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A 2-fold interpenetrating 3D pillar-layered MOF, which was
assembled from a mixed-linker and paddle-wheel cluster, was suc-
cessfully synthesized. It possesses good thermal and water stability
as well as high selectivity for C;Hg over CH,; and CO, over N,
under ambient conditions, which was further proved by break-
through experiments. Moreover, this porous material exhibits good
detection of Cu?*, [Co(NHzs)el** and Fe3* in an aqueous solution.

Metal-organic frameworks (MOFs) feature porous structures
constructed from metal ions or clusters and organic ligands,
showing significant potential in the field of gas storage and
separation.’ ' Compared to other solid adsorbents such as
active carbon and zeolite, MOFs possess a higher surface area,
tuneable pore size and easy function, which makes them more
suitable candidates for gas storage and separation. Pillar-
layered MOFs act as an important branch of Hofmann clath-
rates, enriching structural diversity and designability, which
usually include two different ligands: oxygen-donor and
N-donor ligands.?*”*® The introduction of a second ligand may
be beneficial for controlling the pore size and enhancing the
rigidity of the structure, which could improve the efficiency of
gas separation. Recently, some works on gas purification have
been reported by our group,’*™** and we now introduce a
Hofmann clathrate structure to achieve the purification of gas.

Based on the above consideration, we demonstrate the syn-
thesis and characterization of mixed-ligand-pillar-layered MOF
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materials with permanent porosity. The new compound uti-
lizes the robust carboxylate paddle-wheel-type coordination of
Zn(u) pairs to form 2D layers that are pillared with nearly
linear 4,4-bipyridine linkages to yield a 2-fold mixed-ligand
3D framework. Furthermore, we explore the separation of C,Hg
over CH, and CO, over N, using both theoretical calculation
and breakthrough experiments. Additionally, we explore the
luminescent Zn-MOF for selective recognition of Cu®",
[Co(NH3)e]*" and Fe*".

A 2-fold interpenetrating pillar-layered structure with a
paddle-wheel SBU was successfully prepared using Zn
(NO3),-6H,0,  4,4',4",4""-(thiophene-2,3,4,5-tetrayl )tetrakis(2-
fluorobenzoic acid) (H,tbca-4F) and 4,4"-bipyridine (bpy) under
solvothermal conditions. It is noted that a new ligand,
4,4',4",4""-(1-methyl-1H-pyrrole-2,3,4,5-tetrayl )tetrakis(2-fluoro-
benzoic acid) (Hympca-4F) is generated within the structure
after the solvothermal reaction, which is determined using
ESI-MS and single-crystal X-ray diffraction data (Schemes S3
and S41). The compound can be formulated as Zn,(tbca-
4F).733(mpca-4F)y »67(4,4"-bipyridine)-2DMF (1). SCXRD ana-
lysis revealed that 1 crystallized in the monoclinic space group
C2/m. In each asymmetric unit, there are 0.733 tbca-4F and
0.267 mpca-4F ligands, one independent Zn(u) ion and half of
coordinating bpy (Fig. Siat). Thus, the metal Zn(u) ions are
coordinatively saturated by the tbca-4F, mpca-4F and bpy
ligands. In the tbca-4F and mpca-4F ligands, all the four car-
boxyl groups are fully deprotonated and coordinated to the
classical di-nuclear Zn(u) paddlewheel unit, Zn,(COO),,
through bidentate bridging modes. Therefore, on the whole, 1
is electroneutral. Interestingly, the N atoms of 4,4'-bipyridine
occupy the axial position to form the Zn,(COO),N, unit
(Fig. S1bt), which is different from those of the terminal mole-
cules coordinating the axial position of the paddle-wheel SBU.
Each Zn”* ion is surrounded by four O atoms from four car-
boxyl groups and one N atom from the bpy linker, leading to
the geometry of the tetragonal pyramid (Fig. Sict). In the fully
deprotonated tbca-4F ligand, the angle of the thiophene ring
with outer benzene ring is 58.161° and 80.152°, respectively,
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while the four C atoms from four COO™ groups are co-planar,
resulting in a trapezoidal planar conformation of the tbca-4F
ligand. The Zn-O distances are in the range of 1.999-2.114 A
and the Zn-N distance is 2.034 A.

As shown in Fig. 1, each tbca-4F ligand connects four Zn,
clusters to form a two-dimensional layered structure with three
types of windows (A, B, C). The size of one fusiform aperture
(A) is 6.3 (S1-S1) x 16.6 A (Zn1-Zn1) and the sizes of the other
two square windows (B, C) are 9.6 x 9.6 and 10.2 x 8.7 A
between benzenes, respectively. Interestingly, the two remain-
ing axial positions of the Zn,(COO), unit are occupied by N
atoms from the 4,4"-bipyridine linkers, which serve as a pillar
between the adjacent 2D layers. Thus, the 2D layers were
further connected by pillared linkers to form a 3D pillar-
layered structure. The single net shows a 1D channel with the
size of a window of 11.1 x 12.1 A along the b axis. It is noted
that the single 3D net is interpenetrated with the other net to
form the 2-fold structure for the 4,4"-bipyridine linkers interpe-
netrating the square windows C (10.2 x 8.7 A) and the channel
of single net (11.1 x 12.1 A), which is enough large size to
accommodate the 4,4-bipyridine linker and the paddle-wheel
cluster (Fig. S2ct). As the interpenetrating phenomenon,
window C was blocked and meanwhile, along the b-axis, the
channels in each single net are also blocked by the other
single net, which both contribute to the tuning of the pore/
window sizes. On the whole, in the interpenetrating structure,
there exist three different kinds of windows, including the
above-mentioned A and B windows and one new D window
(6.3 x 9.5 A; $1-S1 and 04-04), which result from the interpe-
netration (Fig. S2at). In view of topology, the trapezoidal tbca-
4F ligand can be acted as a 4-connected node, the paddlewheel
cluster Zn,(COO),N, can be simplified as the 6-connected
node and the linear 4,4"-bipyridine ligand can be considered
as a linker. Thus, the structure of 1 exhibits a 2-nodal 4,6-con-
nected fsc topology network with a point symbol of {4*.6'°-8}
{4*.6®} by using the TOPOS 4.0 program package (Fig. S31).*®
The solvent accessible volume in fully evacuated 1 is about
22.9%, which is estimated by PLATON.*® The PXRD of the bulk
fresh sample is well matched with that of the simulated, indi-
cating the phase purity of the bulk samples (Fig. S4t). To
evaluate the stability for practical applications, the thermo-
gravimetric analysis (TGA) and variable-temperature PXRD of
the activated sample were carried out. The TGA reveals that the
activated sample can be stable up to 280 °C (Fig. S57). The vari-
able-temperature PXRD of the activated sample shows that no
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obvious changes in the PXRD patterns could be observed even
at 180 °C in air atmosphere (Fig. S61). The above results prove
that the activated sample 1a possesses good thermal stability.
On the other hand, after immersing fresh samples in water
and various solvents for 24 h, the PXRD patterns maintained
sharp peaks, indicating good water and solvent stabilities
(Fig. S71). The high stabilities of 1a encourage us to explore its
applications in solutions and solids.

Considering the pore structure and ultra-high stability, the
N, adsorption isotherm was collected to confirm the perma-
nent porosity of 1a at 77 K and 1 bar. Before the gas adsorption
experiment, the activated sample was obtained by soaking the
fresh sample in MeOH for 3 days and are then heated at 80 °C
for 10 h in the dynamic high vacuum. The N, adsorption iso-
therm shows a typical type-I adsorption behaviour, indicating
the microporous nature of 1a. The maximal adsorption
capacity is 131.5 cm® g~ with an estimated BET surface area
of 446 m* g~' (Fig. S81). Single-component gas sorption iso-
therms were collected on the equipment of 3-Flex. The results
exhibited 25.5 cm® g~ as an adsorption amount of C,H,
while the CH, adsorption amount was only 10.5 cm® g~* under
298 K and 1 bar (Fig. 2a). Their adsorption amount difference
and C,H¢/CH, uptake ratio are 15 cm® g~ and 243%, respect-
ively. More interestingly, the activated sample saturates with
C,H; at lower pressures and the slope of the C,Hg adsorption
isotherm is much steeper than that of CH, indicating the
stronger affinity between C,H, and the pore surfaces. Besides,
the adsorption isosteric heat (Qy) is calculated by using the
Clausius—Clapeyron equation based on the gas adsorption
data measured at 273 K and 298 K. The Qg value for C,Hg is
24.38 k] mol™, which is much higher than that of CH,
(16.72 k] mol™"), further confirming the stronger framework-
C,Hg interaction (Fig. S10t). Such difference in adsorption
amounts and the framework-gas interactions for C,Hs and
CH, indicates that 1a may enable highly selective separations
for C,H,s from CH,. Subsequently, the ideal adsorbed solution
theory (IAST) was used to predict the selectivity of binary C,Hg/
CH, (molar ratios: 15 : 85) based on single-component adsorp-
tion data fitting using the dual-site Langmuir Freundlich
(DSLF) equation at 298 K. As anticipated, the selectivity of 1a
between C,Hs and CH, is high, up to 128.5 at the low-pressure
regions and decreases to 77.6 at 298 K and 1 bar (Fig. 2b),
which is higher than that reported for most adsorbents such
as DMOF-(CF3), (15),"” MIL-126(Fe/Co) (13.2),*® JUC-220 (46),*
LIFM-W?2 (19),>° BSF-1 (23),>' SBMOF-1(74),>> GNU-1a (17.5),”?

:x S m ,
.\\’\’ v“*“.“

Fig. 1 Views of the tbca-4F ligand, paddle-wheel cluster, 2D layer, single net and 2-fold structure.
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Fig. 2 Sorption isotherms of 1a for C;Hg and CH,4 at 298 K and 273 K
(a), IAST selectivity (b) and (c) breakthrough experiment of C,Hg/CH,4
(15:85) at 298 K.

DMOF-Cl (12.5),>* HOF-ZJU-201a (45) and HOF-ZJU-202a
(36),>> Ni(HBTC)(bipy) (27.5)°® and SNNU-Bai78 (40)°’
(Table S37). Furthermore, the good selectivity of C,Hs/CH, was
also proved by the breakthrough experiment (Fig. 2c). In
addition, the single-component gas sorption isotherms of CO,
and N, are also performed at 273 K and 298 K under 1 bar.
The experiments revealed that the CO, uptake amount
(25.0 ecm® g™") of 1a is much higher than that of N, (2.7 cm®
g at 298 K and 1 bar (Fig. 3a), resulting an adsorption
amount difference of 22.3 cm® g™, and an CO,/N, uptake ratio
of 926%. Considering the large different adsorption amount
and uptake ratio, we calculated the selectivity of binary mix-
tures of CO,/N, (molar ratios: 15 : 85) at 298 K by IAST. The cal-
culated selectivity of CO,/N, is up to 34.0 at 298 K and 1 bar
(Fig. 3b), which is higher than that reported for HBU-23

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Sorption isotherms of 1a for CO, and N, at 298 K and 273 K (a),
IAST selectivity (b) and (c) breakthrough experiment of CO,/N, (15 : 85)
at 298 K.

(28.4),>® Eu-MOF (28.7),°° UPC-70 (32),%° SIFSIX-2-Cu (13.7),*
ZIF-300 (22),°> BUT-10 (18.6),* NU-1000 (8),°* LIFM-10
(18.3),% MOF-5 (9)°® and MOC-QW-3-NH, (23)*” (Table S4f).
Additionally, the Q value for CO, (23.99 k] mol™") is higher
than that of N, (16.03 kJ mol™"), indicating a stronger frame-
work-CO, interaction (Fig. S11t). Meanwhile, the good selecti-
vity of CO,/N, is further proved by the breakthrough experi-
ment (Fig. 3c). The good selectivities of C,Hs/CH, and CO,/N,
may be ascribed to the pore structure and the extent of inter-
actions between the gas molecules and host framework. The
above results indicate that 1a may be a potential candidate for
gas purification processes.

Additionally, luminescent Zn-MOFs as probes for the detec-
tion of metal ions have received more and more attention

Dalton Trans., 2024, 53,16815-16820 | 16817
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because of their high sensitivity and high selectivity.®®* 7> The
solid state photoluminescence of 1a was explored and it
showed a high peak at 435 nm upon excitation at 365 nm and
room temperature (Fig. S12+). Considering the porosity, water
stability and luminescent performance of 1a, we explored the
capability of 1a in sensing selected metal ions. Luminescence-
based sensing experiments for selected metal cations were per-
formed in an aqueous solution. 30 mg of the activated sample
was soaked in 50 ml water and then ultrasonicated for 2 hours
and aged for 30 min. We took 3 ml of the suspension to carry
out the luminescence. After adding 100 pl of the 0.01 M metal
ion aqueous solution, photoluminescence spectra were col-
lected immediately. As shown in Fig. 4, if the luminescence
intensity of 1a in water solution was selected as the baseline,
the metal ions exhibited different quenching or enhancing
phenomena. Most metal ions such as Zn**, Co**, Ni**, Ag",
and Fe**, showed slight fluorescence intensity variation.
However, Cu**, [Co(NH;)]** and Fe* ions show significantly
higher effects. Especially for Fe** ion, the quenching level is
about 95.1%.

The above results indicate that 1a is an especially effective
sensor for detecting Fe** ions.

In order to explore the possible quenching mechanisms for
Cu®** and Fe®* ions, we first tested the PXRD patterns of
samples treated with Cu®*/Fe** ions. As shown in Fig. $13,1 the
treated samples exhibited robust PXRD diffraction peaks,
which excluded the collapse of the framework. Secondly, the
UV-vis absorption spectra of Fe** ions show overlaps with the
excitation and emission spectra of the Zn-MOF, suggesting
that the quenching effect could be induced by competitive
absorption of the excitation energy as well as fluorescence
resonance energy transfer (FRET) between 1a and Fe®* ions
(Fig. S14t). Compared with Fe®" ions, there is negligible
overlap between the UV-vis absorption spectrum of Cu®** ion
and the excitation and emission spectra of 1a, which rules out
the energy absorption competition and energy transfer mecha-
nisms (Fig. S14%). Lastly, we carry out the X-ray photoelectron
spectroscopy (XPS) spectra for the original sample and treated
sample. Compared with the original sample, the Cu 2p and Fe
2p peaks are observed for the sample treated with Cu®**/Fe®*
ions, respectively, indicating the existence of weak interactions

—
o
~
—
T
~—~

—H,0
Ni*
Zn*

Ag'
——Co®*

Fe*
——cu*
[Co(NH,)I**
Fe**

Intensity (a.u.)
Intensity (a.u.)

[Co(NH,)J**

Fe" 400 450 500 550 600
Wavelength (nm)

HO N zn* Ag' Co® Fe® Cu®

Fig. 4 (a) The maximum intensities of 1la after adding 100 pL 0.01 M
and (b) the PL spectra of M(NO3),, FeSO,4 and [Co(NH3)¢lCl loaded sus-
pension of 1a. Quenching percentage: Cu?*: 60.3%; [Co(NH=)¢l3*:77.8%;
Fe**: 95.1%.
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between Cu’*/Fe** ions and the framework (Fig. S157).
Furthermore, the high-resolution XPS spectra show that the S
2p peaks are shifted to higher binding energy after treatment
with Cu®>*/Fe*" ions, implying an electron transfer from S to
Cu**/Fe*" ions (Fig. S16t). Therefore, the quenching mecha-
nisms for Cu®" could be attributed to electron transfer caused
by weak interactions between the Cu** and tcba-4F ligand,
while the quenching mechanisms for Fe** could be explained
due to the synergistic effects of weak interactions, competitive
absorption and FRET mechanism between Fe** and the whole
framework.”®””

In summary, a 2-fold robust 3D pillar-layered Zn-MOF with
the (4,6)-connected fsc-topology was successfully fabricated by
using mixed ligands and a Zn, cluster. TGA and PXRD experi-
ments prove that the activated sample possesses good thermal
and water/solvent stability. More importantly, the activated
sample exhibits high selective separation of C,Hs/CH, (77.6,
molar ratios: 15/85) and CO,/N, (34, molar ratios: 15/85) at
298 K and 1 bar. On the other hand, the porous structure can
selectively detect Cu®", [Co(NH;)e]** and Fe®" ions. The results
of our work will shed light on the rational design and syn-
thesis of new robust multifunctional MOF materials for the
separation of gases and detection of metal ions in the future.
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