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Fluorosis has been regarded as a worldwide disease that seriously diminishes the quality of life through
skeletal embrittlement and hepatic damage. Effective detection and removal of fluorinated chemical
species such as fluoride ions (F7) and perfluorooctanoic acid (PFOA) from drinking water are of great
importance for the sake of human health. Aiming to develop water-stable, highly selective and sensitive
fluorine sensors, we have designed a new luminescent MOF In(tcpp) using a chromophore ligand
2,3,5,6-tetrakis(4-carboxyphenyl)pyrazine (Hstcpp). In(tcpp) exhibits high sensitivity and selectivity for
turn-on detection of F~ and turn-off detection of PFOA with a detection limit of 1.3 pg L™ and
19 png L~ respectively. In(tcpp) also shows high recyclability and can be reused multiple times for F~
detection. The mechanisms of interaction between In(tcpp) and the analytes are investigated by several
experiments and DFT calculations. These studies reveal insightful information concerning the nature of
F~ and PFOA binding within the MOF structure. In addition, In(tcpp) also acts as an efficient adsorbent
for the removal of F~ (36.7 mg g~ 1) and PFOA (980.0 mg g~3). It is the first material that is not only
capable of switchable sensing of F~ and PFOA but also competent for removing the pollutants via

Received 23rd July 2021
Accepted 30th September 2021

DOI: 10.1039/d1sc04070g

Open Access Article. Published on 30 september 2021. Downloaded on 06-02-2026 13:06:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science different functional groups.

Introduction

Fluoride ion (F™) is a kind of essential element of the human
body and promote the formation of fluorapatite on the dental
and skeletal surfaces at low concentration.> However, when F~
intake is beyond 0.05 mg per kg per day, it will become one of

the most toxic and dangerous elements.*® Excessive
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consumption of F~ has been proven to be the main cause of
dental and bone fluorosis.”** Chronic absorption of an excess
amount of F~ would cause gastric and kidney disorders and
even death."™ F~ can be easily absorbed by the human body
when in contact with water, earth, and even air.'** As the
industrialization process continues to accelerate, more and
more areas are suffering from fluorine pollution.’®'” Per-
fluorooctanoic acid (PFOA), on the other hand, is a surfactant
containing fifteen fluorine atoms. It has a high surface activity
and is used in a variety of products, from surface protectants to
polytetrafluoroethene and insecticides.'®**° Because of the high
binding energy of carbon-fluorine (C-F) bonds, PFOA shows
great resistance to natural biodegradation.”** Via the food
chain, PFOA can accumulate in the human body and shows
immunological and neurological toxicity.***” Hence, PFOA is
regarded as one of the emerging contaminants by various
organizations.”®*° To avoid F~ and PFOA from being ingested by
the human body, their monitoring, identification, and removal
from drinking water are essential yet remain challenging.*
Some molecular compounds demonstrate turn-on/off and
ratiometric luminescence detection for F.**** While they
show relatively higher sensitivity, complex procedures are
usually required for the synthesis of these compounds. Metal-
organic frameworks (MOFs), built by self-assembly processes,
are regarded as an ideal platform for such sensing applications
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due to their facile synthesis, high porosity and surface
tunability which conventional molecular sensors are usually
lacking.** To this date, there are only a few reports on F~
detection and adsorption by MOFs. For example, an europium-
based MOF, Eu-MOF-1, with dual-emission is investigated for
ratiometric detection of F~ ions with high selectivity and the
limit of detection (LOD) is 2 uM.** Another MOF, SION-105 with
boron as the receptor site, shows a good response to F~ with
high selectivity and a LOD of 0.1 ppm.* SION-105 was also used
to develop an F~ detection device for convenient use. A guest
encapsulated MOF, NH,-MIL-101(Al)@DCF, reaches a lower
LOD for F~ (0.05 uM).* However, the F~ response of NH,-MIL-
101(Al)@DCF requires addition of H,0,, making the process
inconvenient. The dominant technique for PFOA analysis at the
present time is HPLC-MS with high sensitivity, but it is time-
and energy-consuming and must be carried out in professional
laboratories with cumbersome instruments.*” Recent studies
have shown that luminescent materials are promising candi-
dates for convenient and real-time PFOA detection. For
example, a photoluminescence-based sensor made of molecu-
larly imprinted polymer-coated quantum dots has been used for
the enrichment and determination of PFOA in water with the
LOD of 11.8 nM.*” Being highly porous and luminescent,
luminescent MOFs (LMOFs) have considerable potential for
simultaneous pre-concentration, detection and removal of
fluorine containing species. Often a single LMOF may be
capable of detecting different kinds of pollutants with different
response behaviors.
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For solution-based sensing applications, LMOFs must
possess high stability. The stability of MOFs is mainly deter-
mined by thermodynamic and kinetic factors.*® The thermo-
dynamic stability is consistent with the hard/soft acid/base
(HSAB) principle. Hard bases, such as carboxylate-based
ligands, can react with high-valence (hard acid) metals (e.g
Ti*", Zr**, A", Fe** and In’") to form stable MOFs.* Soft bases
such as pyrazole can combine with low-valence (soft acid)
metals such as Ni**, Co** and Zn** to afford highly water stable
MOFs.* For example, Li and co-workers developed a series of
BUT-32 and BUT-33 (BUT = Beijing University of Technology)
MOFs with remarkable water stability as a result of combination
of soft base pyrazole and soft acid Ni**.*"*? By use of hard acid
(Hf*" and Zr*") and hard base carboxylate ligands PCN MOFs
developed by Zhou and co-workers also demonstrate high water
and acid/base stability.**™**

This work presents, for the first time, a new water stable
LMOF for the sensitive detection of F~ and PFOA via a distinctly
different signal change, as well as effective adsorption/removal
of both species. The LMOF, simplified as In(tcpp) or LMOF-651,
was prepared by reacting InCl; and 2,3,5,6-tetrakis(4-
carboxyphenyl)pyrazine (H,tcpp) under solvothermal condi-
tions. In(tcpp) shows high porosity, water stability, and strong
luminescence-based turn-on detection of F~ and turn-off
detection of PFOA in aqueous solutions. LODs of 1.3 ug L™
and 19 pg L' were achieved for F~ and PFOA, respectively
(Scheme 1). The F~ detection process was fully recyclable.
Furthermore, In(tcpp) adsorbs a relatively large amount of F—
(36.7 mg g ') and PFOA (980.0 mg g '), demonstrating its

oo

—
PFOA

turn-off

U

turn-on

Scheme 1 The structure of In(tcpp) (top) and schematic presentation of its luminescence switchable turn-off response toward PFOA (bottom
left) and turn-on response toward F~ ions (bottom right). Color codes: C grey; N blue; F light blue; O red; In green; Na purple; and H white.
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strong potential for treating drinking water. IR spectroscopic
analysis and DFT calculations were carried out to explore the
mechanism of F~ and PFOA detection and adsorption.

Results and discussion
Synthesis, crystal structure and characterization

H,tepp was synthesized according to the former work.*® H,tcpp
and InCl; were used to prepare In(tcpp) by a solvothermal
method in the presence of formic acid at 100 °C for 48 h (Fig. 1a
and b). As a comparison, In(tcpb) or LMOF-652 was also con-
structed with InCl; and 1,2,4,5-tetrakis(4-carboxyphenyl)
benzene (H,tcpb) using the same synthetic method (ESIt for
details). The two In-MOFs are isostructural and differ only by
the two atoms in the central ring of the ligands, which allowed
us to compare and understand their similarities and differences
in the sensing behavior toward fluorine-based chemical species.

The crystals of the resulting In(tcpp) and In(tcpb) are trans-
parent, hexagonal-shaped rods (Fig. S17). Single crystal X-ray
diffraction analysis (Table S1}) reveals that In(tcpp) crystal-
lizes in an orthorhombic space group of Cmmm (a = 7.2195(3) A,
b = 22.5222(10) A, ¢ = 15.7802(7) A) with a chemical formula of
[In,(tcpp)(OH),]. Each tcpp is connected to eight In** ions
through In-O bonds to form an ordered one-dimensional
rhombic channel, with a cross-section of about 9.2 x 13.4 A
(Fig. 1b and c). The hexacoordinated In** ion bonds to four
carboxylate oxygen atoms from different tcpp ligands, and two
hydroxo oxygen atoms that connect the adjacent In*" ions
through the In-OH-In bonds (Fig. 1d).*** In*" ions are linked
to each other through the tcpp ligands and bridging oxygen
atoms to form a 1D chain. The PXRD analysis confirmed the
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Fig. 1 Representation of the crystal structure of In(tcpp). (a) The
organic and inorganic building units of In(tcpp) and reaction condi-
tions. (b) The one-dimensional channel in In(tcpp). (c) The coordina-
tion of the tcpp ligand. (d) The 6-coordinated In** ion and 1D In®*
chain along the a-axis. Color code: C grey; N blue; O red; In green; H
atoms are omitted.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase purity of In(tcpp) (Fig. S21). A comparison of the single
crystal and PXRD data of In(tcpb) verified that it is isoreticular
to In(tcpp) with the same space group topology (Fig. S3 and
Table S2+).

In(tcpp) samples were activated by exchanging the solvents
with acetone and then evacuated at 60 °C under vacuum for
24 h. No obvious differences were observed in the PXRD
patterns of the as-made and activated In(tcpp) samples, indi-
cating high framework stability (Fig. S27). Similar procedures
were used to activate In(tcpb). Porosity characterization reveals
type I adsorption behavior for both In(tcpp) and In(tcpb),
illustrating their microporous structures (Fig. S4a and S5aft).
The Brunauer-Emmett-Teller (BET) surface area of In(tcpp) and
In(tcpb) was estimated to be 535 m®> g~ and 534 m® g,
respectively. The pore size distribution analysis yielded a pore
size ~6 A for both In(tcpp) and In(tcpb) (Fig. S4b and S5b¥).

The thermal stability of both MOFs was evaluated. From the
thermogravimetric analysis (TGA) curve, the as-made In(tcpp)
shows 21 wt% mass loss at 200 °C, which comes from the
uncoordinated solvent molecules (Fig. S61). For the activated
In(tcpp) sample, there was no weight loss until 200 °C, illus-
trating that the guest molecules were fully removed from the
MOF channels. In(tcpb) showed 25 wt% loss of guest solvent
molecules at 210 °C (Fig. S71). Both compounds were stable up
to 400 °C. Upon heating at 200 °C for 2 h, the characteristic
diffraction peaks of In(tcpp) remained (Fig. S81). The PXRD
patterns kept unchanged after soaking the In(tcpp) sample in
water, in pH 2 (HCI) and pH 12 (NaOH) aqueous solutions for
24 h, demonstrating its excellent chemical stability. Also, N,
adsorption isotherms were collected after the sample was
heated at 200 °C or treated under different acidity conditions at
pH 2 (HCI) and pH 12 (NaOH), and the porosity remains the
same (Fig. S9t), which further confirms the high stability of
In(tcpp). The thermal stability of In(tcpb) was found to be
similar to that of In(tcpp). However, its resistance to the
chemical environment was less than the former as it collapsed
after being treated in pH 11 for 24 h (Fig. S107).

The UV-vis spectra of In(tcpp) and H,tepp ligand were collected
at room temperature (Fig. S11}). Hytcpp and In(tcpp) show very
similar absorption with a characteristic ® — 7* transition can-
tered at 325 nm. As a result, the emission of the In(tcpp) originates
from the ligand. 3D luminescence spectra of In(tcpp) and H,tcpp
were measured and the optimal excitation was observed at 280 nm
(Fig. S12%). Under 280 nm excitation, In(tcpp) emits at 400 nm
with 30 nm blue shift compared to the free Hytcpp (Fig. S131). The
blue shift of In(tcpp) was attributed to the different structural
torsion of the free Hytcpp and tepp fixed in the In(tcpp). As shown
in Fig. S14a,} in the free Hytcpp, the dihedral angle between the
benzene ring and pyrazine core is approximately 20°. However, the
dihedral angle of tcpp increases to approximately 56° to cater the
rigid structure of In(tcpp) (Fig. S14bt). The torsion of the benzene
rings changes the m-conjugation of the whole ligand, resulting in
the blue-shift emission.*® The optical properties of In(tcpb) were
also measured and the results are shown in Fig. S15-S17.1 The
optimal excitation of 270 nm was selected to obtain the emission
at 380 nm for In(tcpb).

Chem. Sci,, 2021, 12, 14189-14197 | 14191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04070g

Open Access Article. Published on 30 september 2021. Downloaded on 06-02-2026 13:06:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

1.0x107 1

S 8.0x10°

Intensity / a
o
o
x
—
o
>

View Article Online

Edge Article

© In(tcpb) + F~
@ In(tcpp) + F

450 500

400
Wavelength / nm

550 0 50

100 150 200

Concentration / pM

c d
1.0x107 -14
5 8.0x10°4
g -2+
2> 6.0x10°4 o
[ =
g 4.0x10°4 34
2.0x10° -
< In(tcpb)+PFOA
0.04 “41 A In(tcpp)+PFOA N
350 400 450 500 550 0 50 100 150 200

Wavelength / nm

Fig. 2

Concentration / uM

(a) In(tcpp) luminescence turn-on response to F~ at various concentrations. (b) The concentration-dependent luminescence response of

In(tcpp) and In(tcpb) to F~. (c) In(tcpp) luminescence turn-off response to PFOA at various concentrations. (d) The concentration-dependent
luminescence response of In(tcpp) and In(tcpb) to PFOA. Insets in (a) and (c): images of the In(tcpp) solution samples before (left) and after (right)
the addition of the analytes. The detection response time for (a)—(d) 5 min.

Switchable detection and removal of F~ and PFOA

Considering the interaction between guest analytes and func-
tional groups of In(tcpp), activated In(tcpp) was selected for the
detection experiments. In(tcpp) remained stable after being
soaked in 1 mM NaF aqueous solution for 24 h (Fig. S187),
illustrating that it is sufficiently stable for F~ detection. As
shown in Fig. S19,f a drastic enhancement in the photo-
luminescence (PL) intensity was observed within ~5 min upon
addition of NaF solution.

The results of the titration experiment are shown in Fig. 2a.
Upon addition of F~, the PL intensity of In(tcpp) increased
monotonically. The enhancement reached 250% at a concen-
tration of 200 uM F~. The turn-on efficiency was calculated by
the Stern-Volmer (SV) eqn (1):

I/l = K[F ]+ 1 1)
where I, is the initial emission intensity of In(tcpp), I is the
emission intensity after the addition of F~, [F ] is the molar
concentration of F~, and K, is the Stern-Volmer constant,
which is used to evaluate the performance of In(tcpp) as the
sensor. The K, and LOD were determined to be 9.06 x 10> M~*
and 1.3 pg L™, respectively (Fig. 2b), which are better than
those of most of the luminescent sensors (Table S31). The
response of low concentration F~ is illustrated in Fig. S20.7
Compared to the optimal value of F~ concentration (1.5 mg L")
in drinking water set by the World Health Organization (WHO),

14192 | Chem. Sci., 2021, 12, 14189-14197

the LOD value achieved by In(tcpp) has exceeded the WHO limit
by three orders of magnitude (10%).*

In(tcpp) is stable in PFOA solution as there was no obvious
change in its PXRD patterns before and after exposure to
a 1 mM PFOA solution for 24 h (Fig. S21%). Interestingly,
In(tcpp) shows monotonic quenching as a function of PFOA
concentration (Fig. 2¢). As depicted in Fig. 2d and S22, In(tcpp)
responds to PFOA at very low concentrations with the K, and
LOD of 1.446 x 10* M~ " and 19 pg L™, respectively.*® It shows
a comparative sensitivity as a PFOA sensor (Table S4f1). In
addition, it can act as an excellent scavenger for PFOA removal
as discussed in the following section. However, the isostructural
In(tcpb) shows little PL response to F~ and PFOA (Fig. 2b and d).

As stated earlier, excessive F~ is regarded as a water
contaminant, while some common light ions, such as Ca*",
Mg>" and Cl7, are also found in drinking water and play
important roles in biological processes. Therefore, selective
detection of F~ ions over other harmless ions is of great
importance. As shown in Fig. 3a and b, In(tcpp) exhibits distinct
selectivity toward F~ over other cations and anions although
their concentrations are higher than F~. The fast, selective, and
turn-on response makes In(tcpp) a promising sensor for easy
and convenient detection of F~ ions. Further, the relative
selectivity of In(tcpp) was tested in different pH solutions
(Fig. S23 and S24t). We found that at higher pH values (e.g. pH
10), strong luminescence enhancement was observed with
addition of F~ and In(tcpp) exhibits good selectivity toward F ™.
While at lower pH (e.g. pH 3), F~ gives rise to very little change

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04070g

Open Access Article. Published on 30 september 2021. Downloaded on 06-02-2026 13:06:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
a 4x10°
3x%10°+
:
©
2 2x10°
(72}
c
Q
E
1x10°4
R NTARETT
L * x ®x & F & % x ok % x
< o vy VY FovN S
FETPees s
Q Cation
c 9 9 9 9 °
1.0%10°%4
5
8 8.0x10%
2
2 5
260x10-
£
4.0x105-
Qo Qo Qo Qo Qo
2.0x105 4~ . . . '
1 2 3 4 5
Cycles

Fig. 3 Selectivity of In(tcpp) for (a) cations and (b) anions. In(tcpp) 0.025 mg mL™%,

View Article Online

Chemical Science

b 4x10°
_3%10°

2x10° 4

Intensity / a.u.

1x10° 1

: |||||
1)

<

“’ oV & o‘ o" o‘ g. S &
Anlon
d s 16 -
o
2 14
c
.g 12 -
©
o
£ 104
]
c 81
[}
O 6
3
£ s
24 \° N _ "
0 r T T r T T
0 50 100 150 200 250

Time / minutes

the concentration of F~ is 650 pM and other cations and

anions are 1 mM. (c) The In(tcpp) luminescence turn-on and turn-off in 5 cycles. (d) The In(tcpp) PFOA removal efficiency in different pH

solutions.

in the luminescence intensity. Moreover, in pH 10 solution
(Fig. S24t), the sensitivity of F~ is similar to that in pure water.

Reusability is another important performance measure for
a luminescence-based sensor. Considering the effective interac-
tion between boric acid and F~,* F~ @In(tcpp) was dissolved in
boric acid solutions of pH 3 to regenerate the sensor material.
After being stirred and centrifuged three times, In(tcpp) was fully
regenerated as its PL intensity reached the original level. The
recovered In(tcpp) was then reused four times consecutively
without apparent changes in its PL profile (Fig. 3c); the PXRD
patterns show that In(tcpp) remained stable after 5 cycles
(Fig. S251), confirming its good recyclability. Taking into
consideration its high porosity and stability, In(tcpp) was further
used to remove F~ ions. An uptake capacity of 36.7 mg g
(original concentration 100 ppb, remaining concentration 1.2
ppb) was achieved for this scavenger, a value that is higher than
those of most of the F~ removal materials, such as graphene,
mesoporous alumina, and hydrous ferric oxide.™

The PFOA removal performance was assessed in different pH
solutions. As shown in Fig. $26,T In(tcpp) adsorbs 980 mg g~ *
PFOA in acidic solution (pH 3, original concentration 100 ppb,
remaining concentration 2.14 ppb), which is higher than those
of most of the porous materials (such as mesoporous silica,
activated carbons, activated carbons, molecularly imprinted
polymers, etc.) reported to date.”* We find that 90% of PFOA (at

© 2021 The Author(s). Published by the Royal Society of Chemistry

a concentration of 15 uM) can be removed within 30 min
(Fig. 3d). Thus, strong evidence confirms that In(tcpp) is a good
candidate not only for the switchable detection of PFOA and F,
but also for their capture and removal.

MOF-analyte interaction mechanism

To unveil the MOF-analyte interaction mechanism, we turned
to DFT calculation and infrared/X-ray photoelectron spectros-
copy to examine the binding of PFOA and NaF in In(tcpp). We
calculated the removal efficiency based on XPS and HPLC-MS
methods, which allow for the determination of the quantity of
adsorbed F~ and PFOA. The EPR and NMR experiments were
carried out before and after adding NaF into the free ligand
H,tepp.®® As shown in Fig. S27 and S28,} there are no obvious
differences before and after the NaF addition, suggesting that
no charge/electron transfer interactions occurred between NaF
and Hytcpp. Based on the UV-vis and PL spectra (Fig. S297),
small and gradual increase in the absorption intensity was
observed as a function of time, while an appreciable enhance-
ment in the PL intensity was noted after 30 min. These data
indicate that the strong basicity of NaF promotes the dissolu-
tion of the ligand giving rise to the increases in the UV-vis and
PL intensity.

We then studied the configuration of F~ in In(tcpp) via XPS.
The content of F~ is much higher than that of Na" as shown

Chem. Sci., 2021, 12, 14189-14197 | 14193
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Fig. 4 FTIR spectra of free PFOA, PFOA@In(tcpp), NaF@In(tcpp), and
In(tcpp) (from top to bottom), referenced to the blank KBr pellet.

from XPS results (Fig. S30 and Table S51). We speculate that F~
exists in the form of both NaF and HF within the sample, but
the latter is the majority species. We thus analyzed the favorable
binding site of HF within In(tcpp), which is near Niepp
(Fig. S31at). The H' of HF is 1.733 A away from the Ny.,, and the
H-F bond length is 0.975 A, which is slightly elongated
compared to our calculated gas-phase bond length of 0.938 A.
The binding configuration predicted computationally is in good
agreement with what we observed in the IR spectra (Fig. 4),
namely, significant perturbations of the ring mode, e.g., blue
shift of the »(CN)pyrazine band is observed in IR spectra, indi-
cating the direct interaction of HF with the tcpp linker. In
addition, no amine deformation bands 6(NH);;, oo, Were detec-
ted because H stays closer to F without protonating the N site on
the organic linker, in perfect agreement with our theoretical
predictions. Moreover, the blue shift of the ¥(CN)pyrazine band as
observed in our IR spectra is mimicked with the induced charge
density calculations where a strong interaction of H@HF with
the N@tcpp linker is clearly visible (Fig. S31b¥).

We further assessed the possibility of the minority species
NaF interacting directly with the N sites in In(tcpp), and found
that they are unfavorable based on the estimated binding
energetics (1.35 eV between Na* and Ni.pp) (Fig. $327). Further,
numerous starting configurations of Na', F~, and Na'F~ inter-
acting with the tcpp ligand or In node were considered. We
found that after the F~ adsorption, the coordination of F~ at the
axial position of In via py_o displacement is energetically
unfavourable. Instead, the most energetically favourable model
for NaF binding is that Na' interacts with oxygen on the In-
Otepp, and the F~ interacts with both OH and Na, based on their
charge rearrangement (Fig. 5a and b). This is consistent with
the infrared spectroscopic results, which suggest that NaF most
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Fig. 5 (a) Optimized structure of NaF@In(tcpp), highlighting Na* and
F~ interactions. (b) Charge density rearrangement upon formation of
the bond at an isolevel of 0.002 eV A=3. (c) Binding of PFOA and
In(tcpp) in PFOA@In(tcpp). (d) Configuration of PFOA-@In(tcpp)
(atoms are colored as follows: C grey, O red, N blue, In green, F light
blue, Na yellow, H white).

likely binds in close proximity to the COO and OH groups
(Fig. 4). Firstly, the bridging OH stretching band »(u-OH) at
3698 cm ' and bending band B(OH) at 983 cm ' disappear.
Additionally, a new band is observed at 1301 cm™'. DFT calcu-
lation has ascribed this new band to the shifted B(OH) vibration
upon forming H-bonding interaction with F~ (Table S67).
Furthermore, a decrease of the intensity of stretching bands
¥(COO) is detected in the NaF@In(tcpp) spectrum, giving an
indication that NaF interacts with the COO group. The photo-
luminescence enhancement was not captured, possibly due to
exciton formation upon the photoexcitation.

Based on the titration PFOA turn-off results, we tested the
model of PFOA binding to the nitrogen of the linker through its
H', forming PFOA™. Several other binding sites were also
examined but were found to be less favorable and, therefore, are
not part of this discussion. In the PFOA@In(tcpp), we found
that hydrogen binds more favorably to the nitrogen of the
linker, but is still close enough to the PFOA™ molecule to form
a hydrogen bond (Fig. 5¢c and d) with a strong binding energy of
1.57 eV. This is in accordance with an approximately 1 : 1 ratio
of Nicpp : PFOA, calculated based on our HPLC-MS results of
980.0 mg g~ ' PFOA adsorption (see the characteristic absorp-
tion peak and standard curve of PFOA in Fig. S33t). The
protonation of N is evidenced by the appearance of two new
bands at 1648 and 1317 cm™ " as well as a red frequency shift of
the »(C=0) band from 1757 cm ' to 1693 cm " (Fig. S34f).
Frequency modeling by DFT shows that these two bands at 1648
and 1317 cm™ " can be assigned to in-plane and out-of-plane
deformation bands of the -NH group, respectively. The so

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formed -NHi.pp group can further interact with the PFOA's
carboxylate group by hydrogen bonding interaction, resulting in
an observed frequency shift of the »(C=0) band to 1693 cm™"
(Fig. 4). The protonation of N is evident from the Raman spectra
(Fig. S35%). After interacting with PFOA, the v(N-H) band is
observed at 1568 cm™ . Further, the hydrogen bonding between
Nipp and PFOA blueshifts the ¥(C-O) from 1148 cm™' to
1145 cm™'. Our theoretical and spectroscopic results show
a distinct binding mechanism due to the presence of N in the
organic component and the acid-base interaction between the
PFOA molecule and In(tcpp) framework is the driving force for
PFOA detection and adsorption (Fig. S367). Using these models
and comparing them to the pristine In(tcpp) MOF, we calcu-
lated the photoluminescence quenching of PFOA and PFOA™
using our previously developed methodology.>*** As can be seen
in Fig. S37,f PFOA shows strong quenching of the photo-
luminescence in PFOA@In(tcpp) (92%).

Conclusions

In summary, we have designed and prepared a robust and
porous LMOF, In(tcpp). In(tcpp) acts as a “switchable” sensor,
showing a strong turn-on and turn-off PL signal when exposed
to F~ anions and PFOA. Its limits of detection for F~ ions and
PFOA are 1.3 ug L " and 19 pg L™, respectively, indicating high
sensitivity towards both chemical species. In(tcpp) also shows
excellent selectivity for F~ over other cations and anions
commonly found in drinking water. The F~ detection process is
fully recyclable and the sensor material is reusable. Moreover,
In(tcpp) can be used as an effective scavenger to capture and
remove F~ and PFOA from aqueous solution. FTIR analysis and
DFT calculations were performed to explore the MOF-analyte
interaction mechanism: in the case of PFOA, the N, is the site
of interaction that is responsible for the quantitative adsorption
of PFOA; the maximum loading amount is consistent with the
number of available binding sites. The interaction between F~
and In(tcpp) occurs primarily at the bridging -OH ™, which is
also consistent with the In/F ratio. This work demonstrates that
switchable detection and removal of similar pollutants by the
same MOF may be achieved and may serve as an effective
approach in the future design of high performance MOF-based
chemical sensors and scavengers.

Experimental
Preparation of compounds

Synthesis of In(tcpp). InCl; (55 mg, 0.25 mmol) and H,tcpp
(50 mg, 0.09 mmol) were dissolved in a mixture solution of DMA
(5 mL) and water (2.5 mL). And then 0.8 mL of formic acid was
added to the above solution. The as-obtained mixture was
transferred to a 25 mL glass vial. After being sonicated for
5 min, the mixture was maintained at 100 °C for 48 h under
static conditions. After naturally cooling to room temperature,
the solution was removed by filtration and the product was
washed with DMA to remove the residual Hytepp and In*" ions.
Finally, the samples were dried at 60 °C for 12 h.
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Synthesis of In(tcpb). The In(tcpb) synthesis method is
similar to that of In(tcpp) except for replacing H,tcpp with
H,tepb (50 mg, 0.09 mmol). After cooling to room temperature,
the solid products were filtered and washed with DMA to
remove the residual Hytcpb and In®*" ions. Finally, In(tcpb) was
dried at 60 °C for 12 h.

Detection of F~ or PFOA. The activated In(tcpp) or In(tcpb)
crystals were ground and dispersed in water and kept under
sonication until getting the uniform suspension. Luminescence
titrations were carried out by incrementally adding aliquots of
F~ or PFOA solutions to the In(tcpp) or In(tcpb) suspension
followed by sonication. The luminescence spectra were recor-
ded 5 min after adding the appropriate amount of F~ or PFOA
stock solution. This exposure time ensured that the analyte
entered the LMOF pores. Each measurement was repeated three
times, and the average value was used. Note: to get the obvious
turn on/off response to F~ or PFOA, the concentration of
In(tcpp) is 0.05 mg mL ™" for turn-on, and In(tcpp) 0.005 mg
mL ™" for turn-off.

Limit of detection for F~ and PFOA. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC), the
limit of detection was calculated using the following equation

(eqn (2)).
LOD = kSy/a (2)

where LOD is the limit of detection, k = 3 for spectral chemical
analysis, and a is the sensitivity of the sensor (i.e. the slope of
the calibration curve). The confidence level is 90% corre-
sponding to k = 3. S}, is the standard deviation of the blank
background.

Recyclability test for F~ detection. A 200 uM F~ was added
into the In(tcpp) suspension (90.5 mg mL ™) and the lumines-
cence intensity was recorded. The above suspension was
washed with pH 3 boric acid and centrifuged three times to
remove the F~. Then the F~ was added into the In(tcpp)
suspension for the second use. Before and after each cycle the
In(tcpp) PXRD was measured to make sure that the In(tcpp)
remained stable for further use.

NaF removal efficiency analysis. Stock solutions of 0.5 pM
NaF were prepared. 10 mg activated In(tcpp) was added into the
above NaF aqueous solutions. After 30 min, In(tcpp) was
centrifuged and washed three times with methanol. The XPS
analysis for F~ and Na* was performed after the above materials
were dried for 12 h in a vacuum.

PFOA removal efficiency analysis. Stock solutions of 15 pM
PFOA were prepared by dissolving PFOA into 100 mL ultrapure
deionized water. 3 mg activated In(tcpp) was added into the
above PFOA aqueous solutions. The supernatant PFOA
concentration was obtained at 0, 15, 30, 60, 120, and 240 min.
The concentration of each sample was calculated according to
the calibration curve obtained from HPLC-MS.

To estimate the PFOA removal efficiency of In(tcpp) in
solutions of different pH, 55 mg In(tcpp) was added into 10 mL
PFOA in different pH buffer (15 mM). The samples were soni-
cated to ensure good mixing. After 30 min, the concentration of
supernatant PFOA was obtained after centrifugation.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04070g

Open Access Article. Published on 30 september 2021. Downloaded on 06-02-2026 13:06:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

HPLC-MS analysis of PFOA. The above supernatant PFOA
concentration was determined by using an HPLC interfaced
with an electrospray mass spectrometer. HPLC separation was
performed on a Thermo Scientific UltiMate 3000 HPLC-QE high
performance liquid chromatograph system. 20 micro liters of
the supernatant was injected onto a Waters BEH C18 (100 mm
length x 2.1 mm i.d., 1.7 pm packing) with a 20 mm guard
column of the same material. A deionized water solution con-
taining 10 mM ammonium acetate and methanol as the mobile
phase was delivered with a flow-rate of 300 uL min~'. The
gradient started at 90% methanol followed by 2 min ramp to
10% methanol, and then another 5.5 min ramp to 10% meth-
anol, and then reverting to initial conditions allowing 6 min
stabilization time. Detection was performed with an Agilent
1100 MSD ion-trap-SL system (Agilent, Palo Alto, CA, USA)
operating in the electrospray negative mode. The optimized
conditions were as follows: nebulizer gas pressure 30 psi, drying
nitrogen gas temperature 350 °C, capillary voltage 3.2 kV. The
capillary exit voltages were —122 V for PFOA. Quantitation was
monitored using [M-H] ™ ions for PFOA in the single MS mode
by relating the area of the analyte to the area of the standard
line.
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