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Luminescence turn-on sensor for the selective
detection of trace water and methanol based on
a Zn(u) coordination polymer with 2,5-
dihydroxyterephthalatef
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A highly selective detection of trace water in organic solvents is urgently required for the chemical industry.
In this work, the simple sonochemical method was used for producing a luminescent sensor,
[Zn(Hodhtp)(2,2"-bpy)(H-0)l, (Zn-CP) (H.dhtp?™ = 2,5-dihydroxyterephthalate and 2,2'-bpy = 2,2'-
Zn-CP  exhibits
transformation. Importantly, Zn-CP has exceptional water sensing performance in both dry methanol
and dry ethanol, with high selectivity, wide linear ranges, and a low limit of detection (LOD) of 0.08% (v/
v). Upon the incremental addition of water, the luminescent intensities enhanced and shifted, along with

bipyridine). reversible thermally-induced and methanol-mediated structural

the emission color changing from green to greenish yellow. In addition, Zn-CP can detect methanol
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Accepted 16th March 2024 selectively through turn-on luminescence intensity with LODs of 0.28, 0.52, and 0.35% (v/v) in dry

ethanol, dry n-propanol, and dry n-butanol, respectively. The excited-state proton transfer of linker

DOI: 10.1039/d4ra00500g szhth* via enol-keto tautomerism and collaboration with structural transformation could be
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1 Introduction

Over the past few decades, research in the field of coordination
polymers (CPs) has received a great deal of attention because of
their broad potential applications, such as heterogeneous
catalysis, gas storage and separation, sensing, and
magnetism."* The building blocks of CPs are constructed by
metal ions and organic ligands, and their physical properties
can be directly tuned by the selection of metal ions and organic
ligands on a coordination assembly.** The reversible structural
transformation with chromotropism of CPs has been attracting
great attention due to their vital importance for application in
thermo-sensors, chemical sensors, optical sensors, color indi-
cators, and molecular switches.”° There are three main cate-
gories of structural changes: solid-state, solution-based, and
solvent-mediated."”** The solvent-mediated structural trans-
formation in CPs is rarely reported, owing to the dissolve-
recrystallize process of crystallization, which commonly
induces significant changes in their structures and
properties.***
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attributed to the sensing mechanism.

Nowadays, water is considered a contaminant and impurity
in dry organic products, food inspection, environmental
monitoring, and pharmaceutical manufacturing.'**® Trace
water influences not only the yield of chemicals and drugs but
also their activity and application.”® Up until now, the tradi-
tional Karl Fischer titration method and gas chromatography
have been used for monitoring water, but these methods have
certain limitations, involving the requirements of specialized
instruments, well-trained personnel, and time-consuming
processes.”**® Therefore, the development of sensors for
detecting water in organic products with simple operation, fast
response, and low detection limits is highly desired.>*** On the
other hand, another important analyte is methanol, which is
easily mixed into other alcohol solvents, especially ethanol, due
to its analogous physical and chemical properties.”>*® Ethanol is
an essential ingredient that is widely used in a variety of
industries, including the food and chemical industries. When
methanol is mixed with ethanol, the cost of producing ethanol
is reduced. Furthermore, methanol is an alcohol that is toxic to
mammals; consuming the compound will result in headaches,
vomiting, blindness, or worse, representing one of the world's
major risks to food safety.””?® Therefore, the detection of
methanol in alcohol solvents is of great significance and
required.

It is well known that the excited-state intramolecular proton
transfer (ESIPT) process of the organic ligand can greatly
improve the sensitivity and selectivity of CPs sensing probes.
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Upon being stimulated by light, the ESIPT process can generate
rapid intramolecular proton transfer between the hydrogen
bond donors (-OH and -NH,) and hydrogen bond acceptors (=
N- and -C=0) of the molecular structure via tautomerism from
the excited enol form to keto form.>*=*' From this viewpoint, 2,5-
dihydroxyterephthalate (H,dhtp®>~) was selected to construct
CPs for the sensing probe. The H,dhtp®~ ligand consists of two
carboxylate groups for constructing stable CPs and realizing
a high-efficiency ESIPT process that originates from weak
intramolecular H-bonds between carboxylate and hydroxyl
groups.” When adding the target molecule, it might interact
with the -OH groups of H,dhtp®>  and affect the enol-keto
tautomerism during the ESIPT process, which suggests that
luminescence emission peak position and intensity change
after detection.?*?** Out of the above-mentioned considerations,
we successfully prepared [Zn(H,dhtp)(2,2’-bpy)(H»O)], (Zn-CP)
(Hpdhtp®>~ = 2,5-dihydroxyterephthalate and 2,2"-bpy = 2,2’
bipyridine) by the simple sonochemical method. Zn-CP pres-
ents a zigzag chain coordination polymer with an abundance of
free hydroxy groups. The 1D zigzag chain structure of Zn-CP
changes to 2D-layer Zn-CP-II by heating or soaking in methanol
with chromotropism through the dehydration process. The
luminescence properties of Zn-CP and Zn-CP-II in solid-state
and suspension were studied. Furthermore, Zn-CP and Zn-CP-
II can be applied for low water detection in dry methanol and
dry ethanol with wide water detection ranges through the ESIPT
mechanism, which produces enhanced and shifted emission
spectra. In addition, by turning on luminescence intensity with
low detection limits, Zn-CP is able to detect and discriminate
methanol from a range of aliphatic alcohols.

2 Experimental section
2.1 Materials and methods

All chemicals and reagents were commercially available and
used without further purification. FT-IR spectra were recorded
over the range 4000-600 cm !, using a Bruker Tensor 27
Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectrophotometer. Powder X-ray diffraction (PXRD)
patterns were obtained from 5° to 50° at a speed of 0.5 s per step
on EMPYREAN PANALYTICAL using monochromatic CuKo
radiation at room temperature. Thermogravimetric analyses
(TGA) were measured using a TG-DTA 2010S MAC thermal
analyzer under an N, atmosphere at a heating rate of 10 °
C min~' and a temperature range of 35-700 °C. The sonicator
used in this study was an Elmasonic S30H (maximum 280 W at
50 Hz). The luminescence spectra were obtained by using
a Shimadzu RF-6000 spectrofluorometer with a continuous Xe
lamp at room temperature.

2.2 Preparation of [Zn(H,dhtp)(2,2'-bpy)(H,0)],. (Zn-CP)

The synthesis of Zn-CP in this work was developed using the
simple sonochemical method rather than the previously reported
solvothermal reaction at 60 °C for 4 days.** Sodium acetate was
used as a modulator in order to control the particle size of the
product. Zn(NO;), - 6H,0 0.2 mmol (56 mg), H,dhtp 0.2 mmol (40
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mg), 2,2'-bpy 0.2 mmol (31 mg), sodium acetate 0.2 mmol (54
mg), and NaOH 0.4 mmol (16 mg) were dissolved in 10 mL of
a mixed solvent of water/ethanol (1:1 v/v). The mixture was
sonicated for 30 min at room temperature. After the sonication
process, the yellow powder of Zn-CP was obtained. Then, the
product was centrifuged, and washed several times with water,
and dried overnight at 70 °C. Yield: (78% based on Zn(n) salt). FT-
IR (ATR, cm ') 3194(m), 1597(s), 1490(m), 1475(m), 1428(s),
1321(s), 1238(s), 1062(w), 1021(w), 804(m), 754(s).

2.3 Preparation of [Zn(H,dhtp)(2,2'-bpy)], (Zn-CP-II)

The yellow powder of Zn-CP was heated at 140 °C for 3 hours,
and then the white powder of Zn-CP-II was obtained. FT-IR
(ATR, cm™") 3184(m), 1598(s), 1472(m), 1440(s), 1380(m),
1361(m), 1109(m), 1024(m), 866(m), 789(s), 760(s).

2.4 Water sensing experiment

To carry out the luminescent detection for water, 10 mg of the
ground Zn-CP or Zn-CP-II was added to 100 mL of dry methanol
or dry ethanol. After that, the mixture solution was sonicated at
room temperature for 30 min, and a suspension of Zn-CP or Zn-
CP-1I in a methanolic or ethanolic solution was obtained. Then,
4 mL of the Zn-CP or Zn-CP-1I suspension was pipetted into
a 5 mL volumetric flask. After that, a different water level from
0.5 to 20% (v/v) was added. The volume of the suspension
containing water was adjusted to 5 mL with dry methanol or dry
ethanol, giving the different concentrations of water in the Zn-
CP or Zn-CP-II luminescent probe. After that, this suspension
was transferred to a quartz cuvette, followed by monitoring
emission intensity upon excitation at 360 nm.

2.5 Methanol sensing experiment

10 mg of Zn-CP was added to 100 mL of dry ethanol, then it was
sonicated for 30 min. After that, the suspension of Zn-CP in an
ethanolic solution was obtained. The experiment was per-
formed by the incremental addition of methanol to 5 mL of
ethanolic suspension of Zn-CP in 10 mL of a volumetric flask to
make the final content of methanol in the range of 5-50% (v/v).
After that, the luminescence intensity was measured by exciting
at 360 nm. Furthermore, the methanol sensing of Zn-CP in dry
n-propanol or dry n-butanol can be carried out in the same way,
but instead of dry ethanol to dry n-propanol or dry n-butanol.

3 Results and discussion
3.1 Structural characterization of Zn-CP and Zn-CP-II

A Zn-CP was prepared by the simple sonochemical method
instead of the solvothermal method previously reported.** The
sonochemical reaction serves to facilitate fast preparation and
reduce energy consumption such as pressure or high-
temperature heating. The powder X-ray diffraction (PXRD)
pattern of Zn-CP matches well with the reported structural phase
(Fig. S1t), suggesting that they are isostructural structures.** The
structure of Zn-CP presents a 3D supramolecular framework.
Each Zn(u) center is five-coordinated and consists of two oxygen
atoms from different H,dhtp®>~ ligands, two nitrogen atoms from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a chelating 2,2'-bpy ligand, and one oxygen atom from a water
molecule (Fig. S21). Monodentate H,dhtp®~ ligands bridge two
Zn(u) to form a 1D zigzag chain. For the packing structure of Zn-
CP, each 1D zigzag chain is linked together through m-7 inter-
action between the aromatic ring of H,dhtp>~ and the pyridine
ring of 2,2'-bpy along the c-axis, generating a 2D-layer structure
with free hydroxy group of H,dhtp®>~, which is the active site for
the ESIPT process (Fig. S31). The adjacent 2D layers of Zn-CP are
assembled to the 3D supramolecular framework by hydrogen
bonding along the b-axis between the hydrogen atom of the
coordinated water molecule and the uncoordinated oxygen atom
of the carboxyl group in different units (Fig. S4f). The TGA
analysis of Zn-CP displays a weight loss of 4.01% at temperatures
around 100 °C that indicates the release of a coordinated water
molecule (anal. Calc., 4.13%). In addition, the Zn-CP shows high
thermal stability up to 300 °C, and then the organic ligands were
decomposed (Fig. S8T).

Zn-CP-11 was prepared by heating Zn-CP at 140 °C for 3 h. The
PXRD pattern of as-synthesized Zn-CP-II is well matched with
that of the simulated pattern of reported single crystal data,**
confirming the identical crystalline phase purity (Fig. S11).The
crystal structure of Zn-CP-II displays a 3D supramolecular
framework. The Zn(u) center is five-coordinated and
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surrounded by three oxygen atoms of carboxylate groups from
different H,dhtp®>~ ligands and two nitrogen atoms from
a chelating 2,2’-bpy ligand (Fig. S57). The carboxylate groups of
H,dhtp®>~ ligands show the bidentate and monodentate
bridging modes for connecting with four and two Zn(u) centers,
respectively, which generate the 2D layer of Zn-CP-II along the
bc plane (Fig. S61). For the packing motif of Zn-CP-II, each 2D
layer is connected through intramolecular hydrogen bonds
between different hydroxyl groups of different H,dhtp>~ ligands
and hydrogen bonds between hydroxyl groups and carboxylate
groups of H,dhtp®~ ligands. Moreover, each 2D-layer is packed
by intramolecular -7 interactions between pyridyl rings of
different 2,2'-bpy, as shown in Fig. S6.f Furthermore, the
adjacent 2D layers of Zn-CP-II are assembled to the 3D supra-
molecular framework through interlayer C-H---7t interactions
among the hydrogen atoms from the adjacent 2,2’-bpy units and
benzene rings of H,dhtp®>~ ligands (Fig. S77).

3.2 Reversible thermal- and methanol-induced structural
transformation in Zn-CP

According to the TGA results, upon heating Zn-CP at 140 °C for
3 h, the coordinated water molecule in Zn-CP was removed to be

b)
Simulated Zn-CP

“ I I “ I Simulated Zn-CP-I1

T T T
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Intensity (a.u.)

20 (degree)

Zn1 Znl

Zn-CP-11

(a) Diagram of reversible dehydration and rehydration processes with color change of Zn-CP induced by thermal and methanol media. (b)

PXRD patterns of Zn-CP, Zn-CP-Il, Zn-CP-Heated (Zn-CP was heated at 140 °C), Zn-CP-MeOH (Zn-CP was soaked in methanol), and its
rehydrated form after soaking in water (Zn-CP-Heated and Zn-CP-MeOH in water). (c) A view of the reversible structural transformation of Zn-

CP and Zn-CP-Il induced by thermal and methanol.
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an activated form (denoted as Zn-CP-Heated), and the color was
also changed from yellow to white (Fig. 1a). The reversible
structural transformation of Zn-CP relating to its dehydration
and rehydration processes was monitored by FTIR and PXRD
techniques. The FTIR spectrum of Zn-CP-Heated shows that the
¥(OH)yater at 3031 cm™ " clearly disappears compared with the
original Zn-CP (Fig. S91). In addition, the PXRD patterns of Zn-
CP-Heated are different from Zn-CP, indicating the structural
transformation after the dehydration process. Also, the PXRD
pattern of Zn-CP-Heated matched the reported structure of
[Zn(H,dhtp)(2,2’-bpy)] (Zn-CP-I1).>*

To examine the solvent-mediated structural transformation,
50 mg of the ground Zn-CP was soaked in 14 different solvents
at room temperature. Interestingly, the color of Zn-CP was
changed from yellow to white only in the methanol media, as
shown in Fig. 1a (denoted as Zn-CP-MeOH). In contrast, Zn-CP
shows no significant color change in other solvents after soak-
ing for 24 h (Fig. 2a). The PXRD pattern of Zn-CP-MeOH shows
the same diffraction pattern as the simulated Zn-CP-II, con-
firming that the structural changed from the 1D chain of Zn-CP
to the 2D layer of Zn-CP-II. Time-dependent PXRD patterns of
Zn-CP in methanol were also investigated. When Zn-CP is
soaked in methanol for 5-20 min, the majority of the products
are the same as Zn-CP, which is greater than Zn-CP-II. Never-
theless, some diffraction peaks of Zn-CP-II at 26 = 11.2°, 12.6°,
and 14.5° were obtained, which indicate the mixed phases
between Zn-CP and Zn-CP-II. After soaking in methanol for
more than 30 min, some characteristic diffraction peaks of Zn-
CP at 20 = 9.3°, 9.5°, 10.9°, 12.1°, 13.8°, 15.1°, 25.2°, 28.5°, and
31.6° disappeared. Also, only the appearance of diffraction
peaks of Zn-CP-II is obtained after soaking in methanol for
60 min (Fig. 2b and c), indicating that the structure completely
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changed from Zn-CP to Zn-CP-II. It is worth mentioning that Zn-
CP does not exhibit a change in color or structural trans-
formation upon contact with other common organic solvents
(Fig. 2a), which corresponds to the PXRD patterns (Fig. S107).
Therefore, the structural transformation with chromotropism is
selective toward methanol over other solvents. The structural
transformation mechanism could be determined by the size**
and hydrogen bonding ability of methanol, which are
confirmed by Kamlet-Taft parameters* (Table S17). Methanol
has a tiny size and high hydrogen bond donor () and acceptor
(B) parameters; thus, it is easily accessible to the lattice struc-
ture of Zn-CP. Also, the coordinated water molecule of Zn-CP
has the highest hydrogen bond donor parameter, which
generates strong hydrogen bonds between them.*” Due to the
strong hydrogen bonding, the coordinated water molecule can
be removed from the coordination sphere, which indicates the
methanol-mediated structural transformation. Furthermore,
Zn-CP-Heated and Zn-CP-MeOH can be restored to the original
crystalline phase of Zn-CP after being soaked in water at room
temperature for 24 h. The rehydrated crystalline solid after
soaking in water for 24 h shows the same PXRD patterns as the
original phase of Zn-CP (Fig. 1b). Also, the color was returned to
that of the original one, as shown in Fig. 1a. These results
confirm the reversible thermal-induced and MeOH-mediated
structural phase transformation with chromotropism in Zn-
CP. It is worth mentioning that Zn-CP-II (both Zn-CP-Heated
and Zn-CP-MeOH) cannot return to Zn-CP after exposure to air
for a month, implying the high stability of Zn-CP-II in air.

3.3 Luminescence properties of Zn-CP and Zn-CP-II

The solid-state luminescence properties of H,dhtp, 2,2'-bpy, Zn-
CP, and Zn-CP-II were investigated (Fig. 3). Upon excitation at
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Fig. 3 Solid-state PL spectra of free Hydhtp, 2,2'-bpy, Zn-CP, and Zn-
CP-Il upon excitation at 360 nm.

360 nm, the luminescence intensity of free H,dhtp and 2,2'-bpy
ligands is observed at 477 and 526 nm, respectively, showing the
blue and white colors under UV light that originate from the 7*
to n or * to 7 electronic transition.***” In contrast, Zn-CP and
Zn-CP-1I show the quenching luminescent emission in solid-
state when compared with the free ligands, and other CPs
containing H,dhtp ligand normally show strong emission in
solid-state, as shown in Table S2.T The quenching phenomenon
in Zn-CP and Zn-CP-II is unique because the H,dhtp ligand is
a strong luminescent organic chromophore that can be changed
from enol to keto via excited-state intramolecular proton
transfer (ESIPT) between hydrogen atoms from the hydroxy
group to the carboxylate group after being excited by UV-light.
The weak luminescent intensity of Zn-CP could be attributed
to (i) the loss of energy from the vibration of the phenolic ligand
in the excited state,®** (ii) the molecular aggregation and
characteristics of molecular stacking. Generally, J-aggregation
(slip-stacking/head-to-tail interaction) enhances the fluores-
cence emission over H-aggregation (face-to-face interaction) for
ESIPT.**** The packing structure of Zn-CP and Zn-CP-II dis-
played intermolecular face-to-face interaction between rings of
ligands in 1D chains and 2D layers (Fig. S3 and S67), which
originated the aggregation-caused quenching (ACQ) effect. (iii)
The ligand-to-ligand charge transfer (LLCT) in Zn-CP. The
previous study used DFT to calculate the molecular orbital
simulation of [Zn(bpy)(dhtp)ys]..** The composition of this
compound is the same as that of Zn-CP and Zn-CP-II, but with
different packing structures and coordination modes of dhtp*~.
The HOMO is provided by the C and O atoms of the dhtp?~
when emitting light energy, it transfers to the 2,2’-bpy on the
LUMO, which is the LLCT process causing the quenching
luminescence intensity.*

The suspension of Zn-CP and Zn-CP-II showed strong
emission in water, methanol, DMF, and DMA, as shown in
Fig. 4. In strong polar protic solvents like water, Zn-CP and Zn-
CP-II showed strong luminescence intensity at 537 nm with
yellow emission. This phenomenon could be attributed to the
intermolecular proton transfer process between water and
proton in the hydroxyl group of H,dhtp® . Other polar protic
solvents such as MeOH, EtOH, n-propanol (n-PrOH), and n-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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butanol (n-BuOH), polar aprotic solvents such as acetone (ACT),
acetonitrile (ACN), dichloromethane (DCM), dimethyl form-
amide (DMF), dimethylacetamide (DMA), ethyl acetate (EtOAc),
tetrahydrofuran (THF), and non-polar solvents such as hexane
(Hex) and toluene (Tol) show the green luminescence color at
503, 502, 507, and 510 nm in MeOH, EtOH, DMF, and DMA,
respectively, depending on solvent polarity.***> Zn-CP and Zn-
CP-II contain hydroxyl groups in H,dhtp>~ thus methanol or
ethanol can easily interact with hydroxyl groups due to their
small size with high hydrogen bond donor and acceptor
parameters. DMF and DMA suspensions display green emission
due to their higher polarizability (Table S1t). Moreover, the high
polarity of water can be more stabilized in the excited state than
the ground state due to solvent relaxation, resulting in
a decreased energy band gap and a red-shitted emission when
compared to other solvents (Fig. 4b and c).

3.4 Water sensing of Zn-CP and Zn-CP-II

Based on the above results, the emission spectra of Zn-CP and
Zn-CP-II in water suspensions show significantly red-shifted
emission when compared to other solvents (Fig. 4b), so the
utilization of Zn-CP and Zn-CP-1I for trace amounts of water in
dry methanol or dry ethanol was investigated. As shown in
Fig. 5, the luminescence intensity upon adding water to the Zn-
CP suspension was dramatically increased and red-shifted from
501 to 537 nm (=35 nm) and 497 to 522 nm (=25 nm) in dry
methanol and dry ethanol, respectively (Fig. 5c and d). The
luminescence color under the irradiation of a 365 nm UV lamp
is switched from green to green-yellow (Fig. 5a and b), corre-
sponding with the CIE diagram (Fig. S11t). The correlations
between luminescence intensity and water contents are fitted,
exhibiting good linear ranges at low water content 0-12% v/v
with R* values of 0.999 and 0.995 in dry methanol and dry
ethanol, respectively. The limit of detection (LOD) for a trace of
water is determined by LOD = 3¢/S (o is the standard deviation
of the luminescence test for 10 blank solutions, and S is the
slope of the linear equation curve); the LODs of water in both
dry methanol and dry ethanol were calculated to be as low as
0.08% v/v (Fig. 5e and f). Moreover, the luminescence response
of Zn-CP-1I toward water in dry methanol and dry ethanol was
examined under the same conditions as in Zn-CP (Fig. S141). It
was revealed that the luminescence intensity of Zn-CP-II was
gradually raised and red-shifted from 502 to 536 nm (=35 nm)
and 497 to 511 nm (=14 nm) with increasing water contents in
dry methanol and dry ethanol, respectively. The luminescence
color has a striking transition from blue to green-yellow and
blue to green in dry methanol and dry ethanol, respectively,
which is beneficial for visual detection by the naked eye under
a 365 nm UV lamp and confirmed by CIE diagrams (Fig. S157). A
good linear relationship between luminescence intensity and
water contents was obtained in 0-20 and 1-10% v/v with R*> =
0.999 in both dry methanol and dry ethanol. The LODs of water
in dry methanol and dry ethanol in Zn-CP-II suspension were
calculated to be 0.05 and 0.04% v/v, respectively. The LOD
values for water in dry methanol and dry ethanol of Zn-CP and
Zn-CP-1I are comparable to other CPs, as shown in Table S3,}
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(c) Zn-CP-Il in different dry solvents at A, = 360 nm.

and lower than those found in AEHC (hydrated ethyl alcohol
fuel: 0.8 in China, 1.0% in the US, and 4.9% in Brazil).*® The
water sensing mechanism for Zn-CP could be explained as
follows: (i) when water was added to a dry methanol or dry
ethanol suspension of Zn-CP, the suspension became more
polar, increasing the luminescence intensity; (ii) water mole-
cules may acquire a proton from the hydroxy groups of the
H,dhtp®~ ligand, generating H;0" along with the intermolec-
ular proton transfer process (Fig. 5g), resulting in the red-
shifted emission.?*>* Additionally, the stability of Zn-CP
after water sensing can be confirmed by FTIR and PXRD tech-
niques. The FTIR spectra and PXRD patterns of Zn-CP display
identical patterns to those of the pristine Zn-CP (Fig. S12 and
S137), implying that the structure did not change from Zn-CP to
Zn-CP-1I during the water sensing process. In the case of Zn-CP-
II, the FTIR spectra show some characteristic peaks of Zn-CP
after water sensing (Fig. S161) and the PXRD pattern of Zn-CP-II
after water sensing in dry methanol or dry ethanol shows mixed
crystalline phases between Zn-CP and Zn-CP-II (Fig. S177),
implying the structural transformation process from Zn-CP-II to
Zn-CP. The water molecules can be coordinated with Zn(u)
centers, which corresponds to a change from a 2D-layer of Zn-
CP-II to a 1D-zigzag chain of Zn-CP. The water sensing mecha-
nism of Zn-CP-II can be explained based on the following

9786 | RSC Adv, 2024, 14, 9781-9790

Wavelength (nm)

(a) Photographs of Zn-CP (top) and Zn-CP-II (bottom) in different dry solvents under UV irradiation. Emission PL spectra of (b) Zn-CP and

considerations: (i) at low water content, the majority phase is
Zn-CP-11, which is confirmed by its characteristic emission color
(blue-green emission color, Fig. Si4af); (ii) at high water
content, the bright-green emission color was obtained, con-
firming the majority phase of Zn-CP. Moreover, the lumines-
cence intensity increased, and red-shifted emission could be
caused by an intermolecular proton transfer between the
hydroxy and water molecules. From these results, Zn-CP and Zn-
CP-1I show not only facile water detection without a complicated
method but also are very cost-effective and environmentally
friendly.

3.5 MeOH sensing of Zn-CP

When comparing the luminescence intensity at the maximum
peak of the Zn-CP probe in four different alcohols (Fig. 4b),
methanol has the highest luminescence intensity (Table S47).
Thus, we further explored the performance of the Zn-CP probe
in detecting methanol in various dry alcohol suspensions. Upon
adding different methanol levels (0-50% v/v) to dry ethanol, the
luminescence intensity gradually increased (Fig. 6b). The
luminescence color under the irradiation of a 365 nm UV lamp
switches from blue to green, which can be easily observed. The
correlation between the luminescence intensity and methanol
contents (5-30% v/v) is fitted. The linear relationship is ¥ =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photographic images of the suspension of Zn-CP in (a) dry methanol and (b) dry ethanol with different water levels (0-12%). (c) and (d)
Luminescence emission spectra of Zn-CP probe upon adding different contents of water to dry methanol and dry ethanol, respectively. (e) and (f)
Linear relationship between the emission wavelength or luminescence intensity and water contents of Zn-CP probe in dry methanol and dry
ethanol, respectively. The inset shows fluorescence intensity upon incremental addition of water 0-20% v/v. (g) The schematic represents the

proposed water sensing mechanism of Zn-CP.

688.31X — 667.28, with the calibration curve R* = 0.999,
implying a good linear relationship between the luminescence
intensity and methanol content. The result shows that meth-
anol in dry ethanol can be detected using the Zn-CP probe with
a LOD value of 0.28% v/v (Fig. 6¢). According to the excellent
luminescence sensing performance of Zn-CP for detecting
methanol in dry ethanol, its luminescence sensing behavior in
other alcohols, such as dry n-propanol and dry n-butanol, was

© 2024 The Author(s). Published by the Royal Society of Chemistry

further investigated. The results of luminescence sensing are
shown in Fig. S18 and 19.f The luminescence intensity
increased with the increase in methanol content, showing
a turn-on luminescence response (Fig. S18b and S19bt). The
luminescence intensity and methanol content showed a good
linear relationship with R* values of 0.996 and 0.998 and low
LOD values of 0.52 and 0.35% v/v in dry n-propanol and dry n-
butanol, respectively. The linear ranges and LODs are

RSC Adv, 2024, 14, 9781-9790 | 9787


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00500g

Open Access Article. Published on 25 March 2024. Downloaded on 4/5/2026 9:51:00 PM.

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

(cc)

RSC Advances

a)

MeOH
(%viv)

=
-’

View Article Online

Paper

5x10° 20x10'4 ¥ =688.31x—-667.28
R2=0.999
\ LOD =0.28 %v/v
4x10*4 1.6x10"
S 3x10'4 8 1.2x10" o
2 2
5 2x10°4 =
E’ E 8.0x10° -
1x10° 4
4.0x10"
04 : ; . s ; ; . ; \Idn;m'mu".\ v .
400 450 500 550 600 650 700 5 10 15 20 25 30
Wavelength (nm) MeOH content (%v/v)
J
y v
| s, z . v
- J -
N g ' *)u\* v
| — | |
¢ - H;C-OH /h-
- | o w |
.’b’ ((*,
r\
A -
Intramolecular Enol form

proton transfer

Fig. 6

(a) Photographic images of the suspension of Zn-CP in dry ethanol with different methanol levels (0—50% v/v). (b) Luminescence emission

spectra of Zn-CP probe upon adding different amounts of methanol to dry ethanol. (c) Linear relationship between the luminescence intensity
and methanol content of Zn-CP. (d) The schematic represents the proposed methanol sensing mechanism of Zn-CP.

summarized in Table S5,f which are comparable with the re-
ported luminescence methanol sensors. These results prove
that the Zn-CP probe can detect methanol in three common dry
alcohol solvents with good linear ranges and low LODs. The
sensing mechanism can be explained by the ESIPT process.
Methanol is a small molecule with high polarizability when
compared with ethanol, n-propanol, and n-butanol. Upon add-
ing the methanol to the dry alcohol solvents, the methanol can
easily interact with the hydroxyl group of H,dhtp®>~ in Zn-CP,
implying that it reduces the O-H vibration energy and increases
luminescence intensity with green emission.*® This phenom-
enon effectively interrupts excited-state intramolecular proton
transfer from the hydroxyl group and carboxylate group,
showing the enol form in H,dhtp®>~ ligand,?® as shown in
Fig. 6d. Moreover, the PXRD pattern of Zn-CP after methanol
sensing in dry ethanol shows mixed-phases of diffraction peaks
between Zn-CP and Zn-CP-II, implying that the structural
transformation occurred after adding methanol to dry ethanol.

9788 | RSC Adv, 2024, 14, 9781-9790

In contrast, the PXRD patterns of Zn-CP after methanol sensing
in dry n-propanol and dry n-butanol were well fitted with the
PXRD pattern of as-synthesized Zn-CP, indicating that the
framework of Zn-CP was still maintained after methanol
sensing in dry n-propanol and dry n-butanol (Fig. S207).

4 Conclusions

The simple synthetic method for Zn-CP can be developed using
the sonochemical method. Zn-CP exhibits a reversible struc-
tural transformation to Zn-CP-II, with color change induced by
thermal and methanol-mediated dehydration and rehydration
processes. The luminescence properties of Zn-CP and Zn-CP-1I
show weak emission intensities in solid-state but strong emis-
sion intensities in suspension with high polar solvents. Zn-CP
and Zn-CP-II contain an ESIPT-sensitive H,dhtp linker, which
not only enhances the interaction between solvent molecules
and the frameworks but also facilitates electron transfer via

© 2024 The Author(s). Published by the Royal Society of Chemistry
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uncoordinated hydroxyl groups in the frameworks. These
probes can be used to detect trace amounts of water in dry
methanol and dry ethanol. The results show high selectivity,
wide linear ranges with good linear relationships, and low
LODs. In addition, they can be used for methanol detection in
various dry alcohol suspensions, which turn-on luminescence
intensity. This work has established a promising model for
detecting trace water and methanol in dry organic solvents.
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