST-20
~o— Ni-DGIST-20
o Co-DIGIST-ZO i

I, Removal efficiency (%

0 24 48 72 96 120 144
Time (h)

100 -

80

60+

40+

20+

IM coordination ratio (%)

0.5 1 2 3 6

(d)

IM@Ni-DGIST-20
7 ¢ IM@Co-DGIST-20

/- - - Pseudo-first order ¢ Ni-DGIST-20

—— Pseudo-second order ¢ Co-DGIST-20

0 24 48 72 96 120 144
Time (h)

FIGURE 3 (a) Comparison of iodine adsorption kinetics among M-DGIST-20 samples with different metal compositions in 1 mM |, solution. (b)
Comparison of the imidazole coordination ratio at OMSs of Ni-DGIST-20 and Co-DGIST-20 as a function of treatment time in 0.1 M imidazole solution.
Comparison of iodine adsorption kinetics between M-DGIST-20 and IM100@M-DGIST-20 (c) in 1 mM I, solution and (d) in 8 mM I, solution, fitted using

the pseudo-first-order and pseudo-second-order models.

IM@Co-DGIST-20, exhibited significantly enhanced iodine
adsorption kinetics. After 4 h of exposure, IM@Ni-DGIST-20
and IM@Co-DGIST-20 achieved iodine removal efficiencies
of 98% and 93%, respectively, whereas their pristine coun-
terparts showed only 44% and 15% under the same condi-
tions (Figure 3c¢). Imidazole coordination also increased the
equilibrium iodine uptake. In an 8 mM I, solution, pristine
Ni-DGIST-20 and Co-DGIST-20 exhibited equilibrium capaci-
ties of 473 and 305 mg g~ ', respectively, whereas IM@Ni-
DGIST-20 and IM@Co-DGIST-20 reached 529 and
518 mg g ', corresponding to 1.33 and 1.31 |, molecules
per imidazole (Figure 3d). These results demonstrate that
the incorporated imidazole strengthens the interaction
between the framework and iodine.

The as-synthesized samples are black crystals due to the
formation of NDI'™ radicals, generated as formate species
act as electron donor during the thermal decomposition of
DMF.* Upon exposure to air, the crystals rapidly oxidized
within 10 min, turning light brown, and this redox process
was found to be reversible. Under an inert atmosphere, visi-
ble light (405 nm) or IR (808 nm) irradiation in the presence
of the electron donor triethylamine restored the dark-
colored reduced state (Figure 4a). The formation and disap-
pearance of the NDI™ radicals during these redox cycles
were confirmed by EPR analysis (Figure 4b).

The IR responsive redox behavior of M-DGIST-20 moti-
vated further examination of its photothermal properties.*®
The solid-state UV-Vis spectra exhibit weak absorption in the
near-infrared region, indicating small energy gaps that favor
nonradiative decay pathways (Figure S12). Upon 808 nm irra-
diation, M-DGIST-20 showed a pronounced temperature rise,
reaching 120 °C, whereas the NDI ligand (H,L) increased only
to 80 °C (Figures 4c and S5a). These results confirm that the
MOF dissipates absorbed IR energy more effectively as heat.

The photothermal property of M-DGIST-20 enables
its use as an internal heat source to drive organic
transformations,*” while the Lewis acidic OMSs function as
catalytic sites.**** To evaluate this photothermal-assisted
catalytic behavior, M-DGIST-20 was applied to the Knoeve-
nagel condensation of benzaldehyde and malononitrile.** In
the absence of a catalyst, no product was formed even
under external heating at 50 °C (entries 1 and 2 in Table 1).
When a suspension containing M-DGIST-20 was irradiated
with an 808 nm IR laser for 3 h, the solution temperature
increased to approximately 43 °C (Figures 4d and S5b).
Under these conditions, Ni-DGIST-20, Co-DGIST-20, and
NiCo-DGIST-20 afforded vyields of 94%, 94%, and 89%,
respectively, which were higher than those obtained under
conventional thermal heating at 50 °C (88%, 84%, and 86%,
respectively; entries 3-8 in Table 1).
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FIGURE 4 (a) Optical microscopy images and (b) corresponding EPR spectra of Ni-DGIST-20 in the as-synthesized, oxidized, and photoinduced

reduced states. (c) Repetitive photothermal conversion curves for dried H,L, Ni-DGIST-20, and Co-DGIST-20. (d) Repetitive photothermal conversion of

Ni-DGIST-20 in the Knoevenagel condensation reaction mixture.

TABLE 1
thermal (50 °C) and IR-induced (808 nm) conditions.

AN

+ NC CN

benzaldehyde malononitrile

Comparison of catalytic performance in the Knoevenagel condensation of benzaldehyde and malononitrile using 10 mol% catalyst under

CN
Z “CN
Catalyst
_—
ACN
IRor A

2-benzylidenemalononitrile

Entry Catalyst/mol% Reaction condition Time (h) Yield (%)
1 No catalyst ACN, 50 °C 3 0
2 H,L/10 ACN, 50 °C 3 0
3 Ni-DGIST-20/10 ACN, 50 °C 3 88
4 Ni-DGIST-20/10 ACN, 808 nm 3 94
5 Co-DGIST-20/10 ACN, 50 °C 3 84
6 Co-DGIST-20/10 ACN, 808 nm 3 94
7 NiCo-DGIST-20/10 ACN, 50 °C 3 86
8 NiCo-DGIST-20/10 ACN, 808 nm 3 89
9 Co-DGIST-20/10 ACN, RT 24 24

Note: Yields were determined by '"H NMR. Bold values indicate the yields obtained under IR irradiation, highlighting the superior catalytic performance compared to conventional

heating.

A one-pot cascade reaction combining the Knoevenagel
condensation and subsequent naphthol integration through
Michael addition-intramolecular cyclization was also carried
out under the same conditions.® Under conventional

heating at 50 °C, the yield of 2-amino-4-phenyl-4H-benzolh]
chromene-3-carbonitrile reached ~80% after 9 h and
required 24 h for complete conversion. In contrast, IR
irradiation achieved complete conversion within 9 h,
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TABLE 2 Comparison of catalytic performance in the Knoevenagel condensation of benzaldehyde and malononitrile and subsequent Michael
addition with and without catalysts under thermal (50 °C) and IR-induced (808 nm) conditions.

Ox OH
ol

1-naphthol

benzaldehyde malononitrile

NH,
0N CN
Catalyst
—
- OO0
IRor A

2-amino-4-phenyl-4H-
benzo[h]chromene-3-carbonitrile

Entry Catalyst/mol% Reaction condition Time (h) Yield (%)
1 No catalyst/mol% ACN, 50 °C 9 0
2 HyL/10 ACN, 50 °C 9 0
3 Ni-DGIST-20/10 ACN, 50 °C 9 82
4 Ni-DGIST-20/10 ACN, 808 nm 9 100
5 Co-DGIST-20/10 ACN, 50 °C 9 80
6 Co-DGIST-20/10 ACN, 808 nm 9 100
7 NiCo-DGIST-20/10 ACN, 50 °C 9 76
8 NiCo-DGIST-20/10 ACN, 808 nm 9 99
9 Co-DGIST-20/10 ACN, RT 24 0

Note: Yields were determined by '"H NMR. Bold values indicate the yields obtained under IR irradiation, highlighting the superior catalytic performance compared to conventional

heating.

confirming that the combined catalytic and photother-
mal functions of M-DGIST-20 substantially enhance the
overall reaction rate of this multistep transformation
(entries 3-8 in Table 2). These results demonstrate that
M-DGIST-20 acts both as a catalyst and as a self-heating
medium that accelerates the reaction through localized
photothermal heating near the catalytic sites, where
transient local temperatures may reach ~120 °C while
the bulk solution remains below 50 °C.

CONCLUSION

This study demonstrates that metal-ion compositional con-
trol in MOFs serves as an effective strategy to tune their
functional behaviors. A new family of heterometallic, iso-
structural MOFs, M-DGIST-20, was synthesized using an NDI-
based linker, Ti** clusters, and M?* ions (Ni?*, Co?*, Mn?™).
Although these materials are nominally porous, which
exhibit highly open structures but undergo partial collapse
upon activation, their accessible pores under solvated condi-
tions enabled systematic investigation of composition-
function relationships. Variation in the incorporated metal
ions systematically influenced the iodine adsorption kinetics
and framework stability, with Ni-containing structures exhi-
biting the fastest uptake due to stronger M-I, interac-
tions. Furthermore, post-synthetic coordination of
imidazole molecules at the OMSs greatly enhanced
both the adsorption rate and the overall iodine capac-
ity, underscoring the importance of targeted functio-
nalization in optimizing host-guest interactions. The
incorporation of NDI linkers additionally endowed
the frameworks with efficient photothermal conversion
capability. Combined with the Lewis acidic metal sites,
M-DGIST-20 enabled self-heating under IR irradiation

and thereby catalyzed thermally driven organic transfor-
mations. These findings offer useful guidelines for the
rational tuning of MOF compositions toward desired
functionalities.
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