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Low-cost, robust, and transportable devices based
on Cu(i)-I cluster hybrid luminescent compounds
as tetracycline sensors for contaminated watersy
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Submicron particles of [Cugylg(pr-ted),] (pr-ted = 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium) are easy
to synthesize in one step under mild conditions. Additionally, they exhibit strong emission at 530 nm,
high photoluminescence quantum yield, and excellent thermal (250 °C) and water stability (pH = 4-9).
These properties make them a promising candidate for studying luminescence responses to external sti-
muli, potentially serving as a chemical sensor. Furthermore, their size and morphology make it possible
to obtain stable suspensions in ethanol and water, which are extremely useful for subsequent proces-
sing. Indeed, submicrometric [Cuylg(pr-ted),] particles in deionized water and real river water suspen-
sions can be used to efficiently detect tetracycline (TC) via photoinduced electron transfer, resulting in a
detectable fluorescence quenching. It features a low detection limit of 1.18 nM (0.52 ppb) and the rever-
sible quenching of the emission demonstrates recyclability for over 30 cycles. The detection process is
unaffected by other antibiotics, including sulfamethazine (SMZ), chloramphenicol (CAP), and ornidazole
(ORN). Effective TC detection is supported by the theoretical computations of the energy bands of TC
antibiotic and [Cuyle(pr-ted),], indicating a good match between their energy bands, which aligns with
the fluorescence quenching observed. As a proof of concept, the material has been further processed
into various formats — such as pellets, paper strips, fiberglass, polylactic acid (PLA) composite films, and
3D-printed composite meshes using commercial photosensitive resins-for their practical application as
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1. Introduction

Considerable attention has been devoted to developing sensors
capable of detecting environmentally relevant species or physi-
cal changes. These sensors serve various purposes, including
monitoring harmful substances affecting human health and
detecting pressure or temperature changes, among others.'
They hold promise for applications in water or food treatments,
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robust, high sensitivity, rapid on—off response, and cost-effective tetracycline water sensor devices.

memory devices, and motion or damage sensors, among
others.*” For instance, the detection of antibiotics is crucial
due to the presence of antibiotic residues, which pose serious
threats to public health.>® While traditional methods like
Raman spectroscopy, high-performance liquid chromatogra-
phy, and gas chromatography coupled with mass spectrometry
are efficient and sensitive, they suffer from drawbacks such as
being time-consuming, requiring specialized expertise, high
costs, and inconvenience in portability. Although rapid colori-
metric methods have emerged for identifying antibiotics in
food and milk by inhibiting bacterial growth, to our knowledge,
there are currently no effective detectors for antibiotics in water
available on the market."°

Among the various detection techniques developed, lumi-
nescent stimuli-responsive materials based on coordination
compounds are promising candidates for chemical sensing.
These materials offer advantages like simple preparation, high
sensitivity, cost-effectiveness, rapid operation, selectivity, and
ease of use.'" ™

Despite a significant increase in the number of luminescent
compounds responsive to various stimuli reported over the past

This journal is © The Royal Society of Chemistry 2025
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decade,">"'® several limitations persist in the existing body of
research. Firstly, many studies primarily focus on compounds
derived from lanthanides."”'® Secondly, most research emphasizes
changes in emission in response to specific stimuli, without
advancing towards the development of cost-effective, robust, sen-
sitive, and user-friendly devices.'"*>* Thirdly, comprehensive stu-
dies investigating the underlying mechanisms of luminescence
quenching in these materials remain relatively scarce.”>> There-
fore, there is a pressing need for new research that explores
alternative, more abundant, and less toxic metallic elements,
investigates easily processable materials, and delves deeper into
the mechanisms. Such efforts are crucial to guiding the develop-
ment of stimuli-responsive materials with optimized properties.

Copper(1) coordination compounds are very attractive from
the viewpoint of effective utilization of common metals since
copper is a more abundant, and inexpensive resource and its
extraction generates less toxic waste than lanthanide mining.”*®
Additionally, these compounds exhibit interesting features due to
their lability and high flexibility in metal-metal, and metal-
ligand coordination bonds.>**° These properties make them
advantageous for chromic materials since they exhibit changes
in luminescence in response to external stimuli such as tempera-
ture, mechanical force, or the presence of vapors or ions.>*"*?
Traditionally mononuclear or multinuclear Cu(r) complexes exhi-
bit metal-to-ligand charge transfer (MLCT) and/or intraligand n—
n* emission properties and can display characteristic lumines-
cence originating from the intracore d-p electronic transition,
commonly referred to as cluster-centered (CC) transition.>**

Recently, a new type of Cu(1)-I cluster-based hybrid with a
special all-in-one structure, containing ionic and covalent bonds
between the inorganic core and organic ligands, has been
reported.>*>” This new kind of Cu(i)-I-based hybrid is composed
of isolated clusters possessing high structural stability (i) and
efficient phosphorescence due to the strong spin-orbital coupling
in the cluster (ii). Stability is particularly important for a lumines-
cent sensor in practical applications as detection typically occurs
under various complex environments, including humid air, acidic
or basic conditions, or at elevated temperatures. The high lumi-
nescence of the hybrid cluster, along with its wide Stokes shift, is
essential for visual sensor applications.

In this research we have chosen the [CuIs(pr-ted),] (pr-ted =
1-Propyl-1,4-diazabicyclo[2.2.2]octan-1-ium) as a Cu(1)-I cluster-
based hybrid compound.?* This compound exhibits remarkable
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features, including an intense luminescence emission at
530 nm, an almost 100% photoluminescent quantum yield,
high thermal stability (exceeding 250 °C), and the ability to be
synthesized in various morphologies and sizes, including
submicron-particles with spherical shapes ranging from 200
to 300 nm in diameter. These characteristics make it a promis-
ing candidate for the development of luminescent inks. The
small particle size enables the formation of stable suspensions
that ease the processing of the compound into robust, cost-
effective, and portable composite materials. In this study,
pellets and composite devices based on paper, fiberglass,
and polylactic acid (PLA) were developed, along with the
creation of 3D objects using photosensitive resins. The find-
ings demonstrate the high sensitivity and robustness of the
devices and their rapid response to tetracycline in water. The
results obtained are significant compared to most studies
published to date (Table 1).

2. Experimental details
2.1 Materials and methods

The chemical composition of the samples was determined by
elemental analysis using the LECO CHNS-932 elemental analy-
zer from the Eltra company. 'H-NMR spectra were recorded
using a Bruker Advance III-HD Nanobay 500 MHz spectrometer.
A PerkinElmer 100 spectrophotometer with ATR sampling was
used to record IR spectra. X-ray powder diffraction (PXRD)
measurements were carried out with a Bruker D8 Advance
A25 diffractometer with a Cu Ko X-ray radiation source, a
PSD-XE detector with positive energy discrimination, and opti-
cal recognition of components (DAVINCI). A Hitachi S-3000N
SEM-EDX microscope was employed to obtain images of the
synthesized [Cu,l¢(pr-ted),] particles determining the size and
composition of the samples. The particle size of [Cu,ls(pr-ted),]
particles was also determined through dynamic light scattering
(DLS). A VASCO particle size analyzer from Cordouan Technolo-
gies has been used. Thermogravimetric analysis (TGA) was
performed with differential thermal analysis (DTA) using a TA
Instruments Q500 thermobalance oven containing a Pt sample
holder. Emission measurements were recorded on a photolumi-
nescence spectrometer FLS 1000 from Edinburgh Instruments.
The emission spectra of [Cuyls(pr-ted),] particles in aqueous

Table 1 Comparison of Ky, recyclability, and LOD obtained in this work for the detection of TC in aqueous media with other published data

Coordination compounds Ko M LOD (nM) Recyclability
MOF [Tb(HL)L(H,0)], (H,L = salicylic acid)*® 1.39 x 10* 2.77 30

MOF Zr/Cit-Eu (Cit = Citrate)* — 3.90 n.r.

MOF [Cd(H,L)-(H,0),] (H,L = 5-methyl-1,3-dimethylphosphonic acid)*® 1.29 x 10* 4.27 n.r.

MOF HZIF-8* — 6.56 n.r.

MOF Eu-TCPE (TCPE = tetrakis(4-carboxyphenyl)ethylene)* 1.49 x 10° 14.0 n.r.
[Cd(opda)(tib)]-H,O phenylenediacetates (H,pda) and 1,3,5-tris(1-imidazolyl)benzene (tib)**  3.85 x 10° 560 5
[Zn(1,1"-bbi)(C,04)], (1,1-bbi = 1,1'-(1,4-butanediyl)bis(imidazole))** 3.48 x 10* 860 5
[Cu,l,(ETBT),]* (ETBT = 2-ethylbenzo[d]thiazole) 3.23 x 10° 4550 5
Submicrometric [Cu,lg(pr-ted),] particles in deionized/river water 4.35 x 10%/4.11 x 10*  1.2/1.9 30

n.r. = not reported.

This journal is © The Royal Society of Chemistry 2025
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suspension were obtained using an FS5 spectrofluorimeter (Edin-
burgh Instruments) at room temperature. The luminescence of
the samples was induced by UV-light excitation using an arc Xe
lamp. Emission and excitation spectra were obtained using
monochromators with Czerny-Turner design with a double grat-
ing turret, flat grating for precise focusing at all wavelengths, and
minimal stray light. All the data obtained in the TC detection
experiments were measured three times, using a quartz cuvette.
Sonication was done in a Transsonic Digital S unit, Elma,
ultrasonic bath. In this work, all samples were sonicated at
24 °C and 60% power. An MPW-350R centrifuge was used for
sample centrifugation. Theoretical calculations were performed
in the framework of density functional theory (DFT) with the
Vienna ab initio simulation package (VASP),*® which imposes
periodic boundary conditions (PBCs), allowing for an appropri-
ate description of the material. The electron density was
expanded on a plane wave basis with a kinetic energy cutoff of
450 eV, while the interaction between electrons and nuclei was
described with the projected augmented wave (PAW) pseudopo-
tentials from the VASP database. Reciprocal space was sampled
using the G point. We considered the electron density as
converged when the difference between two steps in the self-
consistent field was lower than 10-5 eV. Structures were con-
sidered as converged when all the Hellman-Feynman forces
were lower than 0.01 eV A™'. Geometry optimizations were
performed with the OPTPBE functional,*””*® which allows for a
correct description of weak interactions (i.e. van der Waals
forces). On the top of the optimized structures, single-point
calculations using the hybrid Heyd-Scuseria-Ernzerhof HSE06
functional*® were used, which is known to provide good band
gap values in solid-state calculations. Uniaxial pressure was
applied using a Model 4350 CARVER manual bench-top pellet
press. An ELEGOO Mars 2 Pro 3D printer was employed to
fabricate a 5 cm x 5 cm mesh with a 1 mm height using the
ELEGOO Standard Photopolymer Resin, which was diluted with
ethanol to decrease viscosity and enhance flow properties dur-
ing printing; the resin—-ethanol mixture was poured into the
printer’s tank, where controlled UV light exposure cured the
mesh layer by layer according to the printer’s settings, achieving
a precise and stable network structure.

All reagents were used as purchased from commercial sup-
pliers. Triethylenediamine (>99%), 1-bromopropane (>99%),
polyvinylpyrrolidone (PVP, CAS: 9003-39-8), and cuprous iodide
(=98%) were supplied by Sigma Aldrich. Ethanol (>99.9%), was
purchased from Scharlau. The supplier for acetone (>99.8%) is
Carlo Erba. KI (>99%) was supplied by Labkem. The antibiotics
used in this work are sulfamethazine (SMZ, 99.0-101.0%, CAS:
57-68-1), chloramphenicol (CAP, 98%, CAS: 56-75-7), tetracycline
(TC, 98.0-102.0%, CAS: 60-54-8) and ornidazole (ORN, CAS:
16773-42-5), all purchased at Sigma Aldrich. The biodegradable
organic polymer used was polylactic acid (PLA, CAS: 459-898-81),
which was purchased from Sigma Aldrich. The solvent used for
processing [Cu,l¢(pr-ted),J@PLA1% was chloroform (CHC,,
99.8%, CAS: 67-66-3), which was obtained from Thermo Fisher
Scientific. Standard Photopolymer Resin was purchased from
ELEGOO.
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2.2 Synthesis

2.2.1 Optimized synthesis of pr-ted. Although the synthesis
of the 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ijum (pr-ted)
ligand has been previously published,*** we have optimized
the process: 2.24 g (20 mmol) of triethylenediamine (ted) are
introduced inside a Falcon tube and dissolved in 10 mL of
acetone. 1.82 mL (20 mmol) of 1-bromopropane are then added
dropwise. The content of the Falcon tube is left stirring over-
night. The next day, a solid white phase and a liquid colourless
phase can be seen. The liquid phase is removed by using a
Pasteur pipette and, after washing the solid with 2 mL of
acetone, it was left to dry inside a vacuum desiccator overnight.
Yields between 91-96% have been obtained for this reaction.
'H-NMR (300 MHz, CD;CN): § 3.29 (m, 6H), 3.16 (m, 2H), 3.03
(dd,J= 8.9, 6.0 Hz, 6H), 1.68 (m, 2H), 0.91 (¢, ] = 7.3 Hz, 3H) (Fig.
S1, ESIt). IR (cm%): 3420 (b), 2962 (m), 2885 (m), 1705 (s), 1628
(w), 1492 (w), 1460 (m), 1419 (w), 1383 (w), 1363 (m), 1337 (sh),
1329 (w), 1223 (m), 1192 (w), 1097 (s), 1056 (s), 991 (s), 945 (W),
933 (w), 888 (w), 843 (s), 792 (m), 755 (W), 702 (m), 579 (m) )
(Fig. S5, ESI}). Calculated elemental analysis: C, 45.97%; H,
8.14%; N, 11.91%. Found: C, 45.22%; H, 8.24%; N, 11.64%.

2.2.2 Synthesis of submicrometric particles of [Cu,lg-
(pr-ted),]. This synthesis has been carried out following a
method previously described.’® 2 g of PVP K90 are first dis-
solved in 200 mL of ethanol. 4 mL of a saturated water solution
of KI is prepared and used to dissolve 0.38 g (3.5 mmol) of Cul.
The Cul/KI solution is added dropwise to the solution of PVP in
ethanol, which is then left to stir overnight. 0.32 g (2.5 mmol) of
pr-ted are dissolved in 4 mL of ethanol and added dropwise to
the flask containing Cul/KI/PVP. The content of the flask
becomes turbid instantly exhibiting a white colour under
visible light and green emission under UV light with Ay
365 nm. The suspension formed is washed once with water
and twice with ethanol by centrifugation at 4500 rpm for 30
minutes. The submicrometric particles formed are resus-
pended in ethanol. IR (cm™"): 3026 (w), 2997 (w), 2973 (W),
2928 (w), 2889 (W), 1672 (m), 1483 (w), 1468 (m), 1459 (s), 1444
(m), 1377 (s), 1359 (m), 1345 (w), 1321 (s), 1288 (m), 1095 (m),
1060 (w), 1048 (m), 1031 (m), 1009 (s), 981 (W), 948 (w), 936 (W),
890 (m), 842 (s), 809 (m), 794 (s), 776 (s), 756 (m), 712 (m), 687
(w), 660 (w), 647 (w), 628 (w), 617 (m). The PXRD spectrum
shows a match with the phase obtained by single crystal X-ray
diffraction. Found elemental analysis: [Cu,l¢(pr-ted),](PVP)o.6
C, 18.53%; H, 3.18%; N, 4.61%.

2.3 Water stability studies of submicrometric [Cu,l¢(pr-ted),]
particles as a function of time (a) and pH (b)

(a) 5 mg of the submicrometric particles are dispersed in 5 mL
of deionized water using magnetic stirring (800 rpm) for 5 days.
The resulting suspension is centrifuged at 3600 rpm for
10 minutes, and the solid obtained is dried under vacuum.
0.6 mg of the dry submicrometric particles are dispersed in
0.6 mL of D,O at room temperature using magnetic stirring for
a few minutes. The "H-NMR spectra of the resulting suspen-
sions are recorded over time from ¢; = 0 toO ¢gna = 7 days.

This journal is © The Royal Society of Chemistry 2025
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(b) In three different vials, 5 mg of the submicrometric
particles are dispersed in 5 mL of deionized water using
magnetic stirring (800 rpm) for 30 minutes. To these vials,
1 mL of NaOH (0.01 M) is added until pH = 8.9, 2 mL of NaOH
(0.01 M) until pH = 9.7, and 0.5 mL of HI (0.01 M) until pH =
4.2, respectively. Once the pH values are stabilized, the suspen-
sions are centrifuged (3600 rpm) for 10 minutes to isolate the
solids, which are then dried under vacuum. All the solids
obtained are characterized using ATR-IR and PXRD.

2.4 Antibiotic detection experiments

All experiments have been performed according to the previously
reported procedure.®® The ability of submicrometric [Cuylg(pr-
ted),] particles to detect various commonly used antibiotics such
as SMZ, PAC, TC, and ORN, has been studied using deionized
water and also with water collected from the Manzanares river at
coordinates 40.750310°N, —3.894910°W, in the municipality of
Manzanares del Real (postal code: 28410), Madrid, Spain. The
general procedure for both waters is the same. 5 mg of submicro-
metric [Cu,lg(pr-ted),] particles have been dispersed in 5 mL of
water. By subjecting these suspensions to ultrasonic conditions
(24 °C, 78 W), for 30 seconds, homogeneous and stable suspen-
sions are obtained before carrying out measurements. To perform
these experiments, 0.80 umol of the antibiotics in aqueous solu-
tions are added to the respective suspensions (concentration 400
uM for TC and 10~* M for SMZ, CAP, and ORN). The emission
spectra of submicrometric [Cu,l¢(pr-ted),] particles are obtained
after allowing the species to react for 1 minute and exciting with a
wavelength of 380 nm.

To study the TC detection capability of submicrometric
[Cuylg(pr-ted),] particle suspensions have been prepared as
described above. To perform this experiment, different volumes
of an aqueous TC solution (400 pM) were progressively added to
the corresponding suspension, obtaining the emission spectra of
submicrometric [Cu,lg(pr-ted),] particles for each addition. In
this way, the aim is to study the reduction of the emission
intensity of this compound according to the volume of added TC.

For the study of the submicrometric [Cuyls(pr-ted),] parti-
cles’ selectivity to TC, suspensions of this compound have been
prepared under the same conditions already described. To
these suspensions, 0.80 pmol of the possible interfering anti-
biotics in aqueous solution were added (concentration 10~ *M
for SMZ, CAP, and ORN), obtaining the emission spectrum of
[Cu,Ig(pr-ted),] submicrometric particles in the presence of
each antibiotic. A further 0.80 pmol of TC (400 puM) is then
added to these suspensions, recording again the emission
spectrum of submicrometric [Cuyls(pr-ted),] particles. Thus, it
is possible to assess whether the presence of other antibiotics
interferes with the detection of TC.

2.5 Recyclability

All recyclability experiments have been performed according to
the previously reported procedure.’® Aqueous suspension of
submicrometric [Cu,ls(pr-ted),] particles are prepared following
the same procedure described in antibiotic detection experi-
ments. To this suspension, 3 mL of an aqueous TC solution

This journal is © The Royal Society of Chemistry 2025
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(400 uM) is added. After allowing the species to react for 5
minutes, the solution is centrifuged at 5000 rpm for 10 minutes.
The supernatant is discarded, and the solid is washed with 2
portions of 5 mL of deionized water to remove the traces of TC.
The resulting solid is suspended again in deionized water under
the conditions described above and 3 mL of an aqueous TC
solution (400 puM) is added. This experiment has been per-
formed by repeating this process 30 times.

2.6 [Cu,lg(pr-ted),] pellets

10 milligrams of the submicrometric [Cuyls(pr-ted),] particles
are introduced inside a pressing die with a 3 mm diameter
adapter and uniaxial pressure of 11.1 GPa is applied for 10
minutes forming circular pressed pellets of the solid.

2.7 [Cuylg(pr-ted),] in paper strips and glass fiber

The preparation of paper strips and glass fiber has been carried
out following a previously reported procedure.*® For each
material (paper strips and glass-fiber respectively), two homo-
geneous suspensions are prepared by dispersing 5 mg of the
submicrometric [Cuylg(pr-ted),] particles in 5 mL of ethanol
with the help of ultrasonic bath sonication for 1 minute (24 °C,
60% power). Then the filter paper strips, and glass-fiber
(2 x 4 cm® and 2.5 x 2.5 cm? size) respectively are immersed
in each suspension for 30 minutes. Finally, both the paper
strips and the glass fabric are removed from the suspensions
and dried at room temperature for 1 hour.

2.8 Polylactic acid (PLA) composite sheets:
[Cuyls(pr-ted),]@PLA1%

0.08 g of PLA is introduced into a vial and dissolved in 2 mL of
chloroform, under magnetic agitation (800 rpm) for 24 hours.
Then, 0.8 mg of submicrometric [Cuyls(pr-ted),] particles are
added obtaining a homogeneous suspension after 10 minutes
under magnetic stirring and 10 minutes of sonication in an
ultrasonic bath (24 °C, 68% power). Finally, 1 mL of this suspen-
sion is drop-casted on several 2.5 x 2.5 cm? glass surfaces. These
surfaces are left at room temperature for 24 hours to let the
solvent evaporate.

2.9 Commercial resin for 3D printing:
[Cu,lg(pr-ted),]@mesh0.1%

Initially, a 5 x 5 cm” mesh with a thickness of 1 mm and a 1%
concentration of submicrometric [Cu,l¢(pr-ted),] particles was
fabricated. However, it was demonstrated that reducing the
concentration to 0.1% not only decreases the consumption of
the compound, thereby lowering costs, but also produces a
material that effectively functions as a TC sensor. To prepare
the same size mesh with this optimized composition ([Cu,Is(pr-
ted),|@mesh0.1%), 3 mL of standard commercial resin were
mixed in a vial with 0.5 mL of a suspension of submicrometric
[Cuyl¢(pr-ted),] particles in EtOH with a concentration of
6.33 mg mL~". This mixture was subjected to sonication in
an ultrasonic bath at 60% power for 10 minutes. After sonica-
tion, the resulting mixture was transferred into the 3D printing
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tank. Similar conditions and procedures allow printing objects
with different morphologies.

3. Results and discussion
3.1 Submicrometric [Cuyl(pr-ted),] particles

The synthesis of the spherical submicrometric particles with a
solid average size of 369.2 + 129.5 nm as indicated by SEM
(Fig. 1b and Fig. S3, ESIt), was carried out following a previously
published method*® by reacting a saturated aqueous solution of
KI and Cul with a polyvinylpyrrolidone (PVP) solution in ethanol
using magnetic stirring at room temperature for 12 hours. The
pr-ted ligand is added at the end forming the desired suspen-
sion instantly. After centrifugation, washing, and air drying,
their PXRD diffraction pattern was recorded, and it could be
seen that it matches with the simulated powder pattern of
[Cu,Ig(pr-ted),], elucidated previously by single crystal X-ray
diffraction (Fig. 1a and Fig. S4, ESIf) indicating the presence
of same crystalline phase corresponding to a molecular crystal
with a purely inorganic anionic part [Cuuls]>” and a cationic
part constituted by the organic ligands (pr-ted) connected to
each other by coordination bonds between the nitrogen atoms
of the two [pr-ted]” ligands and the Cu() atoms (Fig. 1a).>°

Additionally, their ATR-FTIR spectrum corresponds to the
expected [Cuylg(pr-ted),] compound, showing a band around
1670 cm ™' attributed to the stretching vibration of the carbonyl
group of PVP (Fig. S5, ESIf). The elemental analysis is also
consistent with the existence of a small proportion of PVP.
Nonetheless, the presence of PVP with the compound does not
affect the conducted TC detection.

The study of the hydrodynamic radius of [Cu,ls(pr-ted)s,]
particles using DLS shows that the particles suspended in
ethanol have an average radius of 495.2 nm, while the particles
suspended in water have an average radius of 841.0 nm (Fig. 1c
and Table S1, ESIt).

3.2 Water stability of submicrometric [Cu,I¢(pr-ted),]
particles

To use the submicrometric [Cu,lg(pr-ted),] particles as a lumi-
nescent sensor for antibiotics in water, they must be stable in

Fig. 1 Image of the structure of [Cugle(pr-ted),]. The Cu atoms are
represented in orange, iodine atoms in violet, and nitrogen atoms in blue.
Hydrogen atoms have been omitted for clarity (a). SEM image of sub-
micrometric [Cuyle(pr-ted),] particles (b). Image of submicrometric
[Cugle(pr-ted),] particles suspended in ethanol, under ultraviolet light
(A = 365 nm) (c).
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Fig. 2 PXRD diffraction pattern and ATR-FTIR spectra of submicrometric
[Cuglg(pr-ted),] particles (black), compared with the results of the diffrac-
tion pattern of the compound after being immersed in water for 7 days
(red) (a) and (c). PXRD diffraction pattern, and ATR-FTIR of submicrometric
[Cuylg(pr-ted),] particles (black), compared with the compound after being
immersed in water at pH = 4.30 (red), pH = 7.30 (blue) and pH = 8.90
(green) (b) and (d).

water across a broad pH spectrum and during the time of use.
This stability is crucial to prevent the compound from breaking
down into its constituent elements or forming additional
compounds, thereby avoiding secondary contamination of the
water. Fig. 2 shows the PXRD diffraction patterns and ATR-FTIR
spectra of the submicrometric particles after being immersed
in water at room temperature for 7 days (Fig. 2a and c; red lines)
and 30 minutes at pHs between 4.3 and 8.9 (Fig. 2b and d; red,
blue and green lines), which is consistent with the wastewater
pH range of 4.50-10.0.

As specified by Spanish normative RD 3/2023 (BOE Royal
Decree 3/2023, dated January 10, which prescribes the
technical-sanitary criteria for the quality, control, and supply
of drinking water, BOE number 9, January 10, 2023, pages
4253-4354). When these spectra are compared to those of
submicrometric [Cuyl¢(pr-ted),] particles (Fig. 2, black lines) it
can be said that under all conditions studied, the submicro-
metric particles maintain their chemical nature intact, con-
firming the compound’s stability in water.

However, 'H-NMR studies of submicrometric [Cu,lq(pr-
ted),] particles in D,O over time (from time 0 to 7 days) show
us that a small part of the compound initially dissociates into
the starting ligand, without continuing its degradation over
time (Fig. S6, ESIt). This leads us to eliminate the direct use of
the compound as a chemical sensor in water and encourages us
to process it in more stable and robust devices.

3.3 Sensing versus TC

To evaluate the antibiotic detection capabilities of submicro-
metric [Cu,lg(pr-ted),] particles, four antibiotics from different
commonly used antibiotic families were chosen: sulfonamides,
chloramphenicols, tetracyclines, and nitroimidazoles. As illu-
strated in Fig. 3b, the emission intensities of the aqueous
suspension of submicrometric [Cu,I¢(pr-ted),] particles remain

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Emission spectrum of an aqueous suspension of submicrometric
[Cuylg(pr-ted),] particles as a function of the concentration of different
added TC solutions (a). Normalized emission intensity of the agqueous
suspension of [Cusle(pr-ted),] submicrometric particles (1 mg mL™Y) after
reacting for 1 minute with 0.80 umol of various commonly used antibiotics
(b). Quenching of the bright green emission of [Cu4le(pr-ted),] submicro-
metric particles after adding 0.80 pmol of TC, under UV lamp (lexc. =
365 nm) (c).

largely unchanged after reacting for one minute with 0.80 pmol
of SMZ, CAP, and ORN (10* M, 0.8 mL). In contrast, the
suspension’s emission intensity significantly diminishes after
one minute of reacting with 0.80 umol of TC (400 uM, 2.1 mL).
These findings indicate that TC can be detected instanta-
neously in aquatic environments, rendering the compound
effective as a real-time luminescent sensor for TC detection.

The interaction of submicrometric [Cu,l¢(pr-ted),] particles
with TC was investigated by examining the relationship between
the emission intensity of the compound and the concentration
of TC in deionized (Fig. 3, and Fig. S8, ESIT) and real river water
(Fig. S9, ESIt) respectively. As shown in Fig. 3a, an increase in
the TC concentration in the medium results in a corresponding
decrease in the emission intensity of the aqueous suspension of
submicron [Cu,l¢(pr-ted),] particles transitioning from a bright
green emission to almost no emission.

The linear correlation between the emission intensity of the
aqueous suspensions and the TC concentration was analyzed
using the Stern-Volmer (S-V) equation.”® The S-V plots show a
high linear correlation in the TC concentration range of
0-2.5 pM (R* = 0.9911/R*> = 0.9927) (Fig. S8 and S9, ESI). The
calculated K, values are 4.35 10* M~" (deionized water) and
4.11 10* M ! (river water) respectively, and the limit of detection
(LOD) values, determined according to the IUPAC criterion®>
(3a/slope), where o = 100 x (S/I,) and S is the standard deviation
of (Iy — I)/I, are 1.18 nM and 1.9 nM, respectively. These LODs
are significantly lower than the maximum TC concentration
permitted in milk by the European Union,*** and would allow
the detection of quantities of tetracycline below the amounts
normally present in water.

3.4 Sensor selectivity and recyclability

Beyond stability and sensitivity, selectivity for the target analyte
is a vital aspect in the development of a luminescent sensor. In
this context, the potential for interference by other commonly
used antibiotics in the detection of TC in water has been

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Normalized emission intensity of the aqueous suspension of
submicrometric [Cuale(pr-ted),] particles (1 mg mL™) after reacting for 1
minute with 0.80 umol of various commonly used antibiotics. Dark blue
bar (white), orange bar SMZ, blue bar CAP, yellow bar ORN, and dark green
bar TC. Measurements were taken at room temperature. (b) PXRD diffrac-
tion pattern of submicrometric [Cugale(pr-ted),] particles (black) and of the
same particles after 30 cycles in the presence of TC (red).

b)
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examined, including SMZ, CAP, and ORN. As depicted in Fig. 4,
the emission intensity of the aqueous suspension of submicro-
metric [Cuyl¢(pr-ted),] particles remains largely unchanged after
a one-minute reaction with 0.80 umol of SMZ, CAP, and ORN.
However, the addition of 0.80 pmol of TC to these suspensions
results in a significant decrease in emission intensity. This
reduction in emission intensity is comparable to that observed
when these potential interfering substances are absent. The
findings confirm that [Cu,I¢(pr-ted),] can effectively detect TC
even in the presence of other prevalent drugs.

Additionally, the recyclability of submicrometric [Cu,ly(pr-
ted),] particles following exposure to TC over 30 cycles has been
assessed. After subjecting the particles to this number of cycles,
both the PXRD diffraction pattern (Fig. 4b) and ATR-FTIR
spectra (Fig. S10, ESIT) exhibit the expected signals associated
with compound [Cu,le(pr-ted),], indicating that this compound
can be used several consecutive times in TC detection tests.

The data obtained for Ksy, LOD, and cycle count are found to
be quite relevant when compared with similar studies per-
formed with other coordination compounds (Table 1). Pre-
viously published compounds usually show a low cycle count
and higher LOD values (Table 1). It should also be mentioned
that most of the published coordination compounds require
synthesis with long reaction times, high temperatures, and
pressures. Consequently, the findings confirm that submicro-
metric [Cuyls(pr-ted),] particles are an exceptionally selective
sensor for detecting TC in water.

3.5 Fluorescence quenching mechanism to TC

If an appropriate energy level alignhment between the electro-
nically excited state of the fluorescent compound and the
analyte exists, an electron transfer from the fluorescent mate-
rial to the analyte can occur. This process, known as the
photoinduced electron transfer (PET) effect, results in fluores-
cence quenching.*®

Table S2 (ESIt) provides the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) energy levels of TC calculated using the density func-
tional theory (DFT) method. These values are consistent with
previous studies.”> The predicted HOMO-LUMO gap of
TC is 3.49 eV, which is close to the theoretical band gap of
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[Cuyl¢(pr-ted),], measured “3.20 eV” (as shown in Fig. S11,
ESIY), in very good agreement with the experimental excitation
energy. The electron transfer between the donor material and
the acceptor TC prevents the excitation electron from returning
to the ground state. On the other hand, when the excitation
and/or emission light of the fluorescent material is absorbed by
the analyte, the fluorescence inner filter effect (IFE) happens.
The absorption spectrum of TC has a maximum in the visible
region at 357-360 nm (in water solutions),*® while the fluores-
cence excitation of [Cuyls(pr-ted),] particles in aqueous solution
has a maximum at 380 nm and an emission at 530 nm (Fig. S12,
ESIT). It is evident that the absorption peak of TC does not
overlap with the emission peak of [Cuylg(pr-ted),] particles.>
This suggests that TC does not significantly absorb the emis-
sion light of [Cuyl¢(pr-ted),] particles, thereby reinforcing the
hypothesis of a resonant electron transfer between material
and TC.

3.6 Low-cost, robust, and portable devices

The submicrometric particles and their stable water/ethanol
suspensions facilitate their processing by applying different
simple techniques.’® Indeed, the submicrometric particles water
suspension can be easily attached by immersion (dip-coating) to
paper fibers forming paper strips (Fig. 5b and 6a and b), which is
one of the most referenced devices in scientific literature.>®
However, due to the general poor reusability of these paper
strip-based devices, we have also developed a portable device
with a different morphology based on fiberglass (Fig. 5a and 6¢
and d). Additionally, sensitive composite sheets and meshes have
been created using polylactic acid (PLA) as a biodegradable
polymer matrix and commercial resins through drop casting,
and 3D printing technology (Fig. 5c and d and 6e, f, i and j)
respectively. Finally, the submicrometric particles have been
pressed by uniaxial pressure (11.1 GPa) forming highly emissive
and robust pellets (Fig. 62 and h and Fig. S13, ESIt).

In all cases, the original emission intensity remains very
high, even despite only adding a small amount of compound in

DIP COATING DROP CASTING
° (a)
‘ @ p
1 o Submicrometric
(" [Cuyls(pr-ted),] particles
+
Submicrometric i,
[Cuyl(or-ted);] particles ' "\ N Bk
3D PRINTING .
=]
Submicrometric
[Cully(prtedy]

particles

Fig. 5 Preparation diagram of the different composites using submicro-
metric [Cug4le(pr-ted),] particles. Dip coating to obtain the fiberglass (a) and
paper strips (b). Drop casting to obtain the composite with PLA [Cuylg(pr-
ted),]J@PLA1%, (c). 3D printing to obtain the composite [Cusle(pr-
ted),]J@mesh0.1% (d).

7750 | J Mater. Chem. B, 2025,13, 7744-7752

View Article Online

Paper

Fig. 6 Emission intensity of paper strips (a) and (b), and fiberglass (c) and
(d) impregnated with sub-micrometric [Cuylg(pr-ted),] particles. [Cu4le(pr-
ted),]J@PLA1% (e) and (f), pressed pellets (g) and (h), and [Cu4le(pr-
ted),]J@mesh0.1% (3D printed) (i) and (j). All of them in 5 mL of water (a),
(c), (e), (@), and (i) and after immersing them in 5 mL water with TC (400 pM)
(b), (d), (f), (h), and (j). Under UV light (lexc. = 365 nm).

the formation of the composite with PLA (1%) and in the
doping of the commercial resin (1% and 0.1%), thanks to the
compound’s high quantum yield (close to 100%) (Fig. 6). The
emission spectra show the original emission of the compound
at 530 nm (Fig. S12 and S14, ESIt), except for the pressed pellet
that suffers a slight bathochromic shift towards 550 nm (Fig. S15,
ESIT). In this case, the PXRD diffraction pattern indicates that
after exerting 11.1 GPa of uniaxial pressure the compound
maintains its initial crystalline phase (Fig. S16, ESIt). Moreover,
in the case of [Cuyls(pr-ted),J@PLA1% and [Cuyls(pr-ted),]@
mesh1%, the PXRD diffractograms (Fig. S18 and S19, ESIf) of
both materials show that after their formation the compound
[Cuylg(pr-ted),] present as doping agent maintains its initial
structure. In addition, all the devices have been studied by
SEM-EDX, and the SEM images generated show a homogeneous
distribution of the submicrometric particles on the paper strips,
on the glass fibers, PLA sheets ([Cu,I¢(pr-ted),|@PLA1%), and in
the mesh with commercial resin ([Culs(pr-ted),]@resin0.1%)
(Fig. S20-S25, ESIT). As shown in Fig. 6, the emission intensity
of all devices remains unchanged in the presence of 5 mL of
water, while instantaneity quenches in the presence of 5 mL of an
aqueous TC (400 pM) solution. Additionally, the degree of
quenching can be visually appreciated at different concentrations
of TC (Fig. S26, ESIY).

The devices respond instantaneously to the presence of TC,
which attenuates their emission. All of them can be immersed
in water contaminated with TC (400 pM) at least 30 times
without losing their ability to act as sensors. The 'H-NMR
spectra of D,O exposed to 30 immersions of the different
devices do not show signs of their possible water degradation

(Fig. 7).

4. Conclusions

The investigated compound demonstrates optimal properties
for use as a chemical sensor, exhibiting a highly efficient and
rapid response in detecting tetracycline in real water samples.
The obtained limit of detection (LOD) value of 1.18 nM
indicates a high sensitivity to tetracycline. Additionally, the
compound’s reusability was confirmed through 30 cycles in

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 H-NMR spectra after submerging the pellets (a), the [Cuglg(pr-
ted),J@mesh0.1% (b), the coated paper strips (c), [Cuglg(pr-ted),]@PLAL%
(d), and the coated fiberglass (e), respectively, into D,O 30 times
(one minute each time).

this study, highlighting its durability. These findings are parti-
cularly significant when compared to previous studies using
other types of luminescent compounds.

Notably, the synthesis of this compound is performed at
room temperature in a water/ethanol mixture in a single step,
which facilitates scalability. A crucial aspect of this work is the
submicrometric size of the compound, allowing for the creation
of stable suspensions in water and ethanol, essential for
material processing, and preventing the decomposition of the
submicroparticles in water. This is a significant advancement,
as processing has been poorly carried out in published studies
on sensors with turn-off responses.

This research enables the development of various devices,
including paper strips, glass fiber, PLA composite strips, and
even 3D-printed grids, using a minimal amount of compound.
Indeed, the 3D printing of grids is achieved with commercial
resins containing just 0.1% of the compound. These devices are
inexpensive, sensitive, easy to handle, reusable, and portable,
making them highly practical for industrial-level detection of
TC in real water samples.

Abbreviations

ATR-FTIR Attenuated total reflectance Fourier-transform
infrared

CAP Chloramphenicol

CC Cluster-centered

DFT Density functional theory

DLS Dynamic light scattering

LOD Limit of detection

MLCT Metal-to-ligand charge transfer

ORN Ornidazole

PAW Projected augmented wave

PBC Periodic boundary conditions

PLA Polylactic acid

pr-ted 1-Propyl-1,4-diazabicyclo[2.2.2]octan-1-ium
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PVP Polyvinylpyrrolidone

PXRD X-ray powder diffraction

SEM Scanning electron microscopy

SEM-EDX Scanning electron microscopy with energy dis-
persive X-ray spectroscopy

SMZ Sulfamethazine

S-v Stern-Volmer

TC Tetracycline

Ted Triethylenediamine

TGA Thermogravimetric analysis

VASP Vienna ab initio simulation package
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