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Precise structural regulation is crucial for tailoring the functions of metal-organic frameworks (MOFs). In
this work, we report a subtle pillar-engineering strategy, which involves changing the hexafluoride anion
from SiFe>~ to TiFg2~, which can trigger a dramatic topological transformation in Cu-based MOFs con-
structed from 1,3,5-tris(2-methyl-1H-imidazol-1-yl)benzene (TMBIB). The resulting frameworks, Cu-
TMBIB-a and Cu-TMBIB-b, exhibit entirely different network architectures: Cu-TMBIB-a adopts a classical
pillar porous-layered structure with a 3,4,5-c topology, whereas Cu-TMBIB-b features a rare pillar-
double-channelled framework with an 8,12-c topology. This distinct evolution in the framework architec-
ture is hierarchically driven by the geometric and electronic disparities between the inorganic pillars,
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which regulate metal-node coordination and the subsequent assembly process. Notably, Cu-TMBIB-a
shows good stability and favorable iodine adsorption performance. This work not only reveals pillar engin-
eering as a powerful tool for MOF topology, but also expands the structural diversity of pillared frame-
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1 Introduction

Metal-organic frameworks (MOFs), a class of crystalline
porous materials, are constructed by the self-assembly of
metal ions or clusters (serving as secondary building units,
SBUs) and organic ligands via coordinative bonds."
Distinguished by their unique structural merits, MOFs feature
ultrahigh specific surface areas, tailorable pore dimensions
and topological architectures. Additionally, their modular syn-
thesis allows for precise functionalization of frameworks to
integrate diverse active sites. These characteristics have ren-
dered MOFs versatile across multiple fields: high-performance
proton conductors for anhydrous proton-exchange membrane
fuel cells,” efficient adsorbents for capturing radioactive iodine
from aqueous systems,”> and promising platforms for gas sep-
aration,® fluorescence sensing® and heterogeneous catalysis.®
Current research trends for MOFs are moving toward rational
structural design for multifunction integration, enhancement
of stability under practical working conditions and realization
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works, offering a rational design strategy for developing advanced separation materials.

of scalable fabrication,” which are expected to address key
challenges in energy®® and environmental fields'*"* and
promote their practical deployment.

Building on their tailorable pore dimensions, topological
versatility and modular synthesis highlighted above, the incor-
poration of hexafluoride anions as inorganic pillars has
emerged as a pivotal strategy for constructing pillar-layered
MOFs, attributed to their robust electrostatic interactions,
tunable coordination behaviors and superior structural
stability."**® The development trajectory of hexafluoride-based
pillar-layered MOFs traces back to pioneering reports on the
SIFSIX series, where SiFs>~ pillars bridged 2D metal-organic
layers to form 3D frameworks with a pcu topology, establishing
a fundamental platform for pore size optimization and func-
tionality integration;"”™"° subsequent advancements expanded
the repertoire of hexafluoride pillars to PF¢, TiF>~, GeFg*~
and NbOFs>~, whose distinct bond lengths, ionic radii and
electronegativities enabled fine-tuning of interlayer distances
and pore microenvironments at the sub-nanometer scale.**">*
Synthesis regulation has been instrumental in driving struc-
tural diversification: ligand design evolved from bidentate
linkers (e.g., bipyridine) to multidentate N-containing ligands
(e.g., tri(pyridin-4-yl)amine (TPA)** and 1,2,4,5-tetra(4-pyridyl)
benzene (TPB)),> which effectively suppressed framework
interpenetration and yielded diverse topologies (e.g., ith-d and
fsc) featuring cage-like or hierarchical channel structures,
while metal ion substitution (e.g., Zn>* to Cu®") further modu-
lated coordination geometries to expand pore cavities and opti-
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mize host-guest interactions.>® Notably, subtle variations in
pillar identity can alter the pore aperture and channel con-
figuration even under analogous synthetic conditions.>”*® The
intrinsic geometric and electronic disparities between hexa-
fluoride anions themselves constitute a critical regulatory
handle, which highlights the potential for precise structural
engineering.

Along with our prior explorations in hexafluoride-based
pillar-layered MOFs, in which pillar identity, ligand architec-
ture and metal ion selection have been validated as effective
levers for structural tuning,>’*® in the present work,
we employed 1,3,5-tris(2-methyl-1H-imidazol-1-yl)benzene
(TMBIB, Scheme 1) as the organic linker, a rigid tridentate
imidazole-containing ligand that can form stable coordination
networks. Under liquid-liquid diffusion conditions with analo-
gous temperature, solvent composition and reactant molar
ratios, we introduced SiFs>~ and TiF>~ as inorganic pillars
respectively. This approach has led to the formation of two dis-
tinct MOF architectures: Cu-TMBIB-a possesses a classic pillar-
layered framework, while Cu-TMBIB-b exhibits a unique pillar
double-channelled topology. This structural divergence is
driven solely by the geometric and electronic differences
between the two hexafluoride pillars. This demonstrates the
remarkable sensitivity of the framework assembly to subtle
variations in inorganic building blocks and achieves promis-
ing topological modulation. Notably, Cu-TMBIB-a exhibits
exceptional iodine adsorption performance, which under-
scores the potential of these topology-tailored MOFs as practi-
cal adsorbents for iodine-related separation and storage
scenarios.

2 Experimental
2.1 Synthesis of the ligand

The organic ligand TMBIB was synthesized via a slightly modi-
fied solid-state Ullmann reaction as previously reported,>
using 1,3,5-tribromobenzene and 2-methylimidazole as the
starting materials. The chemical structure of TMBIB was con-
firmed by '"H NMR spectroscopy (400 MHz, CDCl;): § = 2.498
(s, 9H), 7.091 (d, 3H), 7.102 (d, 3H), 7.351 (s, 3H).

2.2 Synthesis of materials

Both target MOFs were prepared by the liquid-liquid diffusion
method. Briefly, metal salts and TMBIB were separately dis-
solved in different solvents, then sequentially layered in a reac-

Né:N /NL:P

Scheme 1 Ligand TMBIB: (2-methyl-1H-imidazol-1-yl)benzene.
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tion tube with a solvent buffer layer inserted to slow down the
reactant contact rate and facilitate crystallization. The two
MOFs share the same TMBIB ligand but differ in their metal
salt and inorganic pillar precursor combinations: Cu-TMBIB-a
was synthesized using Cu(OAc), and (NH,),SiF¢, while for Cu-
TMBIB-b CuCl, and (NH,),TiFs were employed. Detailed syn-
thetic procedures are provided in the SI.

3 Results and discussion
3.1 Structure of Cu-TMBIB-a

Cu-TMBIB-a crystallizes in the tetragonal I4/mcm space group
with a formula of [C;;H;,Cu3FsN,,0Si-2(SiFs)]-xSolvent
(Table S1). The asymmetric unit of Cu-TMBIB-a consists of two
distinet Cu clusters (Cul and Cu2), TMBIB ligands, and SiFg>~
inorganic pillars (Fig. S3). Cul adopts a 4-c square planar
coordination geometry, chelating with four N atoms from
different TMBIB ligands, whereas Cu2 functions as a 5-c node
with a distorted square pyramidal configuration, coordinated
by four ligand N atoms and one lattice O atom. As a rigid tri-
dentate linker, each TMBIB ligand bridges three Cu nodes
through its imidazole N atoms, establishing a robust connec-
tion between metal centers. The SiF>~ anions, serving as in-
organic pillars, provide structural support for the overall
framework. Framework assembly of Cu-TMBIB-a is centered
on the formation and connection of SBUs. Cul and Cu2 clus-
ters and TMBIB ligands first construct two types of character-
istic cage-like SBUs: octahedral cage A and pentahedral cage
B. Cage A is composed of two Cul clusters, four Cu2 clusters
and eight TMBIB ligands (Fig. S4), while cage B comprises
four Cul clusters, one Cu2 cluster and four ligands (Fig. S5).
These two cages are periodically linked by sharing Cu nodes to
form a 2D porous layered structure (Fig. 1c). Adjacent 2D layers
are vertically supported by SiF,>~ pillars, resulting in a classic
pillar-layered 3D framework with an AB-type stacking mode
(Fig. 1d) and an interlayer distance of ~6.4 A, which ensures
structural stability and pore connectivity. Connolly surface ana-
lysis®® (probe radius = 1.2 A) was employed to characterize the
porous architecture of Cu-TMBIB-a, revealing two intercon-
nected pore systems within the 3D framework (Fig. 2). Along
the a-axis, the pores exhibit regular hexagonal cross-sections
with pore sizes of ~2.7-2.8 A, while one-dimensional through-
pores are formed along the c-axis, matching the internal space
of the cage-like SBUs. The calculated solvent-accessible pore
volume is substantial, providing ample space for the adsorp-
tion and transport of guest molecules, which lays a structural
foundation for its excellent iodine adsorption performance.
Topological simplification analysis was performed to clarify
the framework connectivity:>* TMBIB ligands are treated as 3-c
nodes, SiF¢>~ pillars as 2-c nodes, and Cu1/Cu2 clusters as 4-c
and 5-c nodes (Fig. 3). This simplification reveals a 3,4,5-c
topology, where the connection between nodes adheres to the
minimum ring principle, forming a thermodynamically stable
network that verifies the rationality of the framework structure.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 View of the construction of Cu-TMBIB-a: (a) two kinds of Cu clusters, the connection of ligand TMBIB and SiF¢2~; (b) structures of octa-
hedron cage A and pentahedron cage B, connected by the Cul cluster, Cu2 cluster and ligand; (c) the porous layer formed by the former polyhe-
drons; and (d) the pillar porous-layered framework Cu-TMBIB-a. Cu — red atoms, N — blue, C — gray; hydrogen atoms and the minor disorder com-

ponents of the ligands.
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Fig. 2 Views of the structures and accessible pores of Cu-TMBIB-a: (a and b) arrangement of the adjacent layers; (c and d) views of the frameworks
along the different directions; and (e and f) the Connolly surfaces display two pore spaces which correspond to (c) and (d), respectively; the radius

of the probe is 1.2 A.

3.2 Structure of Cu-TMBIB-b

Cu-TMBIB-b belongs to the tetragonal P4/mnc space group
with an empirical formula of [Cy;6H,16Cu10F30N7,Ti5|-xSolvent.
Distinct from Cu-TMBIB-a, the asymmetric unit of Cu-TMBIB-
b contains three types of Cu nodes (Cul, Cu2, and Cu3),
TMBIB ligands and TiFs”>~ inorganic pillars (Fig. $10). Cuil,

This journal is © The Royal Society of Chemistry 2026

Cu2 and Cu3 adopt 3-c, 4-c and 5-c coordination modes,
respectively, forming diverse coordination geometries through
bonding with imidazole N atoms of TMBIB ligands. Notably,
the coordination environment of Cu3 is significantly distorted
due to the steric hindrance and electronic effects of TiF>".
TMBIB ligands retain their tridentate bridging feature but
exhibit different coordination angles compared to those in Cu-

Dalton Trans., 2026, 55, 4813-4820 | 4815
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Fig. 3 Schematic representation of the topology of Cu-TMBIB-a: the ligand can be considered as a 3-c node, and SiF¢2~ can be considered as a 2-c

node.

TMBIB-a, a variation attributed to the geometric and electronic
differences between TiFs>~ and SiFs>~. TiFs>~ anions act as
pillars and further stabilize the framework through hydrogen
bonding interactions between their F atoms and H atoms on
the ligands (Table S3). The framework assembly of Cu-TMBIB-
b gives rise to a pillar double-channelled architecture, whose
hierarchical structure is comprehensively revealed by structural
analysis and pore characterization. Three types of Cu nodes
and TMBIB ligands first construct “core-shell” nested layers:
the inner layer consists of tetragonal prism channels with an
internal pore size of ~20.0 A, while the outer layer forms
approximate cylindrical channels with a larger diameter of
~39.1 A. These inner and outer layers are covalently linked
through shared Cu nodes and ligand segments, ensuring
structural cohesion while creating a dual-channel framework.
TiFs>~ pillars vertically penetrate the interlayer spaces between
adjacent nested layers, transforming into a 3D framework with
parallel-stacked double layers and an interconnected channel
network (Fig. 4). Complementing this primary dual-channel
structure, interstitial pores (~5.2 A) arise from the geometric
mismatch between the inner tetragonal prisms and outer
cylinders, acting as “transport corridors” that bridge the inner
and outer channels (Fig. 5). Connolly surface analysis®* further
confirms the integrated nature of the pore system: the inner
channels (N-rich surfaces) and outer channels (F-enriched sur-
faces) exhibit heterogeneous surface chemistry, while their
seamless connection with interstitial pores yields a hierarchi-
cal porous architecture with a significantly total accessible
surface area. Topological simplification clarifies the connec-
tivity of this interesting framework: the molecular unit of tri-
angular prisms between the inner and outer channels is
defined as a 12-c node, while the ligand groups linking adja-
cent molecular units function as 8-c nodes (Fig. 6). These
nodes are orderly connected via coordination bonds to form
an 8,12-c topology, an unusual motif among hexafluoride-pil-

4816 | Dalton Trans., 2026, 55, 4813-4820

lared MOFs that underscores the profound role of inorganic
pillar regulation in broadening topological diversity. The
phase purity and high crystallinity of the two MOFs were con-
firmed by PXRD (Fig. S14). In addition, these frameworks start
to decompose around 200 °C (Fig. S16).

3.3 Structural evolution and regulation

Cu-TMBIB-a and Cu-TMBIB-b were synthesized using identical
reaction parameters via the liquid-liquid diffusion method,
using TMBIB as the organic linker. The fundamental structural
difference between the two MOFs originates solely from the
variation of inorganic pillar anions and the corresponding
adjustment of metal salts. SiFs>~ features a smaller ionic
radius (~2.6 A) and a symmetric regular octahedral configur-
ation, while TiFs>~ has a larger ionic radius (~2.8 A) and an
uneven electron distribution due to the high electronegativity
of Ti**. These intrinsic differences in geometric and electronic
properties directly modulate the coordination modes of metal
nodes,***? the conformation of organic ligands'®** and the
final framework assembly pathway, serving as the core struc-
tural switch for the topological transformation. The high sym-
metry and weak coordination activity of SiFs>~ induce Cu
nodes to form two stable coordination modes (4-c and 5-c),
while the steric hindrance and electronic effects of TiFg>~
trigger the formation of three coordination configurations (3-c,
4-c and 5-c) for Cu nodes, laying the foundation for structural
diversification. Differences in coordination modes further lead
to variations in the composition of cage-like SBUs. Cu-TMBIB-
a forms octahedral/pentahedral dual-cage structures, while Cu-
TMBIB-b constructs triangular prism/tetragonal prism nested
interlayer cavities, which directly affect the construction mode
of layered structures. The disparity in layered structures ulti-
mately results in a fundamental change in 3D topology, trans-
forming from a classic pillar-layered topology of Cu-TMBIB-a
into a unique pillar-double-channelled topology of Cu-TMBIB-

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 View of the structure of Cu-TMBIB-b: (a) the coordination modes of three Cu atoms, ligand TMBIB and TiFs>~; (b and c) views of the inner
and outer channels along the different directions; and (d) view of the whole pillar porous-layered framework along the c-axis. Cu: red atoms; N:
blue; and C: gray; green, blue and brown polyhedra represent the three formed Cu clusters, respectively. Hydrogen atoms and the minor disorder

components of the ligands are omitted.

Fig. 5 View of the building block of Cu-TMBIB-b: structure of triangu-
lar prism and tetragonal prism cavities between the inner and outer
channels.

b. This sequential regulation from the coordination environ-
ment to SBUs and finally to the topology realizes the precise
design of framework structures through a single variable.

3.4 Iodine adsorption performance of Cu-TMBIB-a

Iodine capture is crucial for industrial processes and environ-
mental remediation. Due to the poor stability of Cu-TMBIB-b,

This journal is © The Royal Society of Chemistry 2026

only Cu-TMBIB-a was subjected to systematic iodine adsorp-
tion-desorption investigations. XPS quantitative analysis
(Table S4) confirmed successful iodine capture, with character-
istic I 3d peaks at 618.3 eV (I 3ds,) and 629.9 eV (I 3ds)
(Fig. 7a). The adsorption capacity was determined to be
~250 mg g~', comparable to state-of-the-art MOF adsorbents.’
The PXRD patterns of Cu-TMBIB-a before adsorption, after
adsorption, and after desorption all match the simulated
pattern, confirming the framework’s crystallinity and struc-
tural integrity throughout the entire adsorption-desorption
cycle. This stability stems from the robust SiFs>~-pillared archi-
tecture and the regular dual-pore system (2.7-2.8 A and c-axis
through-pores), which offer ample adsorption sites and space.
Desorption experiments evaluated recyclability. The process
was monitored via UV-Vis spectrophotometry at 5-minute
intervals by tracking the characteristic iodine peak at 290 nm
(Fig. 7c). To verify equilibrium attainment, monitoring was
initially conducted for 90 minutes. The desorption profile
showed an initial rapid release (0-30 min), followed by a pro-
gressively slowing rate (30-60 min). After 60 minutes, spectral
changes became negligible, with absorbance differences
between consecutive points below 0.005. A calibration curve
(Fig. S18) determined the desorption efficiency at 60 minutes
to be ~90%. This timeframe was selected as the optimal end-
point, balancing high desorption performance with practical
time considerations for adsorbent recyclability. This favorable
reversibility stems from interconnected pore channels that
reduce mass transfer resistance and weak framework-iodine
interactions, facilitating efficient iodine diffusion without
structural damage. The I 3d spectrum of I,@Cu-TMBIB-a
(Fig. 7a) exhibited peaks corresponding to neutral I, molecules
(618.3 eV, 629.9 eV) with no polyiodide ion signals, indicating

Dalton Trans., 2026, 55, 4813-4820 | 4817
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Fig. 6 Schematic representation of the topology of Cu-TMBIB-b: the molecular unit can be considered as a 12-c node, and the linker group can be
considered as an 8-c node.
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Fig. 7 (a) 1 3d, O 1s and N 1s scans of XPS for Cu-TMBIB-a (black line) and 1,@Cu-TMBIB-a (purple line); (b) PXRD patterns of Cu-TMBIB-a (simu-
lated, as-synthesized, after |, capture, and after desorption); (c) UV-vis spectra of I, releasing from 12.2 mg of |,@Cu-TMBIB-a in 20 mL of EtOH at
different times; and (d) the gradually increasing adsorption intensity with time (purple solid dots) is in good agreement with the standard curve
(black solid line), and the red pentagram represents the concentration of the I, solution after 60 minutes.

adsorption in molecular form without redox reactions. Pristine to 400.6 eV, which reflects electron density loss from N atoms
Cu-TMBIB-a exhibited a N 1s peak at 398.9 eV corresponding and is attributed to charge transfer via lone pair donation
to imidazole N (Fig. S19); after adsorption, the peak upshifted from N to 1,.>***® The O 1s peak of lattice oxygen slightly

4818 | Dalton Trans., 2026, 55, 4813-4820 This journal is © The Royal Society of Chemistry 2026
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shifted from 531.8 eV to 532.0 eV, suggesting weak O-H:-I,
hydrogen bonds stabilizing adsorbed iodine. Iodine adsorp-
tion by Cu-TMBIB-a relies on the synergy of pore confinement
and weak chemical interactions: size-matching dual pores with
diameters of 2.7-2.8 A trap I, via van der Waals forces, while
N — I charge transfer and O-H---I, hydrogen bonds enhance
adsorption affinity and ensure reversible desorption. This
mechanism explains the high adsorption capacity and recycl-
ability of Cu-TMBIB-a, supporting its potential for practical
iodine separation and storage.

4 Conclusions

In this work, two distinct metal-organic frameworks Cu-
TMBIB-a and Cu-TMBIB-b were synthesized via precise pillar
engineering. Using TMBIB as the organic linker and SiF¢>~ or
TiFs>~ as inorganic pillars, the strategy achieved topological
transformation without altering core synthetic parameters.
The transformation occurs from the pillar-layered structure of
Cu-TMBIB-a with a 3,4,5-c topology to the rare pillar-double-
channelled structure of Cu-TMBIB-b with an 8,12-c topology,
driven by the geometric and electronic differences of hexa-
fluoride anions. Cu-TMBIB-a exhibited favorable iodine
adsorption performance alongside recyclability, with the
framework retaining crystallinity during adsorption processes.
This study validates pillar engineering as a powerful tool for
precise MOF structural regulation, enriches the topological
diversity of hexafluoride-pillared MOFs, and underscores the
potential of such topology-tailored materials for targeted sep-
aration applications.
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