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A Zn-MOF functionalized with alkyne groups:
ultrasensitive detection of Cu* and Pd“* ions in
aqueous mediumfy
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An alkyne-functionalized Zn(i)-based luminescent metal-organic framework (MOF) 1 has been synthesized
and structurally characterized. MOF 1 functions as an ultrasensitive and ultrafast chemosensor for the ‘turn-
off> detection of Cu™ and Pd?* ions in an aqueous medium. MOF 1 exhibits not only an extremely low detec-
tion limit of 53 and 71 nM for Cu™ and Pd?* ions, respectively, but also an ultrafast response time of ca. 10 s.
The emission quenching in 1 is attributed to FRET due to the interaction of alkyne-n bonds with the d-orbitals
of soft Cut and Pd?" ions. Such a n—d interaction was confirmed by the solid-state NMR and FTIR spectral
studies, XPS studies, zeta potential measurements and EDX analyses. To further validate the role of the alkyne
group in controlling the said interaction in MOF 1, its structural analogue MOF 2 but carrying a saturated alkyl
group was synthesized and structurally characterized. MOF 2 failed to recognize both Cu™ and Pd?* ions, thus
confirming a critical role of the alkyne group in participating in the interaction with the Cu* or Pd®* ions via
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the propargyl group of MOF 1 which resulted in fluorescence quenching via a dynamic quenching pathway.

DOI: 10.1039/d3sd00188a
MOF 1 selectively detects both Cu™ and Pd®* ions in different water samples as well as in the presence of
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Introduction

Metal-organic frameworks (MOFs) are a significant class of tun-
able materials with large surface area, high porosity, high crystal-
linity, and remarkable structural features."™* MOFs have emerged
as promising materials for a number of applications including
gas adsorption,™® storage and separation,”® proton and hydrox-
ide conduction,”® sensing,"""'* imaging and optics,"*'* heteroge-
neous catalysis,"”"” and magnetism.'® Through a judicious selec-
tion of organic linkers and metal ions/nodes/clusters,'® assorted
MOFs featuring diverse topologies and properties could be ratio-
nally constructed.”® Out of various MOFs, the luminescent ones
are significant due to their valuable applications in the fields of
sensing,™'? imaging and optics."*'* Here, selection of an organic
linker is critical for the design of luminescent MOFs for specific
detection applications.*"** For example, functionalized organic
linker(s) in a MOF can selectively and reversibly interact with a
specific analyte.”® Utilizing such design strategies, various lumi-
nescent MOFs have been developed for the selective sensing of
metal ions,*** anions,®®*” small organic molecules,® explo-
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other interfering metal ions, while MOF-based paper strips are used for real-life monitoring.

sives,” biological signalling molecules,® ROS,*' and even
drugs.*

Transition metals are essential for living organisms, in-
cluding humans, due to their involvement in numerous cellu-
lar processes.**™*> Copper, the third most abundant essential
element in humans, is involved in various biological and
metabolic processes.***® Inside a cell, copper switches be-
tween the cupric (Cu®") and cuprous (Cu") forms.?” However,
due to cytosol's reducing environment, copper typically exists
in the cuprous form inside a cell.>® While development of a
fluorescent sensor for the cupric form is relatively easy, detec-
tion of cuprous ions is rather challenging.’”*® As a result,
many fluorescent chemosensors have been developed for cu-
pric ions, and sensing of cuprous ions is very sparse.**™*?
Thus, it is crucial to develop fluorescent chemosensors for
the sensitive and selective detection of cuprous ions, prefera-
bly under biologically relevant conditions.*"**

The palladium metal is extensively used for various chemi-
cal, industrial and medical applications.**™*® The excessive
use of palladium inevitably leads to environmental contami-
nation and has a detrimental impact on both flora and fauna,
including humans.*>*® The ability of palladium to undergo
complexation with different biomolecules raises serious con-
cerns, even when present in minute concentrations.>*> Thus,
it is quite essential but a challenging task to design a
chemosensor that can selectively detect Pd ions.
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Although diverse ranges of fluorescent chemosensors have
been developed based on small organic molecules,*** or-
ganic polymers,®*® inorganic-organic hybrids,””*® and
quantum dots,”>® their low water stability and poor reusabil-
ity hinder their applicability for real-life applications.®™** In
this context, the stable and robust nature of MOFs can cir-
cumvent the aforementioned drawbacks.'® In particular, lu-
minescent MOFs have the ability to act as multifunctional
fluorescent chemosensors for the selective and sensitive de-
tection of assorted analytes.®?

Both Cu' and Pd*" ions fall under the category of soft
metals and therefore the design aspect must incorporate
functional groups that are known to interact with soft
metals.’>®® In this context, an alkyne functional group is well
known to interact with soft metals due to its good n-donor ca-
pability which allows overlap with metal's vacant d-or-
bitals.®>®” Therefore, incorporation of an alkyne functional
group within a luminescent MOF would be an ideal strat-
egy.®® Moreover, the thermal stability and chemical robust-
ness as well as the porous nature of MOFs will be additional
advantages.®

Herein, we report the design and synthesis of an alkyne-
functionalized Zn(u)-based MOF (1) for the ultrasensitive de-
tection of Cu” and Pd*" ions. The fluorescence spectral stud-
ies illustrate that 1 selectively detects both Cu® and Pd*" ions
with an extremely low detection limit and a fast response via
the emission turn-off effect. We provide convincing evidence
that both Cu* and Pd*" ions interact with the alkyne groups
of the Zn-MOF via soft---soft interactions. An important fea-
ture is that the entire sensing is performed in an aqueous
medium, thus highlighting its significance. A structural ana-
logue of 1, however, functionalized with a saturated propyl
group (MOF 2), was incapable of recognizing both Cu’ and
Pd*" ions. Such a fact provides structural evidence for con-
firming the actual binding site, the alkyne groups, in MOF 1.
MOF 1 is also capable of selectively detecting Cu* and Pd**
ions in different water samples as well as in the presence of
other interfering metal ions, while MOF-based paper strips
are used for real-life monitoring. To the best of our knowl-
edge, this is the first report for the detection of Cu’ ions in
an aqueous medium under the regime of MOFs.

View Article Online

Sensors & Diagnostics

Results and discussion
Synthesis and characterization of Zn-MOF 1

Ligand L3 (Fig. S1-S9, ESIf) was synthesized in two steps
starting from L1 (Scheme 1). Ligand L3, functionalized with
an alkyne group, offers two arylcarboxylic acid groups with
the potential to coordinate suitable metal ions. L3 upon reac-
tion with Zn(OAc), resulted in the formation of three-
dimensional (3D) Zn(u)-MOF 1 (Scheme 1). In the FTIR spec-
trum, 1 exhibited strong stretching at 1675-1590 cm ™" corre-
sponding to both veoo and ve—o groups (Fig. S10, ESIT).*°
MOF 1 also displayed broad vo-y stretching at 3370-3210
em™ due to the presence of lattice water molecules while a
strong band at ca. 1027 cm™" is indicative of lattice DMSO.
The FTIR spectrum of 1 also showed stretching at 3321 and
2122 cm™! corresponding to ve=c-y and ve=¢ groups, respec-
tively, thus confirming the presence of appended propargyl
groups.®® TG analysis of 1 suggested its good thermal stabil-
ity (ca. 300 °C) after showing weight changes for the loss of
lattice DMSO and water molecules (Fig. S11, ESIf). The ele-
mental composition of 1 was confirmed by using energy dis-
persive X-ray (EDX) spectroscopy (Fig. S12, ESIt). The PXRD
pattern of as-synthesised 1 closely matched with the one sim-
ulated from the single crystal X-ray diffraction analysis, indi-
cating the phase purity of the bulk material (Fig. S13, ESI{).
The chemical stability of MOF 1 was investigated by soaking
it in an aqueous solution of different pH values (4, 5, and 9)
and a range of organic solvents (methanol, acetone, chloro-
form, and hexane) (Fig. S14, ESIT).

The PXRD studies explicitly illustrated that both the crys-
tallinity and framework integrity of MOF 1 were well pre-
served in both aqueous solutions of different pH values and
solvents of varying polarities. These studies strongly evidence
that MOF 1 is chemically robust and can be utilized for vari-
ous applications.

MOF 1 was crystallographically characterized to under-
stand its 3D molecular architecture. Details of the X-ray data
collection and structure solution parameters are provided in
Table S1, whereas Tables S2 and S3f contain selected bond-
ing parameters. The diffraction studies revealed that MOF 1
crystallized in a monoclinic cell with the C2/C space group.
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Scheme 1 Preparative route for the synthesis of Zn(i)-MOF 1. Reaction conditions: (i) propargyl bromide, K,COs; (ii) OH; (iii) Zn(OAc),.
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The asymmetric unit consists of one ligand L3 (in its
dianionic form), one Zn>" ion, and one molecule each of wa-
ter and DMSO in the crystal lattice (Fig. 1(a)). The overall two
negative charges of the dianionic ligand are balanced by the
dicationic zinc ion. The secondary building unit (SBU) of 1
consists of four arylcarboxylate groups emanating from four
different ligands and two Zn(u) ions forming a paddle-wheel
core, [Zn,(-COO),]. In the SBU, both Zn*' ions adopted a
distorted tetrahedral geometry, where the two zinc ions are
separated by 2.95 A (Fig. 1(b)). Such SBUs are connected to-
gether to generate a 3D architecture (Fig. 1(c)-(f)). MOF 1 ex-
hibited the presence of large open pores with dimensions of
17.39 x 16.20 A? (Fig. 1(c)). Such an observation was satisfac-
torily supported by the Brunauer-Emmett-Teller (BET) stud-
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ies which revealed pores of ca. 1.5 nm dimensions and a sur-
face area of 10.29 m”> g™ " (Fig. S15, ESIf).”° Notably, such
pores are lined with the functionalized propargyl groups.
Such a fact provides a unique opportunity for the recognition
and binding of a specific analyte within the porous structure
of 1 (vide infra).

Sensing studies

The emission spectra of 1 were recorded in a variety of sol-
vents as its suspensions: MeCN, CHCl;, THF, MeOH, EtOH,
H,0, acetone, toluene, DMF, DMSO, ethylene glycol, nitro-
methane and nitrobenzene (Fig. S16, ESIf). However, water
was found to be the best solvent in terms of high emission

(@) Asymmetric unit of MOF 1; colour codes: green, Zn; blue, N; red, O; grey, C. Lattice water and DMSO molecules and hydrogen atoms

have been omitted for clarity. (b) Partial crystal structure of 1 showing the coordination environment around the Zn®* centers. (c) A view of the 3D
network of 1 displaying the cavity structure and its dimensions, when viewed along the b-axis. (d) Space-filling diagram of 1, when viewed along
the b-axis. (e) A view of the 3D network of 1, when viewed along the a-axis. (f) Space-filling diagram of 1, where propargyl groups are shown in
green colour for distinction, when viewed along a perpendicular axis to the bc plane.
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intensity of 1 and its real-life applicability.”" Therefore, all
subsequent studies were performed in an aqueous medium.
The suspension of MOF 1 in H,O displayed a prominent
emission with a maximum at 435 nm upon excitation at 325
nm. In fact, the solid-state fluorescence spectrum of 1 also
exhibited an intense emission band at 435 nm (Fig. S17,
ESIt). Subsequently, the emission spectra of 1 were investi-
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gated after the addition of assorted metal ions such as Hg*",
Pt2+, Cu2+, Ag+’ Pb2+, C02+, an+y Cd2+, Mg2+, Cl‘3+, Ni2+, Mn2+,
Na®, K", AI*", and Fe**. Importantly, the addition of these
metal ions to an aqueous suspension of MOF 1 did not sig-
nificantly perturb its emission intensity. However, in the
presence of both Cu® and Pd*" ions, the emission intensity of
1 was significantly quenched (Fig. 2(a)). The presence of Cu"
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(a) Change in the emission spectra of MOF 1 in the presence of assorted metal ions (40 uM) in water (lex = 325 nm). (b) Bar diagram

showing relative quenching in the emission intensity of 1 in the presence of assorted metal ions (40 uM). Change in the emission spectra of MOF 1
upon incremental addition of (c) Cu* ions (0-28 uM) and (d) Pd?* ions (0-32 uM). Stern-Volmer plots for the detection of (e) Cu* ions and (f) Pd?*

ions by MOF 1.
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Table 1 Detection parameters for the sensing of Pd>* ions by assorted MOFs reported in the literature

S. no. MOF Solvent Detection limit (ppb) Response time (s) Key M) Ref.

1 Zn-MOF (1) Water 12.7 20 0.73 x 10° This work
2 [Al(OH)(L1)], Water 18.1 30 4.39 x 10° 65

3 [Al(OH)(L2)],. Water 26.2 360 1.05 x 10° 72

4 [AI(OH)(L3).54(L4)0.46)n Water 19.5 1800 1.56 x 10* 73

5 [Eu(L5);.5(DMF)o 5], Water 44 n.a. 7.80 x 10* 64

6 [2n(L6)(L7)],. Water 35 n.a. 4.20 x 10" 74

7 [Cd(L6)(L7)]. Water 18 n.a. 7.90 x 10* 74

38 [Zn(L8)0.5(L9)o.5] DMF 30 n.a. 3.60 x 10* 63

9 [2n,0(L10)5], CH,CN 500 600 n.a. 66

L1: 5-(prop-2-yn-1-yloxy)isophthalic acid; L2: 5-(allyloxy)isophthalic acid; L3: isophthalic acid; L4: 5-vinylisophthalic acid; L5: 2,5-bis(allyloxy)
terephthalic acid; L6: 2-aminoterephthalic acid; L7: (E)-N-(pyridin-4-ylmethylene)isonicotinohydrazide; L8: 1,2,4,5-tetrakis(4-carboxyphenyl)ben-
zene; L9: 1,4-bis[2-(4-pyridyl)ethenyl]benzene; L10: 2,5-dithioalloxyterephthalic acid; n.a.: not available.

and Pd*" ions resulted in 96 and 92% quenching in the emis-
sion intensity of 1, respectively (Fig. 2(b)). The emission
quenching is assumed to be due to an interaction between
the propargyl group of MOF 1 and Cu® or Pd*" ions (vide in-
fra). The higher quenching efficiency observed for the Cu’
ion, compared to the Pd*" ion, is ascribed to its better soft
nature due to a lower positive charge which allows it to inter-
act effectively with the propargyl group of 1.

To further investigate, fluorescence spectral titrations were
performed after the sequential addition of solutions of Cu" and
Pd** ions (2.5 mM) to an aqueous suspension of 1
(Fig. 2(c) and (d)). These titrations allowed us to calculate vari-
ous binding parameters such as Stern-Volmer constants (Ksy)
(Fig. 2(e) and (f)), binding constants (Kj,) (Fig. S18, ESIT), and de-
tection limits (Fig. S19, ESIT).”>””” The Stern-Volmer constants
(Ksy) were found to be 1.6 x 10° M ™" and 0.72 x 10° M for Cu*
and Pd*" ions, respectively. The high values of Kgy indicated a
strong interaction between 1 and Cu” and Pd*" ions.”® The high
binding constants of 1 towards Cu" and Pd** ions were found to
be 5.45 x 10* M™* and 0.22 x 10* M, respectively.”” Further,
MOF 1 showed notable detection limits of 53.05 and 71.53 nM
for Cu* and Pd*" ions, respectively.”® These detection limits are
significantly lower than those of most of the reported MOF-
based chemosensors (Table 1).°**° In fact, MOFs that can act as
chemosensors for the detection of both Cu™ and Pd*" ions are
not known. Thus, MOF 1 acted as an efficient and selective
chemosensor for the detection of both Cu™ and Pd** ions in an
aqueous medium. Job's plots and mole ratio plots were studied
to understand the stoichiometry of the binding event by titrat-
ing a suspension of MOF 1 against Cu” and Pd*" ions and mea-
suring a change in the emission intensity (Fig. S20 and S21,
ESIf).”® Both these methods supported a 1:1 stoichiometry of
MOF 1 towards both Cu" and Pd** ions. To determine the re-
sponse time of MOF 1 towards Cu' and Pd*" ions, time-
dependent fluorometric titrations were performed.”” The emis-
sion spectra of 1 were recorded at 10 s intervals for up to 2 min.
Gratifyingly, within 10 s, the emission intensity of 1 was
quenched significantly after the addition of both Cu* and Pd**
ions (Fig. S22, ESIt). Such a fact illustrates a fast response time
of 1 for the sensing of both Cu* and Pd** ions compared to
other reported MOFs (Table 1).6*7

© 2023 The Author(s). Published by the Royal Society of Chemistry

To evaluate the excited state behavior of 1, time-resolved
fluorescence studies were done in the absence and presence
of Cu” and Pd*" ions, respectively (Fig. 3).%° The lifetime pro-
file of MOF 1 showed a tri-exponential decay with z,, of 8.43
ns (Table S47). After the addition of Cu" and Pd*" ions, the
7oy values decreased to 4.84 ns and 5.06 ns, respectively.
These facts suggest strong interaction of Cu* and Pd*" ions
with MOF 1, probably due to n-d orbitals of the propargyl
group and metal ions.®®®” The said interaction between the
fluorophore 1 and quenchers (Cu® and Pd**) is responsible
for the immediate quenching of the fluorophore (vide infra).

For many applications, it is highly desirable for a
chemosensor to retain its selectivity in the presence of com-
petitive analytes.”®®! Hence, the selectivity of MOF 1 was
assessed towards Cu® and Pd*" ions in the presence of the
following metal ions: Hg**, Pt>", Cu*", Ag®, Pb*", Co*", Zn*",
cd*, Mg*, cr*, Ni**, Mn*", Na*, K", AI’", and Fe** (Fig. $23,
ESIt). For such studies, equimolar amounts of Cu” or Pd**
ions and other competitive metal ions were added to an
aqueous suspension of MOF 1. Notably, none of these metal
ions interfered with the detection of both Cu” and Pd** ions.
Therefore, MOF 1 acts as a highly selective and sensitive
chemosensor for the detection of both Cu' and Pd** ions

100004 4 1, =8.43ns
t,, = 5.06 ns
80004 & T, =4.84ns
& 60004 «
c
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© 40004 1

1+ Pa?*

2000 1o

o 10 20 30 40
Time (ns)

Fig. 3 Lifetime profiles of MOF 1 in the absence and presence of Cu*
and Pd?* ions in Hz0 (fey = 325 nm).
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even in the presence of other competitive metal ions. Subse-
quently, selectivity was studied in the presence of both Cu"
and Pd** ions. As 1 is noted to bind to both Cu® and Pd**
ions, as expected, an interference was observed in their pres-
ence. With the Pd*' ion, ca. 90% quenching was noted; how-
ever, further addition of the Cu" ion led to ca. 100%
quenching. Similarly, while the Cu’ ion exhibited ca. 94%
quenching, further addition of the Pd*" ion led to ca. 100%
quenching.

To evaluate the sensing performance of MOF 1 in the pres-
ence of metal salts of different anions, its emission spectra
were recorded after the addition of various Cuf(r) salts (CuCl,
CuSCN, CuNO; and [Cu(CH;CN),]ClO,) as well as Pd(u) salts
(PdCl,, Pd(OAc),, Pd(NO;), and PdCl,(CH;CN),) (Fig. S24,
ESIT). Nearly identical emission quenching illustrates the re-
markable efficiency of 1 for the detection of both Cu" and
Pd*" ions across various metal salts with different anions.

Mechanistic insight

To investigate the mechanism of fluorescence quenching, var-
ious experiments were performed. The PXRD patterns of 1
were recorded after its reaction with both Cu® and Pd*" ions;
i.e., 1-Cu and 1-Pd (Fig. S25, ESIT). Unnoticeable changes were
observed in the PXRD patterns of both 1-Cu and 1-Pd when
compared to pristine 1, thus suggesting that emission
quenching was not due to any structural change in 1.°® In
fact, it is important to note that both the structural integrity
and stability of 1 remain preserved after sensing experiments.
Subsequently, SEM studies were performed to check the mor-
phological stability of 1 after its interaction with Cu* and Pd*>*
ions (Fig. S26, ESIT). A nearly identical morphology of 1, when
compared to 1-Cu and 1-Pd, confirmed its morphological sta-
bility after the detection of Cu" and Pd*" ions. Thus, the emis-
sion quenching of MOF 1 is most probably due to its interac-
tion and/or binding with the analytes (Cu" and Pd*" ions).

The Stern-Volmer studies were used to interpret the
quenching efficiency of 1 towards Cu" and Pd** ions. Notably,
the Stern-Volmer plots remained linear at all concentrations
of Cu* and Pd*" ions, thus suggesting that either a static or a
dynamic quenching pathway is followed during the sensing
event.®> However, the fluorescence lifetime decay profile of 1
displayed significant changes in its lifetime after the addition
of Cu" and Pd*" ions. Such a fact confirms that the emission
quenching is not caused by a static but a dynamic quenching
pathway via energy transfer between the MOF and an analyte.
Thus, the mechanism of emission quenching can possibly be
ascribed to the strong interaction between the MOF and an
analyte accompanied with Forster resonance energy transfer
(FRET).*® Therefore, the lifetime decay studies support the
fact that complete complexation has possibly taken place be-
tween the propargyl group of MOF 1 and Cu® or Pd*" ions,
which led to FRET between them and thereby emission
quenching. FRET is a non-radiative energy transfer process
that involves transfer of excitation energy from a donor to an
acceptor through dipole-dipole interactions. In order for

1590 | Sens. Diagn., 2023, 2,1585-1596
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FRET to take place, there must be a sufficient overlap be-
tween the absorption spectrum of an analyte and the emis-
sion spectrum of a fluorophore.®**> As shown in Fig. 4, the
emission band of MOF 1 has a good overlap to the absorp-
tion band of PdCl,, thus supporting an efficient energy trans-
fer from 1 (donor) to the Pd*" ion (acceptor). This overlap
suggests that the Pd** ion absorbs the excited state energy of
1 and thus reduces the transfer of energy from the ligand to
the Zn>* ion, resulting in emission quenching when 1 inter-
acted with an analyte. Further, the overlap integral (J;) was
calculated to evaluate the FRET efficiency between the donor
and the acceptor. For the Pd** ion, the value of J; was found
to be 1.14 x 10" m™ em™ nm®. A large value of J; clearly jus-
tifies a significant overlap between MOF 1 (donor) and the
Pd** ion (acceptor), which is comparable to many examples
available in the literature.®****> However, similar studies for
the Cu’ ion could not be performed as CuCl does not show
any absorption band in the visible region.

To further provide evidence of binding between the pro-
pargyl group of the MOF and Cu' or Pd*" ions, the FTIR and
solid-state ">C NMR spectra of 1, 1-Cu and 1-Pd were studied
(Fig. 5).”” In the FTIR spectra, notable red shifts were ob-
served for both -C=C-H and -C=C- stretching of the pro-
pargyl group (Fig. S27, ESIf). For 1-Cu and 1-Pd, -C=C-H
and -C=C- stretching were shifted from 3321 to 3311/3309
and from 2122 to 2114/2112 cm™', respectively.®® Likewise,
the solid-state '>’C NMR spectra (Fig. $28, ESI{) also showed a
significant downfield shift in the aliphatic region for both 1-
Cu (45 = 2.13 ppm) and 1-Pd (45 = 2.03 ppm). It is reasoned
that a strong interaction between the n-d orbital of alkyne
and metal ions is responsible for such notable deshielding.®®
Subsequently, zeta potentials ({) were measured for 1 ({ =
0.215) and compared with both 1-Cu ({ = 6.57) and 1-Pd ({ =
6.27) (Fig. S29, ESIT).”” For both 1-Cu and 1-Pd, significant
changes in ¢ further support binding of Cu" and Pd** ions to
the propargyl group of MOF 1.

Furthermore, X-ray photoelectron spectroscopy (XPS) was
used to confirm binding between the propargyl group of
MOF 1 and Cu® and Pd*" ions (Fig. $30, ESI{). In the XPS

0.75. o L1000
a Pd(l) Emission
o A Spectrum of 1
“ 1800 .,
‘»
[ : c
g 0509 L600 &
© c
£ <
o o
3 -400 ®
< 0.25 E
200 W
0.00 . h i =10
400 500 600 700 800

Wavelength (nm)

Fig. 4 Spectral overlap between the absorption spectrum of the Pd2*
ion and the emission spectrum of MOF 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The mechanism of detection of Cu* and Pd?* ions by Zn(i)-MOF 1 using various studies.

spectra, notable shifts were observed in the binding energy
(BE) of the C=C bond and O atom of the propargyl group.
For 1-Cu and 1-Pd, BEc=c and BE, increased by 0.43 and
0.39 eV and 0.31 and 0.29 eV, respectively. Such significant
changes in the BE are attributed to the strong interaction be-
tween the m-orbitals of the propargyl group and the d-orbitals
of Cu" and Pd*" ions.*

In order to further substantiate these findings, EDX analy-
sis was done to confirm the elemental composition of MOF 1
before and after its reaction with Cu® (1-Cu) and Pd*" (1-Pd)
ions (Fig. S31, ESIf). In both cases, in addition to C, N, O
and Zn, EDX analysis also showed the presence of Cu and
Pd. Such a fact provides a strong justification about binding
between the propargyl group of MOF 1 and the analytes. Col-
lectively, all studies confirm complexation between the Cu"
and Pd*" ions and the propargyl group of the MOF, which re-
sulted in the fluorescence quenching via a dynamic
quenching pathway.®

Finally, in order to substantiate the fact that the tagged
propargyl group is indeed responsible for the recognition
and binding of both soft metal ions Cu® and Pd*", we synthe-
sized a novel structural analogue of Zn-MOF 1. In MOF 2, the
propargyl group was replaced with its reduced chemical ana-
logue, the propyl group. Zn-MOF 2 was synthesized in a simi-
lar manner, however, starting with ligand L5 (Fig. S32-S37,
ESIT) bearing a propyl group in place of the propargyl group

© 2023 The Author(s). Published by the Royal Society of Chemistry

(Scheme 2). Subsequently, MOF 2 was adequately character-
ized (Fig. S38 and S39, ESI}) including X-ray diffraction analy-
sis (Tables S5-S7, ESIt).

MOF 2 crystallized in a monoclinic cell with the P2/n
space group. The asymmetric unit consists of one L5, one
Zn** ion, one each of a coordinated and a lattice DMSO mole-
cule (Fig. 6(a)). The SBU is composed of four arylcarboxylate
groups originating from four different ligands, two Zn(u) ions
and two coordinated DMSO molecules, [Zn,(-COO0),(DMSO),].
Every zinc ion exhibits a distorted tetrahedral geometry, and
the two zinc atoms are separated by 3.76 A (Fig. 6(b)). Such
SBUs are connected together to form a 3D structure

(Fig. 6(c)~(f))-

o/\/ O/\/
1 1
o) NN° (i) o, NP
g QL O St
EtOOC 'COOEt HOOC COOH
L4 L5

[{(L5)Zn(DMSO0)}-DMSO],
2

Scheme 2 Preparative route for the synthesis of Zn(i)-MOF 2.
Conditions: (i) OH; (ii) Zn(CgH5COO),.
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Fig. 6

(f)

(@) Asymmetric unit of MOF 2; colour codes: green, Zn; blue, N; red, O; grey, C; DMSO, pink. The hydrogen atoms, except for the amidic

protons, have been omitted for clarity. (b) Partial crystal structure of 2 showing the coordination environment around the Zn?* centers. (c) A view
of the 3D network of 2 displaying the cavity structure and its dimensions, when viewed along the b-axis. (d) Space-filling diagram of 2, when
viewed along the b-axis. (e) A view of the 3D network of 2, when viewed along the c-axis. (f) Space-filling diagram of 2, where propyl groups are
shown in green colour for distinction, when viewed along a perpendicular axis to the bc plane.

Similar to MOF 1, MOF 2 also exhibited the presence of
large cavities with dimensions of 17.33 x 14.74 A (Fig. 6(c)).
Importantly, the lattice DMSO molecule formed H-bonds
(2.99-3.00 A) with the amidic N-H groups of the ligand and
was thus located within the pincer cavity of the MOF.>”*® The
crystal structure of MOF 2, including its 3D architecture, is
very similar to that of MOF 1, except the tagged propyl group.
Such a fact provided an excellent opportunity to evaluate the
role of propargyl (MOF 1) versus propyl (MOF 2) groups in the
recognition of both Cu” and Pd*" ions.

The solid-state fluorescence spectrum of MOF 2 exhibited a
prominent emission at 455 nm (Fig. S40, ESI}), while its aque-
ous suspension also exhibited A., at 455 nm after being excited
at 325 nm. The emission spectra of MOF 2, recorded in a variety
of solvents (acetone, MeCN, CHCl;, THF, toluene, MeOH, EtOH,
H,0, DMF, DMSO, ethylene glycol, nitrobenzene and nitrometh-
ane (Fig. S41, ESIt)), exhibited a comparable spectral response

1592 | Sens. Diagn., 2023, 2, 1585-1596

as noted for MOF 1 (Fig. S42, ESIt). Subsequently, the fluores-
cence spectra of 2 were recorded in the presence of both Cu"
and Pd*" ions in an aqueous medium (Fig. $43, ESIt). Gratify-
ingly, MOF 2 did not show any response to both Cu* and Pd**
ions. Such a fact proves the critical role played by the propargyl
group in MOF 1 for the detection of these ions. In MOF 1, the
structure included alkyne groups that have the ability to engage
in soft interactions with the softer metal ions.** Such interac-
tions are crucial for the recognition and binding of soft metal
ions, leading to prominent changes in the emission spectrum.
In contrast, saturated propyl groups in MOF 2 do not facilitate
such interactions, and consequently, 2 is unable to recognize
softer metal ions and therefore no quenching is observed for
both Cu" and Pd*" ions. These observations highlight the im-
portance of intricate design in MOF 1 by incorporating alkyne
groups that are critical for the detection of soft metal ions
through soft-soft interactions.®* %

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Applications of Zn-MOF 1

(i) Paper strip-based detection. To make the detection pro-
cess convenient, portable and cost-effective, we fabricated
MOF-based paper strips for the real-time detection of Cu"
and Pd*" ions (Fig. 7(a)).”® Such test strips were prepared by
soaking paper strips in an aqueous suspension of 1 followed
by drying in air. Under UV light, such test strips displayed
strong blue fluorescence. However, when such test strips
were treated with an aqueous solution of Cu® and Pd** ions,
the blue emission was fully quenched. Thus, MOF 1 can act
as an efficient chemosensor for the detection of Cu™ and Pd**
ions for real-field applications.

(ii) Detection in different water samples. To evaluate a
wider applicability of MOF 1, fluorescence studies were per-
formed in different water samples, such as distilled water,
tap water, lake water, and river water (Fig. 7(b)).”* For such
studies, suspensions of MOF 1 were prepared in different wa-
ter samples and emission spectra were recorded in the pres-
ence of Cu” and Pd® ions. Nearly identical quenching was
observed in all water samples. Therefore, MOF 1 is highly ef-
ficient for detecting both Cu* and Pd* ions in different water
samples.

Conclusions

In conclusion, an alkyne-functionalized Zn(u)-based lumines-
cent MOF (1) was synthesized and utilized as an efficient and
selective chemosensor for the ultrafast ‘turn-off” detection of
Cu' and Pd*' in an aqueous medium. MOF 1 exhibited ex-
tremely low nano-molar detection limits for both Cu’ and
Pd*" ions with an ultrafast response time. The luminescence
quenching of MOF 1 was attributed to FRET as a result of n—
d interaction between the alkyne functional group of 1 and

\_J
(b) '

95
70
45

20

Relative Quenching (%)

-5

DishlledWater Lake w; " "
ate Ruverwaler Tapwatrerrw

Fig. 7 (a) MOF-coated paper strips in the absence and presence of

Cu* and Pd?* ions under UV light (365 nm) and (b) quenching effi-

ciency of 1 for the Cu* ion (28 uM, red pillars) and Pd?* ion (32 uM,

blue pillars) in various water samples (distilled water, lake water, river

water, tap water).
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Cu" and Pd*" ions. The mechanism of n-d interaction was in-
ferred with the help of solid-state NMR and FTIR spectral
studies, XPS studies, zeta potentials and EDX analyses. To
nail, a structural analogue of MOF 1, MOF 2, however, carry-
ing a saturated alkyl group, was utilized to confirm the role
of the alkyne group in controlling the n-d interaction in 1
and therefore the sensing outcome. This work not only illus-
trated selective detection of Cu" and Pd*' ions in aqueous
medium but also demonstrated the significant role of incor-
porating critical functional groups into a MOF structure in
achieving selective detection of the targeted analytes.

Syntheses

Synthesis of L1

H,I7“°°“*_OH (L1). Chelidamic acid (2.00 g, 10.90 mmol)
and ethyl 4-aminobenzoate (3.60 g, 21.80 mmol) were taken
in 15 mL pyridine and refluxed with stirring for 30 min at
100 °C. To this reaction mixture, triphenyl phosphite (7.45 g,
24.02 mmol) was added dropwise and the reaction mixture
was stirred for 8 h at 100 °C. After the reaction mixture was
cooled to room temperature, ice-cold water was added, which
resulted in instant precipitation of a white product. The
white product was filtered, thoroughly washed with water
followed by diethyl ether and dried under vacuum. Yield:
4.94 ¢ (95%). "H NMR spectrum (400 MHz, DMSO-de) J 11.73
(s, 1H), 11.12 (s, 2H), 8.06 (d, J = 8.7 Hz, 4H), 7.98 (d, J = 8.6
Hz, 4H), 7.70 (s, 2H), 4.27 (q, J = 7.0 Hz, 4H), 1.29 (t, J = 7.1
Hz, 6H). "*C NMR spectrum (100 MHz, DMSO-ds) 6 167.54,
165.84, 162.55, 150.97, 142.96, 130.65, 125.70, 120.67, 113.32,
61.07, 14.74. FTIR spectrum (Zn-Se, selected peaks, v/em™):
3450 (O-H), 3288 (N-H), 1696 (COOCH,CHj,), 1585 (C=0).
Elemental analysis for C,5H,3N30;: C, 62.89; H, 4.86; N, 8.80.
Found: C, 62.62; H, 4.66; N, 8.69.

Synthesis of L2 and L3

H,17"°F_0-CH,-C=C-H (L2). L1 (1.00 g, 2.09 mmol)
and propargyl bromide (0.29 g, 2.51 mmol) were dissolved in
20 mL DMF followed by the addition of solid K,CO; (0.57 g,
4.18 mmol). The reaction mixture was stirred for 6 h at 60
°C. The unreacted K,CO; was filtered off from the reaction
mixture and the solvent was removed under reduced pres-
sure. The product was isolated after washing with diethyl
ether. Yield: 0.97 g (90%). 'H NMR spectrum (400 MHz,
DMSO-dg) 6 11.26 (s, 2H), 8.08 (d, J = 8.7 Hz, 4H), 8.00 (d, J =
8.7 Hz, 4H), 7.92 (s, 2H), 5.13 (s, 2H), 4.28 (q, J = 7.1 Hz, 4H),
3.74 (s, 1H), 1.30 (t, J = 7.1 Hz, 6H). >C NMR spectrum (100
MHz, DMSO-dg) 6 166.72, 165.79, 162.24, 151.16, 142.86,
130.60, 125.79, 120.75, 112.57, 80.43, 78.20, 61.04, 57.07,
14.70. FTIR spectrum (Zn-Se, selected peaks, v/em™): 3368
(C=C-H), 3269 (N-H), 2116 (C=C), 1688 (COOCH,CHj,),
1596 (C=0). Elemental analysis for C,3H,sN30,: C, 65.24; H,
4.89; N, 8.15. Found: C, 65.15; H, 4.79; N, 8.12.

H,17“°°"_0-CH,-C=C-H (L3). Ligand L3 was obtained
after the base-assisted hydrolysis of L2. L2 (0.5 g, 0.96 mmol)
was dissolved in a mixture of THF-H,O (3:1, v/v) and treated
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with 5 equiv. of NaOH (0.19 g, 4.8 mmol). This reaction mix-
ture was stirred for 12 h at room temperature. To this reac-
tion mixture, an aqueous solution of HCI (4 N) was added un-
til the pH reached 3.0-4.0. The resulting solution was
vacuum evaporated to remove THF which led to precipitation
of a product which was isolated, washed with water, and air
dried. Yield: 0.37 g (85%). '"H NMR spectrum (400 MHz,
DMSO-dg) 6 12.84 (s, 2H), 11.20 (s, 2H), 8.06 (d, J = 8.6 Hz,
4H), 8.00 (d, J = 8.6 Hz, 4H), 7.93 (s, 2H), 5.15 (s, 2H), 3.56 (s,
1H). C NMR spectrum (100 MHz, DMSO-ds) 6 167.38,
166.75, 162.12, 151.16, 142.48, 130.81, 126.77, 120.66, 112.53,
80.38, 78.21, 57.05. FTIR spectrum (Zn-Se, selected peaks, v/
em™): 3365 (C=C-H), 3280 (N-H), 2134 (C=C), 1682
(COOH), 1582 (C=0). Elemental analysis for C,,H;,N30: C,
62.75; H, 3.73; N, 9.15. Found: C, 62.72; H, 3.65; N, 9.09.

Synthesis of L4 and L5

H,17€°°F_0-(CH,),CH; (L4). L4 was synthesized using a
similar procedure to that mentioned for L2, however, using
the following reagents: L1 (1.00 g, 2.09 mmol), propyl bro-
mide (0.3 g, 2.51 mmol) and K,CO; (0.57 g, 4.18 mmol).
Yield: 0.95 g (88%). 'H NMR spectrum (400 MHz, DMSO-d,) ¢
11.28 (s, 2H), 8.12 (d, J = 8.8 Hz, 4H), 8.03 (d, ] = 8.8 Hz, 4H),
7.85 (s, 2H), 4.32 (q, J = 7.1 Hz, 4H), 4.24 (t, ] = 6.4 Hz, 2H),
1.88-1.76 (m, 2H), 1.34 (t, ] = 7.1 Hz, 6H), 1.02 (t, ] = 7.4 Hz,
3H). *C NMR spectrum (100 MHz, DMSO-ds) 6 167.99,
165.79, 162.79, 151.12, 142.89, 130.58, 125.75, 120.72, 112.09,
64.89, 61.02, 22.12, 14.70, 10.65. FTIR spectrum (Zn—Se, se-
lected peaks, v/em™'): 3349 (N-H), 2980 (C-H), 1697
(COOCH,CH3;), 1582 (C=O0). Elemental analysis for
C,sH,0N;0,: C, 64.73; H, 5.63; N, 8.09. Found: C, 64.55; H,
5.60; N, 8.22.

H,17¢°°"_0-(CH,),CH; (L5). Ligand L5 was synthesized
using a similar procedure to that mentioned for L3, however,
using L4. Yield: 0.36 g (82%). '"H NMR spectrum (400 MHz,
DMSO-dg) 6 12.85 (s, 2H), 11.19 (s, 2H), 8.08 (d, J = 8.6 Hz,
4H), 8.03 (d, J = 8.6 Hz, 4H), 7.84 (s, 2H), 4.23 (t, ] = 6.3 Hz,
2H), 1.82-1.79 (m, 2H), 1.02 (t, / = 7.4 Hz, 2H). "*C NMR spec-
trum (100 MHz, DMSO-dg) 6 168.01, 167.39, 162.24, 151.09,
142.50, 130.77, 126.78, 120.58, 112.01, 70.70, 22.12, 10.63.
FTIR spectrum (Zn-Se, selected peaks, v/em™): 3342 (N-H),
2953 (C-H), 1682 (COOH), 1580 (C=O0). Elemental analysis
for C,,H,,N;0,: C, 62.20; H, 4.57; N, 9.07. Found: C, 61.98;
H, 4.40; N, 9.15.

Synthesis of Zn(u) MOFs

[{(L3)Zn}-H,0-DMSO], (1). An aqueous solution of
Zn(OAc),-2H,0 (95.55 mg, 0.43 mmol) was layered over a
DMSO solution of L3 (100.00 mg, 0.21 mmol) with an inter-
mediate layer of tert-butanol. After a period of 8-10 days,
colourless needle-shaped crystals were obtained, which were
filtered, washed with diethyl ether, and dried under vacuum.
Yield: 130.00 mg (70%). FTIR spectrum (Zn-Se, selected
peaks, v/em™'): 3321 (C=C-H), 3284 (N-H), 2122 (C=C),
1675, 1589 (C=0). Elemental analysis for C,cH,3N30,,5Zn,:
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C, 36.18; H, 2.69; N, 4.87; S, 3.71. Found: C, 36.02; H, 2.75; N,
4.98; S, 3.67.

[{(L5)Zn(DMSO)}-DMSO],, (2). A MeOH solution of Zn(Ce-
H5COO), (133 mg, 0.43 mmol) was layered over a DMSO solu-
tion of L5 (100.00 mg, 0.21 mmol) with an intermediate layer
of tert-butanol. After a period of 7-9 days, colourless block-
shaped crystals were obtained, which were filtered, washed
with diethyl ether, and dried under vacuum. Yield: 131.00 mg
(72%). FTIR spectrum (Zn-Se, selected peaks, viem™'): 3241
(N-H), 2961 (C-H), 1675, 1603 (C=O0). Elemental analysis for
C,sH3:N304,S,Zns: C, 39.76; H, 3.69; N, 4.97; S, 7.58. Found:
C, 39.56; H, 3.55; N, 4.85; S, 7.53.
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