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In this study, spatially isolated terbium ions are post-synthetically installed on a two-dimensional (2D)
water-stable zirconium-based metal-organic framework (MOF), ZrBTB (BTB = 1,3,5-tri(4-carboxyphenyl)
benzene), and the loading of installed terbium ions is adjusted by tuning the synthetic temperature of the
post-synthetic process. The crystallinity, porosity, morphology, chemical state, and terbium loading of the
obtained materials are characterized. Tb-modified MOFs synthesized at various temperatures were
subjected to photoluminescence tests in agueous environments, and the energy transfer from the BTB
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linkers to the installed terbium sites is highly tunable by adjusting the temperature for installing terbium.
Since the photoluminescence of the installed terbium sites can be quenched by the nitrite ions present in

DOI: 10.1039/d2me00214k the solution, as a demonstration, the terbium-incorporating MOFs are applied for nitrite quantification by

utilizing the Stern-Volmer equation; a high Stern-Volmer constant of 472000 M and a low limit of

rsc.li/molecular-engineering detection of 0.08 uM can be achieved.

Design, System, Application

Since the direct synthesis of lanthanide-based MOFs with both high porosity and high chemical stability in water is still challenging, post-synthetic
modification (PSM) of lanthanide ions into another highly porous and chemically robust MOF, e.g., zirconium-based MOFs (Zr-MOFs), becomes an
attractive option, especially for applications in aqueous media. Compared to traditional 3D MOFs, 2D MOF sheets exhibit the advantages of more external
surface area and ease of being dispersed in solvents. However, to date there is no study reporting the PSM of luminescent lanthanide on 2D Zr-MOFs. In
this work, we demonstrated the use of PSM to immobilize spatially separated terbium ions on the unsaturated hexa-zirconium nodes of a 2D Zr-MOF.
Under excitation, the energy transfer occurred from the MOF linkers to the installed terbium sites through the “antenna effect”, which could significantly
amplify the photoluminescence of terbium. The findings here open up opportunities for utilizing such water-stable and porous 2D Zr-MOF sheets as a
platform to post-synthetically install various luminescent metal ions with tunable loadings for a range of sensing and photocatalytic applications in

aqueous solutions in future studies.

Introduction

As an emerging subcategory of porous materials, luminescent
metal-organic ~ frameworks (LMOFs) have attracted
considerable attention in the past two decades."” The strong
linkages between metal-ion clusters and organic linkers
construct a well-crystallized and extended framework,>*
which offers several fascinating advantages, such as the ease
of transporting the analyte to the active sites in the
framework for sensing applications and the facile diffusion
of reagents during photocatalysis.>® Luminescent centers in
a robust framework cause stronger emission owing to the
effective reduction of non-radiative energy loss.>” In
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addition, structural tunability and adjustable luminescent
features can be achieved through the selection of metal-
based nodes and organic linkers.*° These intriguing benefits
make LMOFs unique platforms for various applications
including  chemical  sensing,”’®  imaging,""  light
harvesting,">"* and photocatalysis.®

Among numerous reported LMOFs, lanthanide-based
metal-organic frameworks (LnMOFs) possess the distinctive
advantages of narrow-line emission, little influence from the
environment, and diverse luminescent features;'*'® these
characteristics result in the use of LnMOFs in numerous
applications especially in luminescent chemical sensing.'>'®
In addition, the issue of a low molar extinction coefficient for
most lanthanide-based materials can be overcome by
selecting chromophoric organic linkers that induce energy
transfer to lanthanide, which is known as the “antenna
effect”.’” " However, it is still challenging to synthesize
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LnMOFs with high porosity and design the desired structure
owing to variable coordinating characteristics of lanthanide
ions.14,20—22

Post-synthetic modification (PSM), which performs
chemical modification on the as-synthesized MOF without
changing the structure of the scaffold, may provide an
opportunity to tackle the aforementioned challenge.?*”>> The
installation of spatially dispersed lanthanide sites within a
selected MOF can be achieved by PSM, and the resulting
material not only preserves its original framework structure,
but also exhibits the expected luminescence.”®?” However,
most MOFs suffer from poor chemical stability in aqueous
media, which strongly limits their applications in water-
containing environments.>**®  Fortunately, the MOFs
constructed from group 4 metal-based nodes, e.g., zirconium-
based MOFs (Zr-MOFs), possess the features of exceptional
chemical stability in water, high porosity, and tunable intra-
framework chemical functionality.**°** It is thus anticipated
that Zr-MOFs can serve as ideal platforms for PSM and
further expand the usefulness of lanthanide-based materials
in various applications, especially in aqueous media. Several
recent studies have proven that the PSM of lanthanide in Zr-
MOFs is feasible. For example, in an early study published in
2019, Zhao and coworkers reported the successful
incorporation of spatially separated terbium ions in a three-
dimensional (3D) Zr-MOF, MOF-808, for luminescence
sensing in aqueous media.** Similar approaches were also
used to install lanthanide ions in a range of Zr-MOFs.** ¢

However, most published studies reporting luminescent
MOFs to date focused on 3D MOF structures. Compared to
3D MOFs, two-dimensional (2D) MOF structures provide the
advantages of a more exposed external surface area,
extremely high aspect ratio with extended lateral dimensions,
and colloidal nature.*”*® These superiorities result in the
better performances of 2D MOFs compared to their 3D
counterparts in  numerous  applications  including
catalysis,*>*® light harvesting,*’ and especially luminescent
chemical sensing; the readily available contact between the
2D MOF sheet and the target analyte enables a more rapid
and sensitive detection.*>** Among the limited number of 2D
Zr-MOFs, a six-connected Zr-BTB (BTB = 1,3,5-tri(4-
carboxyphenyl)benzene) has attracted great attention due to
its distinctive stability in water, ultrathin nanosheets, and
chemical functionality on unsaturated hexa-zirconium
clusters.**** It is worth mentioning that the light-harvesting
behavior of BTB has been investigated in the ZrBTB
framework.*® We thus reasoned that by installing lanthanide
sites on the water-stable ZrBTB sheets, the luminescent
intensity of lanthanide should be amplified by means of the
energy transfer from the BTB linkers, which is beneficial for
luminescence sensing in aqueous media. However, to date
there is no study reporting the installation of lanthanide in
2D Zr-MOFs.

As one of the commonly used lanthanide elements,
terbium (Tb) has been widely applied for nitrite sensing.*’
The dynamic quenching of terbium-based luminescence is
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achieved by the energy transfer from terbium ions to nitrite
owing to the slightly higher triplet energy level of terbium
ions (20500 cm™) than that of nitrite (19084 cm™).*”*® Such
a quenching mechanism occurring in various 3D MOF-based
materials, e.g., Tb-based MOF and Tb-incorporated indium-
based MOF, has been utilized for nitrite sensing.*”*®
However, a study on such sensing processes occurring in 2D
MOFs has not been reported yet.

In this study, terbium ions were immobilized on the
unsaturated hexa-zirconium nodes of ZrBTB by a solution-
phase PSM process (see Fig. 1). It has been reported that BTB
can serve as the antenna to induce the energy transfer to
terbium ions.*® Therefore, it is anticipated that a similar
energy-transfer behavior should be observed between the
well-aligned BTB linkers in MOF nanosheets and the
installed terbium ions. As demonstrated here, the obtained
terbium  installed ZrBTB was applied for the
photoluminescence detection of nitrite.

Experimental
1. Chemicals

All chemicals including zirconium(v) chloride anhydrous
(zrCl,, Acros Organics, 98%), benzoic acid (BA, Sigma-
Aldrich, 99.5%), 1,3,5-tri(4-carboxyphenyl)benzene (H3;BTB,
Alfa Aesar, 97%), N,N-dimethylformamide (DMF, ECHO
Chemical Co, Ltd., Taiwan, >99.8%), dimethyl sulfoxide
(DMSO, Duksan Pure Chemicals, 99%), hydrochloric acid
(HCL, J. T. Baker, 36.5-38.0%), acetone (ECHO Chemical Co,
Ltd., Taiwan, 98%), ethanol (ECHO Chemical Co, Ltd.,
Taiwan, 99.5%), terbium(m) acetate hydrate (Alfa Aesar,
99.9%), dimethyl sulfoxide-ds (DMSO-de, Sigma-Aldrich, 99.9
atom% D), sulfuric acid-d, solution (D,SO,, Sigma-Aldrich,
96-98 wt% in D,0, 99.5 atom% D), sodium sulfate (Na,SO,,
Sigma-Aldrich, >99.0%), sodium chloride (NaCl, Sigma-
Aldrich, 99%), sodium nitrite (NaNO,, Alfa Aesar, 98%),
magnesium chloride hexahydrate (MgCl,-6H,O, Sigma-
Aldrich, 98%), zinc chloride (ZnCl,, Sigma-Aldrich, >98%),
calcium chloride (CaCl,, J. T. Baker, >=89%), sodium nitrate
(NaNOs, Alfa Aesar, 98%), sodium perchlorate (NaClO,, Alfa
Aesar, 98%), sodium bicarbonate (NaHCO;, Honeywell Fluka,
99.7%), sodium bromide (NaBr, Sigma-Aldrich, 98%),
ammonium fluoride (NH4F, Alfa Aesar, 98%), potassium
carbonate (K,COs;, Sigma-Aldrich, 98%), hydrogen peroxide
solution (H,0,, Honeywell Fluka, 30-31%), sulfuric acid
(H,SO4, Honeywell Fluka, 95.0-98.0%), and nitric acid
(HNO3z;, Honeywell Fluka, =>65%) were used without
purification. Deionized (DI) water was used as the water
source throughout the whole work.

2. Synthesis of ZrBTB

The synthetic protocol of ZrBTB followed previously
published studies, with the use of benzoic acid as the
modulator.***° First, 100 mg of H3;BTB, 100 mg of ZrCl,, 6 g
of benzoic acid, 5 mL of DI water, and 30 mL of DMF were
added into a DURAN® glass laboratory bottle (100 mL), and
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Fig. 1 Schematic representation of the terbium installed on a 2D ZrBTB by using post-synthetic modification for use in photoluminescence nitrite

sensing. Cyan: Zr; red: O; grey: C.

the bottle was sealed by a polytetrafluoroethylene (PTFE)-
lined cap. The mixture was sonicated for 10 min to obtain a
colorless and homogeneous solution, and then kept at 120
°C in an oven for 48 h. After cooling the mixture to room
temperature, the white precipitate was washed with 35 mL of
fresh DMF three times by centrifugation to remove the
excessive reagents. The MOF powder was then obtained after
the solvent exchange with acetone three times, with
immersing periods of 2 h, overnight, and 2 h in between,
respectively. The obtained powder was activated in a vacuum
oven at 80 °C overnight, and the sample was named as “BA-
ZrBTB”.

To remove the coordinated benzoate from the hexa-
zirconium nodes of BA-ZrBTB, the heating process in a HCl/
DMF mixture was usually used in early studies.** However,
coordinated formate ions on nodes
originating from the decomposition of DMF may still be
present after such an activation process, resulting in the
small amount of available ~-OH/-OH, groups on the nodes.>
A more effective strategy to substitute the coordinated
benzoate with -OH/-OH, ligands should be the use of DMF-
free solutions to remove the modulator.’® Following this
approach, the following experiments were conducted. 50 mg
of BA-ZrBTB was dispersed in 15 mL of DMSO and 0.6 mL of
8 M HCI (aq), and the mixture was kept at room temperature
for 18 h. Thereafter, the mixture was washed with 15 mL of
fresh DMSO four times by centrifugation over the course of 8
h, and solvent exchange with acetone was then performed
three times as mentioned previously. The resulting powder
was activated at 80 °C under vacuum overnight, and the
activated “ZrBTB” was thus obtained.

hexa-zirconium

3. Synthesis of Tb-ZrBTB

For the installation of terbium in ZrBTB, post-synthetic
modification (PSM) was utilized at various temperatures.*
Generally, 146 mg of terbium(m) acetate hydrate was
dissolved in 12 mL of DMF by sonication to obtain a colorless
solution. Thereafter, 30 mg of ZrBTB powder was dispersed
in the obtained solution, and the mixture was kept at 40, 80,
or 120 °C in an oven for 12 h. The resulting solid was washed
with 12 mL of fresh DMF three times by centrifugation to
completely remove the residual terbium precursor from the
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Tb-decorated MOF solid. Solvent exchange with 12 mL of
acetone three times and activation under vacuum at 80 °C
were then performed, similar to the procedure mentioned
previously for the synthesis of BA-ZrBTB and ZrBTB. The
white products obtained by the PSM process at 40, 80, and
120 °C were named as “Tb-ZrBTB-40”, “Tb-ZrBTB-80”, and
“Tb-ZrBTB-120”, respectively.

4. Photoluminescence experiments

All photoluminescence experiments were carried out at room
temperature with the excitation wavelength of 310 nm,*® and
the experimental details are described as follows. Accurately
weighted 4.0 mg of Tb-decorated MOF powder was first
uniformly dispersed in 10 mL of ethanol by sonication.
Thereafter, 1.5 mL of the resulting mixture was mixed with
1.5 mL of DI water. The reason for choosing the water-
ethanol cosolvent system will be discussed later. After
vigorous shaking for 15 s, the suspension was subjected to
photoluminescence measurements to record the emission
spectra. In addition to the photoluminescence tests of Tb-
decorated MOFs, 4.0 mg of terbium(m) acetate hydrate
dissolved in 20 mL of the same water-ethanol cosolvent, and
4.0 mg of BA-ZrBTB evenly dispersed in the aforementioned
terbium acetate solution, were also subjected to
photoluminescence measurements for comparison in order
to probe the effective energy transfer between the BTB linkers
and the installed terbium sites within the Tb-decorated
MOFs.

5. Detection of nitrite

The photoluminescence sensing of nitrite was performed by
conducting the following experiments.*” At the beginning,
4.0 mg of Tb-ZrBTB-120 was dispersed in 10 mL of ethanol
by sonication. Then, 1.5 mL of the obtained suspension was
added into 1.5 mL of the aqueous solution containing a
certain concentration of nitrite. After vigorous shaking for 15
s, the photoluminescence spectrum of the resulting mixture
was collected at the excitation wavelength of 310 nm. The
calibration line for nitrite detection was obtained by
recording the emission intensity at 543 nm in the presence
of various concentrations of nitrite in the tested samples. It
should be noted that the concentration of nitrite here is

This journal is © The Royal Society of Chemistry and IChemE 2023
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defined as the final concentration in the 3 mL mixture. The
Stern-Volmer equation was then utilized to acquire the linear
relationship,*”

I .
70 =1+ Ky[NO, ] (1)

where I, is the emission intensity of the sample without
adding nitrite, I is the emission intensity of the sample at a
given concentration of nitrite ((NO, ]), and Kj, represents the
Stern-Volmer constant.

6. Selectivity tests

The interference of various cations and anions in the
photoluminescence sensing process was investigated by the
following steps. 4.0 mg of Tb-ZrBTB-120 was dispersed in 10
mL of ethanol by sonication, and 1.5 mL of the obtained
suspension was mixed with 1.5 mL of the aqueous solution
containing 20 uM of the selected interferent. It should be
noticed that the final concentration of interferents in the
tested solution is 10 uM. Photoluminescence spectra of the
samples were then collected after vigorous shaking.

7. Instrumentation

The energy-dispersive X-ray spectroscopic (EDS) data of
ZrBTB and Tb-ZrBTB-120 were collected using a scanning
electron microscope (SEM, Hitachi SU8010). Pt was sputtered
on the samples before EDS measurements. The morphologies
of all the materials were probed using a transmission
electron microscope (TEM, Hitachi H7500). The crystallinity
of the samples was investigated using a powder X-ray
diffractometer (PXRD, RIGAKU Ultima IV). Fourier-transform
infrared (FTIR) spectra were collected by using a Nicolet 6700
(Thermo Fisher Scientific). Nitrogen adsorption-desorption
isotherms of the samples were measured with an ASAP 2020
(Micromeritics). High-resolution transmission electron
microscopy (HR-TEM) images and corresponding EDS
elemental mapping data were collected using a JEM-2100F
(JEOL) at the operating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) of ZrBTB and Tb-ZrBTB-120 was
performed on a Theta Probe (Thermo Scientific) equipped
with a microfocused electron gun, a multi-position
aluminum anode, and a monochromated X-ray source. All
XPS spectra were corrected by referencing the C 1s peak to
284.8 eV. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) measurements were conducted to
detect the elemental contents of all the materials by using a
JY 2000-2 ICP-OES spectrometer (Horiba Scientific). The
preparation of ICP-OES samples was described as follows.
0.75 mL of sulfuric acid, 0.25 mL of 30% H,0, aqueous
solution, and around 1 mg of the MOF-based powder were
mixed in a microwave vial (2-5 mL, Biotage). Thereafter, the
vial was crimped and heated at 100 °C in an oil bath for 24
h, and the resulting colorless solution was diluted to 40 mL
with 3 wt% of HNO; aqueous solution. For quantifying the
exact amount of zirconium in a certain amount of the MOF
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sample, 4.0 mg of the MOF-based powder was accurately
weighted in a microwave vial and was subjected to similar
digesting and diluting procedures mentioned above; the
obtained 40 mL sample was subjected to ICP-OES
measurements. Photoluminescence spectra were measured
using a FluoroMax® spectrometer (HORIBA Scientific). The
'"H nuclear magnetic resonance (NMR) spectra of all
samples were measured with a Bruker AVANCE
600NMR spectrometer. For the preparation of NMR
samples, around 0.5 mg of the MOF-based solid was
dissolved in a few drops of D,SO,, and 0.7 mL of DMSO-d,
was added to dilute the solution. The obtained solution was
then sonicated for 20 min before being filled into the NMR
tube. All the washing and solvent-exchange procedures in
this study were conducted by using a Heraeus™ Megafuge™
16 centrifuge (Thermo Fisher Scientific) with a TX-400 rotor
at the rotating speed of 5000 rpm.

Results and discussion
1. Material characterization

The exposed aqua and hydroxyl groups on hexa-zirconium
nodes of Zr-MOFs provide the reactive grafting sites to install
uniformly spaced metal ions by PSM.>>>* We thus reasoned
that the 6-connected Zr-BTB with six pairs of terminal ~-OH/-
OH, groups on each node should be an attractive platform
for installing terbium. However, since ZrBTB was synthesized
by using benzoic acid as the modulator, the removal of
coordinated benzoate to maximize the number of accessible
-OH/-OH, groups on the Zrs nodes prior to terbium
installation is necessary.”® In this work, protonation of
benzoate-grafted ZrBTB (BA-ZrBTB) was accomplished by
using the DMSO/HCI treatment,” and the successful removal
of coordinated benzoate was confirmed by solution-phase 'H
NMR spectra. As shown in Fig. S1,f there are on average 3.2
benzoates coordinated on each node of BA-ZrBTB, and all
benzoates were completely removed after the protonation
process (see Fig. S1 and corresponding detailed discussion in
the ESIt). Thus, with the accessible -OH/-OH, groups
present on its hexa-zirconium nodes, the obtained ZrBTB was
subjected to further installation of terbium at various
temperatures. The 'H NMR spectra of all digested Tb-
installed MOFs were also collected (see Fig. S2 and
corresponding detailed discussion in the ESIf). The
coordinated acetate and a trace amount of residual formate,
which came from the PSM process and the decomposition of
DMF during the synthesis,> respectively, are present in all
the materials.

PXRD patterns of BA-ZrBTB, ZrBTB, Tb-ZrBTB-40, Tb-
ZrBTB-80, and Tb-ZrBTB-120 are shown in Fig. 2. Both PXRD
patterns of BA-ZrBTB and ZrBTB show two main diffraction
peaks located at 5.2 and 8.9 degrees, which are attributed to
the crystal planes of (100) and (110) in ZrBTB,
respectively.”>° As revealed in Fig. 2, the diffraction peaks in
the patterns of all the MOF-based materials also agree well
with those in the simulated pattern of ZrBTB reported
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Fig. 2 PXRD patterns of HsBTB, BA-ZrBTB, ZrBTB, Tb-ZrBTB-40, Tb-
ZrBTB-80, and Tb-ZrBTB-120. The simulated pattern of ZrBTB is also
shown.

previously.”” The PXRD pattern of the H;BTB linker is also
shown in Fig. 2, which possesses multiple peaks in the high-
angle region. As these peaks are not present in the PXRD
patterns of all MOF-based materials synthesized here, it
indicates that the residual H;BTB linker has been mostly
removed from the MOF during the synthetic process. It
should be noticed that the as-synthesized Zr-BTB is
isostructural with the reported 2D Zr-MOFs, UMCM-309a and
NUS-8 (Zr),*>* according to the PXRD results. After the
installation of terbium at various temperatures, both
diffraction peaks can still be observed in all the three PXRD
patterns, which suggests that the crystallinity of Zr-BTB can
be well preserved after the installation of terbium.

EDS spectra of Tb-ZrBTB-120 and ZrBTB are shown in Fig.
S3(a) and (b),i respectively. The signals of both zirconium
and terbium were detected in Tb-ZrBTB-120, verifying the
successful installation of terbium in ZrBTB by PSM. In
addition, the presence of chloride in ZrBTB may be attributed
to the use of HCI for removing the coordinated benzoate.>
From the EDS data shown in Fig. S3,f there are on average
2.3 chloride ions on each hexa-zirconium node of Zr-BTB,
and the loading of chloride becomes negligible after the
installation of terbium. TEM images were further collected to
investigate the morphologies of the materials. As shown in
Fig. S4,t the flower-shape morphology constructed with
ultrathin 2D layers can be observed in the images of all the
five materials, indicating that there is no morphological
change after both the removal of benzoate and the
installation of terbium at various temperatures; this
morphology is also consistent with that of ZrBTB reported
previously.>® Representative HR-TEM images of Th-ZrBTB-120
are shown in Fig. 3(a and b). It is found that the material is
composed of nanosheets with a smooth and clean surface
without any particles on the layer, indicating that there is no

334 | Mol Syst. Des. Eng., 2023, 8, 330-340

View Article Online

MSDE

Fig. 3 HR-TEM images of Tb-ZrBTB-120 at (a) low magnification and
(b) high magnification. Corresponding EDS elemental mapping data for
(d) terbium and (e) zirconium recorded in the rectangular region
shown in (c).

aggregation of the installed terbium generated during the
PSM. EDS elemental mapping data of Tb-ZrBTB-120 also
revealed the uniform distributions of both zirconium and
terbium on the 2D nanosheet (Fig. 3(c-e)). These findings
clearly suggest that wuniformly spaced terbium ions
immobilized on the nodes of ZrBTB can be synthesized by
PSM without producing aggregated terbium nanoparticles.
The similar PSM was also performed in another 3D Zr-MOF
in previous work.*

ICP-OES measurements were further performed to
quantity the loadings of terbium in Tb-installed materials.
The results show that the average atomic loadings of terbium
per hexa-zirconium node in Tb-ZrBTB-40, Tbh-ZrBTB-80, and
Tb-ZrBTB-120 are 0.8, 2.0, and 3.3, respectively. This finding
implies that the controllable loading of terbium in ZrBTB can
be achieved by simply adjusting the temperature of PSM. At a
higher temperature during the solution-phase PSM, the
deprotonation of the terminal ~-OH/-OH, group may become
easier, which results in more terbium ions coordinating on
the hexa-zirconium nodes after the PSM process.

FTIR spectra of ZrBTB and the H;BTB linker were further
collected. As shown in Fig. S5,f three characteristic signals
located at 1610, 1543, and 1413 cm™* can be observed in both
spectra, which confirms the presence of O-C-O and aromatic
C=C bonds in ZrBTB.”” In addition, two strong peaks located
at 1704 and 1252 cm™' in the spectrum of H;BTB, which
represent the C=O0 vibrations and C-OH bending of the free
carboxylic acid, respectively,”® become much weaker in the

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 4 Nitrogen adsorption-desorption isotherms of ZrBTB, BA-ZrBTB,
Tb-ZrBTB-40, Tb-ZrBTB-80, and Tb-ZrBTB-120. The calculated BET
surface area is also shown.

spectrum of ZrBTB. This finding indicates that the presence
of free uncoordinated H;BTB linkers in ZrBTB is negligible,
which agrees with our PXRD data.

Nitrogen adsorption-desorption isotherms of all the MOF-
based materials were collected at 77 K to investigate their
porosities. As shown in Fig. 4, all the five isotherms possess a
sharp gas uptake at low relative pressures and a remarkable
gas uptake with a hysteresis loop in the region of high
relative pressure, which correspond to the micropores and
the interspace between stacked 2D MOF sheets, respectively;
these characteristics agree well with those of ZrBTB reported
previously.”>*® BA-ZrBTB possesses a Brunauer-Emmett-
Teller (BET) surface area of 560 m® g™', and its surface area
increases to 680 m* g™ after the removal of benzoate; these
findings also agree well with the reported characteristics of
BA-ZrBTB and ZrBTB.’>°® The BET surface areas of Tb-
ZrBTB-40, Tb-ZrBTB-80, and Tb-ZrBTB-120 decrease to 500,
390, and 330 m* g™*, respectively, but the typical features of
ZrBTB are still preserved in the corresponding isotherms,
verifying that the major pores of the three Th-installed MOFs
are not clogged. Density functional theory (DFT) pore size
distributions of the materials were then calculated from
these isotherms. As shown in Fig. S6,f all the five materials
show the main pore size centered at around 1.2 nm, which is
consistent with the pore size of ZrBTB according to its crystal
structure.*">®

XPS spectra of ZrBTB and Tb-ZrBTB-120 were further
collected to investigate the chemical states of terbium and
zirconium. As shown in Fig. 5(a), four well-defined peaks can
be found in the XPS spectrum of Tb-ZrBTB-120 in the Tb 3d
region. The two peaks located at the binding energy of 1241
eV and 1276 eV are the characteristic peaks of Tb*" in 3ds),
and 3d;, regions, respectively,®® and the peaks centered at
1249 eV and 1283 eV correspond to Tb*" in 3ds,, and 3d;,
regions, respectively.*”®® The XPS data here suggest that the
installed Tb ions in Tb-ZrBTB-120 possess the mixed
oxidation states of Th®>" and Tb**. XPS spectra of ZrBTB and
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Tb-ZrBTB-120 in the Zr 3d region were also collected to probe
the interaction between the installed metal ions and the
hexa-zirconium nodes of Zr-MOFs.>*" As shown in Fig. 5(b),
the Zr 3d peaks of Tb-ZrBTB-120 exhibit a negative shift of
around 0.9 eV compared to those of ZrBTB. This result may
be ascribed to the lower electronegativity of terbium than
that of zirconium,®*> which makes the zirconium-based nodes
more electron-rich after the installation of terbium; this
finding suggests the successful installation of terbium on the
nodes of ZrBTB by the PSM process.

Since Tb** ions are present in Tb-ZrBTB-120, it is crucial
to identify if the terbium ions partially replaced the Zr*" ions
in the hexa-zirconium nodes of the MOF or not, as such post-
synthetic metal substitutions between other group (iv) metal
ions and Zr-MOFs have been reported previously.®***
According to the literature as well as our own EDS result, the
chemical formula of ZrBTB after the removal of coordinated
benzoate was determined as ZrgO4(OH),(BTB),(OH);3 ,(Hy-
0)s5Cl,; (molecular weight (MW) = 1842).°>""° After the
installation of terbium at 120 °C, no chloride ions are left in
Tb-ZrBTB-120, and there are on average 3.3 terbium ions on
each hexa-zirconium node according to our ICP-OES data. In
addition, eight acetate ions from the terbium precursor are
present on each node (see Fig. S71), which should be
coordinated on the installed terbium ions or directly
coordinated on the node via solvent-assisted ligand
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incorporation (SALI) occurring during the PSM process.®® By
assuming that the metal substitution in hexa-zirconium
nodes did not occur and each terbium ion bridged between
two oxygen atoms of one terminal -OH/-OH, pair, the
chemical formula of Tb-ZrBTB-120 can be proposed as Zre-
0,(OH),(BTB),(TbOOH); 5(CH;CO0)s (MW = 2654). According
to these chemical formulas and corresponding MW, the ratio
between the mass loading of zirconium in ZrBTB and that in
Tb-ZrBTB-120 can be calculated to be 1.44, and this ratio
should further increase, if the partial substitution of metal
ions occurred in the hexa-zirconium nodes during the PSM.
We then experimentally quantified the amounts of zirconium
in 4.0 mg of the accurately weighted ZrBTB and Tb-ZrBTB-
120 by ICP-OES (see the Experimental section), and the
zirconium concentrations of the resulting ICP-OES samples
are 27.8 ppm and 19.9 ppm, respectively. The obtained ratio
is 1.4, which agrees well with the ratio calculated by
assuming no metal substitution. The finding here suggests
that all terbium ions in Tb-ZrBTB-120 are coordinated on the
nodes of ZrBTB without replacing the zirconium ions in the
nodes. The possible binding modes of terbium ions grafted
on the hexa-zirconium nodes may be similar to that of other
metal ions grafted on the nodes of 3D Zr-MOFs reported
previously.”® The terbium ion may be grafted between two
oxygen atoms originating from one terminal -OH/-OH, pair
of the node or coordinated on one oxygen atom originating
from the terminal ~OH or ~OH, group.”*

2. Photoluminescence test

It has been reported that the photoluminescent intensity of
terbium cations can be significantly amplified through the
energy transfer from the organic sensitizer incorporated in
the framework, which is known as the “antenna effect”.” It
is thus anticipated that the photoluminescence of terbium
installed in ZrBTB should be enhanced with the help of
the spatially adjacent BTB linker. Emission spectra of
various MOF-based materials dispersed in the cosolvent of
water and ethanol (1:1) with a concentration of 0.2 mg
solid per mL were collected under an excitation of 310 nm.
As shown in Fig. 6(a), a board emission peak located at
around 370 nm, which originates from the BTB linkers,®
can be observed in all the emission spectra. After the
installation of terbium, all the three Tb-installed materials
show three narrow emission peaks located at around 488,
543, and 582 nm in their emission spectra; these peaks are
consistent with the typical photoluminescent characteristics
of tebrium.**** It should be noticed that with increasing
temperature of PSM to install more terbium ions in ZrBTB,
the emission of BTB significantly decreases, and the
photoluminescent intensity of terbium is amplified. The
finding here implies the energy transfer from the BTB
linkers of ZrBTB to the installed terbium. Tb-ZrBTB-120
with the strongest photoluminescence of terbium was thus
selected for the following experiments. It should be noticed
that for the emission of terbium at 543 nm, the maximum
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nm was used to collect all spectra, and each solution is composed of
water and ethanol (v:v = 1:1). The concentration of the MOF-based
solid dispersed in the solutions and the concentration of dissolved
terbium acetate are both 0.2 mg mL™.

excitation wavelength of Tb-ZrBTB-120 was confirmed to be
310 nm (Fig. S8f), which is the typical excitation
wavelength of BTB.*®

To further investigate the energy-transfer behavior from
the BTB linker of ZrBTB to the installed terbium, the
emission spectra of the solution solely containing the
dissolved terbium precursor and the same solution with
dispersed BA-ZrBTB were collected. It should be noted that
the use of BA-ZrBTB here is to avoid any installation of
terbium  on  the dispersed MOF  during the
photoluminescence test. As shown in Fig. 6(b), compared to
the dispersed Tb-ZrBTB-120, the terbium acetate solution
shows negligible emission, which indicates that the energy
transfer from the BTB linkers is necessary to achieve the
remarkable  photoluminescent emission of terbium.
Moreover, with both dispersed BA-ZrBTB and dissolved
terbium acetate coexisting in the solution, the resulting
photoluminescent intensities of terbium are almost one
order of magnitude weaker compared to those of the
dispersed Tb-ZrBTB-120; this finding indicates that the
energy transfer from the BTB linkers to the adjacent installed
terbium is much more effective than that to the dissolved
terbium ions.
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The chemical stability of Tb-ZrBTB-120 in the environment
for photoluminescence tests was then evaluated. As shown in
Fig. S9, Tb-ZrBTB-120 can well preserve its crystallinity after
immersion in the cosolvent used for photoluminescence tests
for 1 h. Furthermore, the photoluminescent intensity of Tb-
ZrBTB-120 dispersed in the water-ethanol cosolvent (0.2 mg
mL™") can stills remain 97% of its initial value after being
dispersed for 50 min (Fig. S10(a) and (c)t). The Tb-ZrBTB-120
solid after being immersed in the cosolvent for 1 h was also
collected, washed, and subjected to ICP-OES measurements,
and the terbium loading of the sample barely changed (3.0
terbium on each hexa-zirconium node). All findings here
indicate the chemical stability of Tb-ZrBTB-120 in the water-
ethanol (1:1) cosolvent. On the other hand, when pure water
was used to disperse Tb-ZrBTB-120, the photoluminescence
decays to 67% of its initial value after 50 min (Fig. S10(b) and
(d)t), and from ICP-OES, the solid after exposure to pure
water for 1 h possesses a much lower terbium loading of 2.0
Tb per node. This result indicates that significant leaching of
terbium ions from the material occurs in pure water. In
addition, the emission of Tb-ZrBTB-120 measured in the
cosolvent has much stronger intensities than that measured
in pure water (see Fig. S10(a) and (b)f), which may be
attributed to the quenching effect of high-energy vibrators,
iee.,, H,0 here, coordinated on the terbium ions.®” These
findings strongly support the use of water-ethanol cosolvent
as the working environment for all following
photoluminescence tests. Cosolvents with various ethanol-to-
water ratios were also tested, and the PXRD data in Fig. SOt
suggest that the material is structurally stable in all of them.
From ICP-OES data, the terbium loadings of the samples
after immersion in the cosolvents with ethanol-to-water ratios
of 3:1 and 1:3 are 3.3 and 2.6 terbium per hexa-zirconium
node, respectively.

For photoluminescence nitrite detection, Tb-ZrBTB-120
was first dispersed in ethanol, and the suspension was mixed
with the target aqueous sample containing nitrite. As shown
in Fig. 7(a), the photoluminescent response from terbium
significantly decreases as the concentration of nitrite
increases. It is worth mentioning that the emission of BTB at
370 nm is fully independent of the concentration of nitrite,
implying that the emission of BTB may be used as the
internal standard for the sensing system toward ratiometric
fluorescence detection. The Stern-Volmer equation was then
applied to the photoluminescent intensities recorded at 543
nm, and the resulting plot is shown in Fig. 7(b). A good
linearity between the relative intensity (ly/I) and the
concentration of nitrite can be achieved between 0.1 and 10
uM, with a Stern-Volmer constant (Ki,) of 472000 M.
Furthermore, the limit of detection (LOD) was estimated to
be 81.8 nM based on the signal-to-noise ratio of 3; the
standard deviation for LOD calculation was estimated from
six parallel photoluminescence tests without adding nitrite
(Fig. S11f). Compared to other photoluminescent nitrite
sensors reported previously, Tb-ZrBTB-120 exhibits a
relatively low LOD (see Table S17}). After the exposure of Tb-
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Concentration of Tb-ZrBTB-120 is 0.2 mg mL™.

ZrBTB-120 to the solution containing 10 uM of nitrite for 1 h,
the crystallinity of the MOF can be fully preserved, suggesting
the chemical stability of Tb-ZrBTB-120 in the sensing
environment (Fig. S12f). In addition, the Tb-ZrBTB-120
material after exposure to nitrite was also subjected to FTIR
and ICP-OES measurements. As shown in Fig. S13, the
characteristic peak of nitrite located at 1260 cm™ is not
present in the FTIR spectrum of Tb-ZrBTB-120 after the
immersion in the solution containing nitrite for 1 h followed
by the successive washing steps.®® This result indicates that
the irreversible adsorption of nitrite in Tb-ZrBTB-120 did not
occur during the sensing process. From ICP-OES analysis, the
loading of terbium in Tb-ZrBTB-120 after the immersion in
the nitrite solution for 1 h was found to be 2.9 Tb per node,
which is almost the same as the terbium loading in Tb-
ZrBTB-120 after the immersion in the same ethanol-water
cosolvent without adding nitrite (3.0 Tb per node). This
observation indicates that the leaching of terbium caused by
nitrite is negligible during the sensing process.

The selectivity of the Tb-ZrBTB-120-based nitrite sensor
was then evaluated by adding several potential ionic
interferents that are commonly present in environmental
wastewater samples.®®’® As shown in Fig. 8, the
photoluminescence quenching behavior of Tb-ZrBTB-120 is
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highly selective toward nitrite, suggesting the applicability of
Tb-ZrBTB-120 to detect nitrite in aqueous samples.

Conclusions

The installation of spatially dispersed terbium ions on the
nodes of a water-stable 2D Zr-MOF, ZrBTB, can be
successfully achieved by a solution-phase post-synthetic
modification (PSM) process, and the loading of incorporated
terbium ions can be modulated by simply changing the
temperature of PSM. By installing terbium at 40 °C, 80 °C,
and 120 °C, the loadings of terbium in the Zr-MOF were
found to be 0.8, 2.0, and 3.3 Tb per node, respectively. The
crystallinity, morphology, and major porosity of the MOF can
be preserved after the installation of terbium at various
temperatures, and uniform distributions of terbium can be
found on the 2D MOF sheets. The obtained Tb-installed
ZrBTB synthesized at 120 °C contains both Tb*" and Tb*,
and it was found that the metal substitution between terbium
and the hexa-zirconium nodes did not occur. With the help
of the BTB linkers to facilitate energy transfer to the installed
Tb sites in the 2D MOF, the photoluminescent response of
terbium can be significantly amplified, and its intensity is
highly tunable by adjusting the temperature for installing
terbium. Tb-ZrBTB-120 shows high chemical stability in the
ethanol-water cosolvent and can be utilized in turn-off
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photoluminescence nitrite detection for aqueous samples.
The resulting nitrite sensor achieves a Stern-Volmer constant
of 472000 M™", a low LOD of 81.8 nm, and good selectivity
against other common ionic interferents. The findings here
open up opportunities for utilizing such water-stable and
porous 2D Zr-MOF sheets as a platform to post-synthetically
install various luminescent metal ions with tunable loadings
for a range of sensing and photocatalytic applications in
future studies.
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