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A novel gallium-based MOF, termed Ga-BPTsc (single crystal) and Ga-BPTp (powder), was synthesized.
Structural analysis reveals that Ga-BPTsc and Ga-BPTp are isostructural with a slight difference in the unit
cell parameters. Specifically, both Ga-BPTsc and Ga-BPTp are constructed from a trinuclear gallium
oxide cluster and BPT>~ linker, consisting of a 3D structure with unique micro-channels decorated with
small adsorption cavities (~6.5 A). These structural features enable Ga-BPT, to adsorb a significant
amount of toluene and xylenes at trace levels (toluene and xylene uptakes of 6.29 mmol g~* at P/Py =
0.005 and ~6.1 mmol g~ at P/P, = 0.01, respectively). The toluene uptake of Ga-BPTp exceeds that of
the recently reported MOFs, ZJU-520 and ZJU-620, as well as benchmark MOFs (e.g. UiO-66 and
HKUST-1) at P/Py = 0.005. Moreover, the breakthrough toluene capture of Ga-BPTp at 200 ppm reveals
an uptake of 4.89 mmol g%, which is considerably higher than that of the benchmark MOFs (e.g. ZIF-8,
MIL-100, MIL-101, UiO-66, HKUST-1 and UiO-66-NH,). The development of the Ga-BPT synthetic
protocol and its exceptional adsorption and separation capacities pave the way to the discovery and
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Introduction

Metal-organic frameworks (MOFs) are a type of porous mate-
rial, whose structures are based on chelating bonds between
inorganic metal clusters and organic linkers with multi-topic
chelation groups.® This principle endows MOFs with the
possibility of being designed and synthesized by connecting
modular building blocks to control the structure, pore size,
shape, and surface polarity.” Currently, MOFs are employed in
a wide range of applications, such as drug delivery,** crystalline
sponges,®” catalysis,*® proton conduction, chemical
sensors,"”” and gas/vapor adsorption and separation.'®??
Gallium, located in Group 13 of the periodic table between
aluminum and indium, commonly has an oxidation state of +3.
Gallium-based MOFs exhibit unique properties for electro-
chemical catalysis,* and adsorption and/or separation of water,
H,, CO, and SFs.>*** Specifically, gallium-based MOFs exhibit
strong anti-bacterial and anti-inflammatory properties for drug
applications and drug delivery.>*** Moreover, gallium-Rh clus-
ters immobilized in MOFs are capable of complexation with
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application of a new class of gallium-based MOFs constructed from trinuclear gallium oxide clusters.

alkenes.** Despite the wide availability of MOFs synthesized
from AI** and In*', MOFs synthesized from Ga®* are rare.**3
Currently, only a few studies have been devoted to exploring the
structures and building motifs of MOFs from gallium clusters,
with only a few Ga-based MOFs reported in the
literature.**?>%**39%¢ Furthermore, these structures primarily
rely on (Ga(OH)(CO,),),, rod-based metal clusters,>*?¢2839-41:43
and tetrahedral/octahedral Ga®" atoms.?***%* Discovering
synthetic protocols toward other gallium inorganic building
blocks is challenging but would open up new opportunities in
employing the unique properties of gallium-based MOFs for
emerging applications.

Aromatic-based VOCs, such as toluene and xylenes, are
a common class of organic substances used in various aspects
of daily life and industrial production.” Despite this, these
substances can cause severe harm to human health. For
example, long-term exposure to toluene and xylenes is often
associated with hearing disorders and neurological problems.*®
Recently, efforts have been made to synthesize and engineer the
structures of MOFs to capture these compounds.*”**-*” Despite
the fact that MOFs usually exhibit considerable uptakes of these
compounds at high relative pressure, developing MOFs with
high  uptakes at  trace  concentrations  remains
challenging. %455

Herein, we report the first gallium-based MOFs synthesized
from a trinuclear gallium oxide cluster, termed Ga-BPTs (single
crystal phase) and Ga-BPTp (powder phase). SCXRD structural
analysis of Ga-BPTsc revealed a formula of GazO(BPT),(-
Ben)(H,0), where BPT = biphenyl-3,4’,5-tricarboxylate and Ben
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= benzoate. Ga-BPTy is built from Gaz;O(CO,),(H,0) clusters
stitched by the H;BPT linker to realize a 3D structure with
asymmetric 9.2 A channels. Meanwhile, Ga-BPT, possesses
a similar structure to Ga-BPTgc, but with a slight change of the
unit cell parameters. Interestingly, the micropore channels of
Ga-BPTp feature four different adsorption sites matching the
molecule size of aromatic compounds such as toluene. The high
density of binding sites leads to an exceptionally high toluene
uptake of ~6.3 mmol g~ * (0.58 g g ) at the trace concentration
of P/P, = 0.005 (~200 ppm), which surpasses the recently re-
ported values of ZJU-520,>® ZJU-620,* UiO-66,* and HKUST-1.*°
Ga-BPTp exhibited a high breakthrough toluene capacity of
4.98 mmol g~ ' (0.46 g g~ ") at 200 ppm and 25 °C, which is much
higher than that of benchmark MOFs such as HKUST-1, UiO-66,
UiO-66-NH,, MIL-100, MIL-101, and ZIF-8.

Experimental
Synthesis of Ga-BPTg¢

A mixture of Gal (5.6 mg, 0.028 mmol), H;BPT (2.4 mg, 0.009
mmol), and benzoic acid (24 mg, 0.197 mmol) was weighed into
a Pyrex tube. DMF (1.5 mL) was then added to completely
dissolve the mixture. The tube was then isothermally heated at
180 °C for 72 h to yield needle-like single crystals (Ga-BPTsc)
attached to the tube wall (above the DMF level) and a white
powder product at the tube bottom (Ga-BPTjp).

Synthesis of Ga-BPTp

A similar procedure is employed; however, a larger scale of Ga-
BPTp was synthesized using a Teflon line stainless steel reactor. In
detail, a mixture of Gal (336 mg, 1.71 mmol), H;BPT (144 mg, 0.5
mmol), and benzoic acid (1.44 g, 0.012 mol) was weighed into
a Teflon-lined Hydrothermal Autoclave. DMF (48 mL) was then
added to completely dissolve the mixture. Subsequently, the
autoclave was isothermally heated at 180 °C in a circulated oven for
48 h. The product as a white powder was then collected, solvent
exchanged and outgassed under freeze-drying conditions, followed
by heating at 150 °C under dynamic vacuum to obtain ~150 mg
(~30% yield) of activated Ga-BPT5. EA (activated sample): caled for
Ga;C;,H,; 0,6 =Ga;0(C,5H,04),(C,H;0,)(H,0)- 8H,0: C, 41.4; H,
3.5%. Found: C, 41.23; H, 3.1; N, 0.1948%.

The breakthrough experiments

The breakthrough experiments were performed utilizing an in-
house system. The flow rate was controlled by a mass flow
control (MFC, Brooks instruments, model 5800E). Before the
breakthrough experiments, the mass flow controllers (MFCs)
were calibrated using a bubble film flowmeter (Fig. S13). The
stream after passing through the column was analyzed using
a mass spectrometry analyzer (Hidden Analytical, QGA).

Breakthrough capture of toluene

~10 mg Ga-BPTp (or the reference MOFs) was added into the
columns (length: 65 mm and inner diameter: 6 mm). The
columns were then filled with glass beads to minimize the dead
volume. Finally, glass wool was placed at both ends of the
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columns. The columns were then connected to the mass flow
controllers (MFCs). Toluene (200 ppm) in argon was then fed
into the column at a flow rate of ~7.4 cm® min~" (at 25 °C and
under ambient pressure). After adsorption, the Ga-BPTp column
was regenerated overnight under dynamic vacuum at 150 °C.

Results and discussion

Ga-BPTsc was synthesized using a seal tube procedure. The seal
tube containing a DMF solution (~1.5 mL) of H;BPT and Gal
was isothermally heated at 180 °C for 72 h in the presence of
a benzoic acid modulator. The tube was then cooled naturally to
room temperature. The reaction led to a white powder product
at the bottom and colourless needle-like single crystals attached
to the tube wall above the liquid level. The needle-like crystals
were then collected for single-crystal X-ray diffraction (SCXRD)
to determine their crystal structure (Section S2t). Ga-BPTg¢ was
found to crystallise in the acentric orthorhombic space group,
Pmn2, (No. 31), with unit cell parameters, a = 22.997, b =
9.7823, and ¢ = 15.749 A (CCDC number 2386132, Table S1%).
The structure of Ga-BPTsc is built from trinuclear gallium oxide
clusters with six carboxylate extension points connected by the
asymmetric BPT>~ linkers and one extension point coordinated
by a benzoate molecule (Fig. 1a and b). This arrangement
realizes a three-dimensional structure with an asymmetric one-
dimensional channel of 9.2 A featuring a lining of coordinated
benzoate at a fixed distance to form adsorption cavities of 6.5 A
(Fig. 1c and d).

The PXRD pattern of Ga-BPTp, (powder product) was
collected. However, the patterns indicated a slight shift of the (1
0 1) peak to a smaller angle compared with the simulated PXRD
from the single-crystal X-ray diffraction structure of Ga-BPTsc
(Fig. 2a). We deduced the above difference to be due to the
slight change of the unit cell parameters of Ga-BPTp. To further
clarify the structure of Ga-BPTp, the PXRD patterns of Ga-BPTp
were monitored upon slowly drying from DMF. The PXRD
pattern of Ga-BPTp after drying from DMF exhibited a slight
peak shift to match with the simulated PXRD pattern of Ga-
BPTyc (Fig. S81). We further collected the PXRD patterns of the
activated sample for Rietveld refinement (Section S37). The
model structure of Ga-BPT}, was then built based on the struc-
ture of Ga-BPTsc; however, with a change of the unit cell
parameters (a = 22.042; b = 9.896; ¢ = 17.960 A). The Rietveld
refinement of this modelled structure was performed using
Material studio software to optimize the atomic positions
within the lattice. The structure successfully converged with
satisfactory R-values (26 = 2-50°, R, = 2.39%, and R,,, = 4.51%),
as shown in Fig. 2b and Table S2.{°** The refined structure
clearly reveals a similar, but slightly larger unit cell parameter
compared to Ga-BPTgg, resulting in a slightly larger channel of
Ga-BPT; (~10 A) (Fig. 2c).

We further characterized Ga-BPTp by common methods
(Section S47). Fourier transform infrared (FTIR) spectroscopy
analysis of the activated Ga-BPTp showed the C-O stretching
band of coordinated carboxylate at 1640 and 1610 cm ™" (multi-
carboxylate peaks are caused by the presence of an asymmetric
linker or different linkers in Ga-BPTp) indicating the stability of

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Crystal structure of Ga-BPTsc (c) is constructed from the BPT>~ linker (a) and the trinuclear gallium oxide GazO(CO5),(H,0) cluster (b) and
the representation of the underlying architecture of Ga-BPTsc (d). Atom colors: Ga, blue balls and polyhedra; C, black; O, red. All other H atoms

are omitted for clarity.
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Fig. 2 Structural analysis of Ga-BPTp: PXRD patterns of Ga-BPTp in comparison to the simulated pattern of Ga-BPTsc (a); the experimental (red)
and refined (green) PXRD patterns of as-synthesized Ga-BPTp after Rietveld refinement with the difference plot (brown) and Bragg positions
(blue) are also provided (b); the structural difference between Ga-BPTp and Ga-BPTsc ().

the atomic connectivity upon activation (Fig. S2t). N, adsorp-
tion measurement at 77 K was performed to analyse the porosity
and the surface area of Ga-BPTp. The resulting isotherm indi-
cated reversible uptake with a BET (Langmuir) surface area of
2264 m* g ' (2427 m* g~ 1), which is in line with the theoretical
value (~2800 m” g ') (Fig. S5-S71). The well-matched PXRD
pattern of the activated Ga-BPTp with that from the as-
synthesized sample (Fig. 2a) and the high porosity confirmed
the stability of Ga-BPTp upon activation. Elemental microanal-
ysis (EA) confirmed the proposed chemical formula from the
single crystal X-ray diffraction model of Ga-BPTsc to be
Ga;0(Cy5H;06),(C,H;0,)(H,0)-8H,0 (cal. C, 41.4; H, 3.5%.
Found: C, 41.23; H, 3.1; N, 0.1948%). Thermogravimetric anal-
ysis (TGA) indicated stability up to 350 °C (Fig. S3). Moreover,
the resulting Ga,O; (~36 wt%) matches well with the calculated
value from the structural model (~31 wt%). FE-SEM also
revealed the square cylinder morphology of the Ga-BPTj crystals
(size ~0.9 x 1.3 pm) (Fig. S47).

The high surface area and the dense existence of potential
binding sites in Ga-BPTp drove us to analyse its adsorption
properties versus guest molecules of suitable molecular size.

This journal is © The Royal Society of Chemistry 2025

The toluene adsorption isotherm of Ga-BPTp at 25 °C was
measured, which demonstrates an increasing step of the uptake
at an exceptionally low pressure (P/P, from 0.0015, P, = 3.82
kPa) to reach the uptake capacity of 6.29 mmol g™ (or 0.58 g
g~ ") at P/P, = 0.005, which corresponds to an absolute pressure
of 0.02 kPa (or 200 ppm) (Fig. 3a). Noticeably, this value of
toluene concentration (P/P, = 0.005) is just right at the legal
airborne permissible exposure limit for toluene according to the
regulation from the U.S. Department of Labour.*® The high
toluene uptake at low pressure indicated the strong interaction
of Ga-BPTp and toluene. At P/P, > 0.005, the toluene uptake was
found to gradually increase and reach the maximum capacity of
8.75 mmol g ' at P/P, ~0.96 (Fig. 3a). Despite the lack of
available toluene adsorption data at low pressure from the
literature, we found that the toluene uptake of Ga-BPTj excee-
ded that of the recently reported toluene uptakes at P/P, = 0.005
(Table 1).

The high toluene uptake at trace toluene concentration
(6.29 mmol g~ at P/P, = 0.005) drove us to investigate its
adsorption mechanism in Ga-BPTp. The toluene uptake of ~11
molecules per unit cell was chosen (~6 mmol g ') to probe the

J. Mater. Chem. A, 2025, 13, 9479-9485 | 9481
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Fig. 3 Adsorption analysis of Ga-BPTp with the toluene and xylene adsorption isotherms (a); the breakthrough capture of toluene (b); and the

regeneration of Ga-BPTp (c).

Table 1 Static trace toluene uptake of Ga-BPTp in comparison with

other MOFs

Material Uptake @ 0.02 kPa (mmol g™ %) Reference
Ga-BPTp 6.29 This work
ZJU-520 0.27 58
ZJU-620 2.0 50
BUT-66 1.36 54
Uio-66 3.22 59
HKUST-1 4.36 60

potential binding sites by Grand Canonical Monte Carlo
(GCMC) simulation. The results from the GCMC simulation
revealed toluene adsorption sites (Fig. 4, S11 and S12}). These
sites are named: site I (~6.5 A) - confined between the coordi-
nated benzoate and the channel walls; site II (~6.5 A) - confined
between the gallium unsaturated metal site, the Ga clusters and
the linkers; site IIT (~5.0 x 7.0 A) - confined between the two
BPT™ and the coordinated benzoate; site IV (~4 A) - confined
between the coordinated benzoate and the isophthalate ring of
BPT®". The matching sizes facilitated the strong binding and
high uptake of toluene via w- and CH-7 interaction at sites I,
II, IV, and the Ga-m and/or Ga-CH at site II (Fig. S127).

We further measured the Ga-BPTp adsorption isotherms of o,
p, and m-xylenes at 25 °C (Fig. 3a). All of these compounds
exhibited strong interaction with Ga-BPTp evidenced by their
high uptake at low pressure. Accordingly, the adsorption
isotherms of the three xylene compounds showed an increasing
step to reach similar uptakes of ~6.1 mmol g~ at P/P, ~0.01
(With Py, pyiene = 0.888; Po, poyiene = 1.168; Py, mxylene = 1.108),
which are equal to that of toluene uptake at P/P, = 0.005
(Fig. 3a). In a similar manner, gradual increases of xylene
uptake were found at P/P, > 0.01 to reach the maximum capacity
of ~7 mmol g ' at P/P, ~0.96. The increasing step of xylene
uptake at low pressure could be attributed to the adsorption at
the active sites in Ga-BPTyp.

In the next step, the breakthrough performance of Ga-BPTp
for toluene capture at trace levels was evaluated (Section S71). As
the legal airborne permissible exposure limit for toluene must
be below 200 ppm for an average 8 h work shift and should not

9482 | J Mater. Chem. A, 2025, 13, 9479-9485

exceed 500 ppm in a 10 min work period, the toluene concen-
tration of 200 ppm was chosen as a controlled target.*®* An argon
stream containing 200 ppm toluene was passed through the Ga-
BPTp column at the flow rate of 7.4 mL min '. The toluene
breakthrough curve of Ga-BPTp was recorded with the output
concentration of toluene in ppm as the Oy axis and the time
normalized to the mass of Ga-BPT; as the Ox axis (Fig. 3b). The
breakthrough curve at 25 °C showed that the toluene concen-
tration broke through at 1, 20, and 200 ppm after ~1100, 1160,
and 1493 h g7, corresponding to the uptakes of 4.42, 4.62, and
4.98 mmol g, respectively.

We further investigated the toluene breakthrough capture of
the benchmark MOFs for comparison (ZIF-8, MIL-100, MIL-101,
UiO-66, and UiO-66-NH,) (Fig. 3b). The toluene breakthrough
uptakes corresponding to the concentrations of 1, 20, and

Site 1,6.5A Site I1,6.5 A
P
w ‘
Site Ill, 5 x 7 A2 Site IV, 4 A

Fig. 4 The adsorption sites in Ga-BPTp suggested by the GCMC
simulation: adsorption cavities in Ga-BPTp (a and b); and the molecule
size of toluene (c).

This journal is © The Royal Society of Chemistry 2025
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Table 2 Breakthrough toluene uptake of Ga-BPTp and benchmark
materials

Toluene breakthrough uptake (mmol g™ %)

Materials @ 1 ppm @ 20 ppm @ 200 ppm
Ga-BPTp 4.42 4.62 4.98
HKUST-1 3.98 4.23 4.50
UiO-66 2.69 2.86 3.37
UiO-66-NH, 1.43 1.61 1.88
MIL-100 0.4 0.55 0.85
MIL-101 0.52 0.55 0.83

ZIF-8 0.011 0.022 0.076

200 ppm are listed in Table 2. Accordingly, UiO-66 and HKUST-1
exhibited the uptakes of 3.37 and 4.5 mmol g~ ' at 200 ppm,
which well-agreed with the uptake values from the toluene
isotherms at ~P/P, = 0.005 (3.22 and 4.36 mmol g™, respec-
tively).”>®® Remarkably, it was found that the breakthrough
toluene uptake of Ga-BPTp exceeded that of HKUST-1, UiO-66,
and other benchmark MOFs (Table 2).

The durability of Ga-BPTp for breakthrough toluene capture
was further evaluated by recycling under vacuum at 150 °C. The
breakthrough experiments showed that Ga-BPTp could be
recycled without significantly reducing the uptake performance.
Specifically, Ga-BPT, maintains up to 89% of the original
toluene uptake capacity after the 4™ regeneration (Fig. 3c). The
structural maintenance of Ga-BPTy after completing the 4™-
cycle of regeneration for toluene capture was also confirmed
using PXRD analysis, which showed a high degree of corre-
spondence with the original sample (Fig. S15t). The depen-
dence of Ga-BPTp's toluene breakthrough on temperature was
investigated to evaluate the dynamic uptake capacities under
varying temperature conditions (Fig. S161). The results indi-
cated a slight decrease in uptake capacity with an increase in
temperature from RT to 40 °C, retaining ~86% of the toluene
uptake observed at RT. These results demonstrate the excellent
performance of Ga-BPT5p in capturing toluene under fluctuating
temperature conditions. Moreover, Ga-BPTp exhibited good
performance in the presence of moisture, maintaining 85% of
its toluene uptake capacity compared to dry conditions under
continuing flow at 20% RH (Fig. S177), which is in agreement
with the condensed RH at 32% from the water adsorption
isotherm (Fig. S97).

Conclusion

A novel gallium-based MOF constructed from trinuclear gallium
oxide clusters and a BPT*~ linker was synthesized and charac-
terized for the first time. The unique micro-channels, decorated
with small adsorption cavities and active sites, allow Ga-BPTp to
exhibit high toluene and xylene uptake capacities at trace levels.
The volumetric toluene uptake of Ga-BPTp at P/P, = 0.005
exceeded the recently reported toluene uptakes of ZJU-520, ZJU-
620, BUT-66 and the benchmark MOFs (UiO-66 and HKUST-1)
at the same pressure. Similarly, Ga-BPTp exhibited an excep-
tional capacity for breakthrough toluene capture at 200 ppm

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

(4.98 mmol g~ '), which is much higher than that of benchmark
MOFs such as UiO-66, UiO-66-NH,, MIL-100, MIL-101, ZIF-8 and
HKUST-1.
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