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Nanoscale supramolecular complex made of
copper cyanide and a phenanthroline ligand inlaid

with titanium oxide nanoparticles as effective
catalysts and sensors

Safaa Eldin H. Etaiw,

*3 |brahim A. Salem,? Mona A. Darweesh® and Alaa Tawfik &2 ¢

Utilizing ultrasonic vibrations, the nano-supramolecular complex [(phen)sCu,(CN)s (H,O)s] (NSC1) was

obtained. NSC1 was inlaid with nano-titanium oxide to create composite (TiO,/NSC1) nanoparticles
using ultrasonic waves. ICP, XRPD, SEM, TEM, TGA, and other spectroscopic methods were applied to
characterize the composite. Both NSC1 and TiO,/NSC1 function as heterogeneous catalysts against

methylene blue (MB) and brilliant green (BG) dyes, which were assessed and compared. When H,0, is

present, it has an effective capacity to degrade (MB) and (BG) dyes. However, the nanocomposite

exhibits exceptional degradation efficiency using UV or ultrasonic waves under a variety of conditions. To

clarify the mechanisms of mineralization, scavenger techniques, the terephthalic acid disodium salt

photoluminescence
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technique and

spectrophotometric titration were used. The TiO,/NSC1

nanocomposite’s photoluminescence property was analyzed and estimated. So, the composite can

ability to operate as a highly efficient selective luminous sensor, which showed outstanding detection

DOI: 10.1039/d5ra06817g

rsc.li/rsc-advances and Mn?* ions.

1. Introduction

Supramolecular complexes (SCs) can be considered a typical
representative of supramolecular chemistry.’ Therefore, they can
directly form, under the combined driving forces of noncovalent
interactions, varied complex structures with distinct features
using various chemical units,>® such as cooperation between
metals and ligands,” hydrogen bonding,'*"* host-guest systems,"
-7 stacking,” electrostatic interactions,” and van der Waals
forces.” In addition, several supramolecular complexes have
recently garnered increased interest because of their dynamic
physical characteristics, such as mechanical, electrical, and optical
properties, for applications in the fields of soft robotics and
bioelectronics.’** Owing to the unique properties of SCs gained
by noncovalent interactions, they are distinguished materials for
catalysis,” ™ sensing, artificial light-harvesting,”® drug
delivery,” adsorption, separation,”®** and other applications.*
In recent years, air and water pollution, climate change, and
resource depletion have been just a few of the energy and envi-
ronmental problems caused by the rapid rise in urbanization and
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and highly effective quenching of the nanocomposite's photofluorescence towards nitrobenzene, Na*,

industry.***” Thousands of environmental pollutants, including
chemical pollutants, often consist of petroleum hydrocarbons,
paints, fertilizers, herbicides, hazardous metals, detergents, and
dyes. Each category contains many different chemical
compounds. The textile and dyeing industries, for example, often
employ over 200 thousand commercially available synthetic
dyes.*® Every year, more than 105 tons of industrial effluent is
produced by these dyes, which are subsequently thrown directly
into streams, rivers, lakes, and even oceans. Many of them are
usually non-biodegradable, persistent, and toxic.***°

Additionally, one of the most threatening issues is that some
hazardous metals and liquids are found in water resources. As
a result, creating effective techniques is essential for such
hazardous material detection. Some youth peaple exposed to
higher levels of manganese in their drinking water had lower
intelligence quotients and more intellectual disabilities. Long-
term manganese exposure through breathing naturally occur-
ring manganese in shower water is thought to put a lot of
individuals at risk.* When hypoxic periods occur, seawater's
Mn levels may rise.*” Different species target specific tissues,
including the liver, kidneys, brain, blood, and gills. However,
excessive sodium via salt is toxic and can result in coma,
seizures, and even death. Salt poisoning can cause uncon-
sciousness, convulsions, jitters, and confusion. Fluid changes,
brain enlargement, and breathing difficulties can result from
a buildup of salt in the blood.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thus, nowadays, many proposals have been suggested and
employed to present a healthy environment for living, but one
of them that attracts great attention is heterogeneous photo-
catalysis because of its low cost and excellent efficiency.****
Nano titanium oxide is one of the most effective photocatalysts,
which can be affected by UV-light to generate electron-hole
pairs.**¢ Its wide band-gap energy and high rate of photog-
enerated charge carrier recombination, however, make it diffi-
cult to use in photocatalysis.*”*®

To solve these issues, many researchers have studied various
methods, like nonmetal doping, metal doping of TiO,, forma-
tion of oxygen vacancy, dye sensitization, and semiconductor
coupling.*>* Some of these tactics are semiconductor pairing
with a large surface area, adjustable morphology, and appro-
priate band placements, which can aid in charge carrier sepa-
ration, thereby enhancing photoactivity.* To achieve this aim,
SCs with distinctive characteristics, like structural diversity,
porous structures and large surface area, are believed to be the
best options.** When SCs are inlaid with TiO,, an aligned core-
shell structure is produced, which provides a long optical path
length,*® creating a heterojunction between titania and SCs.

The preparation of nanosized SC and nano TiO,/SC
composites is crucial because they differ from traditional bulk
materials in some ways.*” The self-assembly method for the
preparation of NSC1 and the composite using ultrasonic waves
can be considered a powerful tool for obtaining the desired
yield within a short time compared with solvothermal tech-
niques, which require high temperatures, high pressures, and
lengthy response times. Additionally, the sono-chemical
approach is inexpensive, produces numerous results, is an
environmentally friendly source and produces a very small
size.”® Therefore, one special homogenization method with
several uses is ultrasonication.* Large particles in the fluid are
typically broken up into uniformly sized particles or smaller
fragments by applying sonication.®>** By agitating the nano-
particles in the fluid with sound energy, nanoparticles can be
produced.®>* The ultrasonic effect improves the heat transfer
in nanofluids. Therefore, the ultrasonication time and power
utilized determine the preparation procedure. However, the
exact amount of time and energy required to create nano-
particles using ultrasonography is unknown.

Thus, the current study investigates the synergistic effects of
selective sensors derived from phenanthroline and K;[Cu(CN),]
that can be inlaid with titanium oxide nanoparticles to form the
nanocomposite TiO,/NSC1, which may have more activity and
strong power to act as a strong catalyst for the elimination of
hazardous materials, such as dyes, and as a selective sensor for
some toxic metals and dangerous liquids. Control experiments
of NSC1 and nano-TiO, are carried out to compare their cata-
lytic activity along with the synergistic effect of the composite.

2. Experimental
2.1. Materials

All chemicals (phenanthroline, trimethyl tin chloride (Mejs-
SnCl), potassium cyanide, methylene blue dye and brilliant
green dye) and solvents used in the present work are of
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extremely pure quality and acquired from Merck or Aldrich.
K;[Cu(CN),] was prepared as previously reported.®® The IUPAC
name of the methylene blue dye (MB) is 3,7-bis(dimethyl-
amino)-phenothiazin-5-ium chloride, and the brilliant green
dye IUPAC name is [4-(diethylamino)phenyl]-phenyl methyl-
idene, Scheme S1.

Organic solvents used include acetonitrile (CH3;CN),
dimethyl sulfoxide (DMSO), methanol (MeOH), chloroform
(CHCl;), dichloromethane (CH,Cl,), tetrahydrofuran (THF),
ethanol (EtOH), isopropyl alcohol (IPA), dimethylformamide
(DMF), carbon tetrachloride (CCl;) and nitrobenzene (NB).
These solvents are spectroscopic grade BDH. A 30% w/v
hydrogen peroxide from Merck was utilized. Using standard
Na,S,03, the initial H,O, concentration was determined using
the iodometric method.

2.2. Instrumentation measurements

The metal content was recorded using ICP-OES Agilent 5100
Synchronous Vertical Dual View (SVDV), with (VGA7 Serial No.
15150257) Agilent Vapor Generation Accessory. Shimadzu TG-
60H and DTA-60H thermal analyzers were used to perform the
thermal studies (TGA and DTA) in a nitrogen environment (10
mL min~ ') at a heating rate of 10 °C min . The Philips pw-1729
(CuKa radiation utilizing Ni filter) and Debye Scherrer pw 1050
(Cu-Ka: Ni-filter) were used to record the powder diffraction
patterns of the X-ray. A QUANTA FEG250 microscope was used
to take scanning electron microscopy (SEM) pictures of NSC1
after the gold coating.

2.2.1 Energy dispersive X-ray (EDX). The conventional
method for identifying the elemental composition of materials
using a scanning or transmission electron microscope (SEM/
TEM) is energy dispersive X-ray spectroscopy (EDXS). Energy
Dispersive X-ray (EDX) is used instead of EDXS, which is
frequently abbreviated. The EDX pictures of NSC1 were
produced using energy-dispersive X-ray spectroscopy (EDX)
IT100LA, which is attached to scanning electron microscopy
(SEM) and runs at an accelerating voltage of 20.00 keV.

2.2.2 Transmission electron microscopy (TEM). One
important analytical technique in the biological, chemical, and
physical sciences is transmission electron microscopy (TEM).
TEM JEOL JEM-2100 runs at 200 keV of accelerating voltage.
TEM photos were viewed, collected, and interpreted using
Gatan Digital Micrograph software.

2.2.3 Spectrophotometric measurements. The absorption
spectra in the ultraviolet visible region were measured by
applying a recording Shimadzu 3101pc spectrophotometer
equipped with an electronic temperature controller (Fisher
Scientific) (Model 9000).

2.3. Synthesis

2.3.1 Synthesis of nano-supramolecular complex NSC1 and
ultrasonic green synthesis of the nanocomposite TiO,/NSC1. A
solution of 99 mg (0.33 mmol) of K;[Cu(CN),] in 30 mL H,O was
combined with a solution of 60 mg (0.334 mmol) of 1,10-phe-
nanthroline (phen) using 20 mL CH3;CN® under ambient
conditions. The mixture was gently stirred and subjected to
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ultrasonic waves. The yellow solution produced green needle
crystals after a few hours, which were then washed with H,O
and allowed to dry overnight. Approximately 69 mg of green
crystals were obtained. e = 1.87 BM. Anal. calc. for NSC1
(C30H34No05CU,): C, 56.0; H, 2.8; N, 15.0; Cu, 15.21%. Found: C,
55.97; H, 2.86; N, 14.92; Cu, 15.29%.

However, nanocomposite TiO,/NSC1 was prepared by mixing
1 g of nanosized powder NSC1 and 0.30 g TiO, using ethanol (20
mL), which was dispersed utilizing ultrasonic waves for 45 min,
exhibiting 60 W power at 60 °C. The mixture should be stirred
for 60 min with heating at 70 °C to aid in the absorption of Ti,O3
by NSC1. The solution was then illuminated with magnetic
stirring for two hours at a wavelength of 365 nm using a high
pressure mercury lamp. After filtering off the resultant
composite, it was cleaned three times with ionized water, three
times with ethanol, and then dried in an oven for twenty-four
hours at 70 °C to produce the TiO,/NSC1 nanocomposite.
Anal cal. For TiO,/NSC1 (TiC3oH34Ng0O,Cu,): Cu, (calc.) 13.88%
(found) 13.64 and Ti, (calc.) 5.23% (found) 5.20.

2.4. Assessment of catalytic activity

For the experiments of catalysis, a stock of MB (2.2 x 10~ * M)
and BG dye (2.2 x 10~> M) was produced in doubly distilled
water. A 30% V/V hydrogen peroxide was utilized. KMnO,
solution was used to normalize the H,O, concentration. A range
of 25 mL reactors were placed on a water shaker thermostat,
a transparent amount of catalyst (0.008 g) and the right amount
of dye solution to get 2.2 x 10~* M methylene blue and 2.2 x
10> M brilliant green at ambient conditions. Two milliliters of
0.2 M H,0, were added to each reactor, and the time was noted.
An aliquot was collected from each reactor at predetermined
intervals, and the MB dye's absorbance was recorded at 665 nm,
while the BG dye's absorbance was observed at 625 nm.

2.5. Photocatalytic activity measurements

The degradation of MB and BG dyes under ambient conditions
was examined through an investigation of catalytic activity.
After 60 minutes in the dark at 28 4+ 1 °C, the water shaker
thermostat was used to store the solutions to achieve equilib-
rium between adsorption and desorption. The photocatalytic
activity was conducted utilizing a 300 W medium pressure
mercury lamp at A = 365 nm under UV light radiation. The
reactor was placed in an ultrasonic bath to examine the effect of
sonication on dye mineralization. The experiments were con-
ducted using standard procedures comparable to those used
under ambient conditions. Throughout the radiation process,
at regular intervals, an aliquot was removed from each flask,
and the absorbance was recorded.

In the control experiment, identical steps were conducted
without the use of a catalyst. To optimize the reaction param-
eters used to conduct the reaction by varying one while keeping
the others constant, the impact of reaction conditions, specifi-
cally the pH of the medium, the H,O, concentration, the
concentration of dye, and the dosage of the catalyst, was
investigated. In general, it was discovered that for a few hours,
the dye/H,0, mixture stayed steady without causing any
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variations in absorption. In addition, control experiments on
the effects of nano-TiO, and NSC1 catalysts on the degradation
of the dyes were investigated to compare the advantages of the
composite.

Additionally, the catalytic activity of the catalysts was tested
under the same conditions as ammonium oxalate (AO) and
isopropanol (IPA). In addition, the spectrophotometric titration
of MB dye by isopropanol under optimum conditions was
carried out to identify the active species during the catalytic
reaction.

The formula for calculating the catalytic degradation effi-
ciency (D%) was

D% = {(Ay — AN Ao} x 100. (1)

In this case, A, represents the dye's residual absorbance at
time ¢ and A, represents its initial absorbance at time 0.

2.6. Photoluminescence sensing measurements

Ten milliliters of several chemical solvents, including MeOH,
DMSO, CHCl;, CH,Cl,, THF, EtOH, IPA, CH,CN, DMF, CCl,,
and nitrobenzene (NB), are used to suspend 5 mg of finely
ground TiO,/NSC1 by ultrasonic radiation, and after that,
measurements are made of the fluorescence spectra of
suspensions in different solvents. To conduct the sensing tests,
5 mg of TiO,/NSC1 is dispersed in H,O with a fixed concentra-
tion of M(NO3),, (1 x 10~ mol L™") M = Cd**, Hg*", Ag", Ni*",
sn**, cu®*, Co*", Fe**, K*, Mn**, and Na". After 10 minutes of
ultrasonic treatment, the suspension is excited at 360 nm, and
the associated fluorescence intensity is measured at room
temperature. To detect hazardous liquids and metal ions, this is
done to study the luminescence behavior of TiO,/NSC1 as
a selective sensor.

3. Results and discussion

3.1. Structure of (NSC1) and the composite TiO,/NSC1
nanoparticles

Utilizing the self-assembly approach, NSC1 was obtained using
phenanthroline and K3;[Cu (CN),] in a water/acetonitrile solu-
tion using ultrasonic radiation. The straightforward technique
avoids the high pressure and temperature needed for the sol-
vothermal approach. NSC1 is easily soluble in organic solvents
but air stable and insoluble in water. Elemental analysis
supports the chemical formula C;oH3,Cu,NgOs, and single-
crystal X-ray analysis verified NSC1's chemical composition
[Cu'(CN)(phen),Cu"(CN),(phen)]- 5H,0.% Table $1 presents the
crystal data for NSC1. The structure of NSC1 indicates the
presence of two mixed valence two copper complexes in addi-
tion to H,O (Fig. 1). An asymmetric unit of NSC1 shows the Cu’
complex, which coordinates two phen units via nitrogen atoms
and one cyanide group adopting a distorted trigonal bipyramid
(TBPY-5) structure, Fig. 1 and Table S2. The H-bonds (2.73-3.27
A) binding the C=N ligands to water molecules are the cause of
the divergence of the (TBPY-5) structure. Few Cu' complexes
containing TBPY-5 geometry are known.®~* The initial class of
complexes containing trigonal pyramidal copper(i) with a low

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Asymmetric unit of NSC1 with an atom labeling scheme.

electron density methyl acrylate was recently believed to be
copper(1)/2,2-bipyridine complexes.”” In addition, complex
cations [CuL,]*" containing N30, polyhedron crest a trigonal
bipyramid.”™

Moreover, the asymmetric unit contains a crystallographi-
cally different Cu™ complex, which coordinates to the nitrogen
atoms of a phen molecule and 2 CN-groups, creating a slightly
distorted tetrahedron (T-4), Table S2. Several compounds con-
taining the Cu" ion have deformed tetrahedral geometry, some
of which are biologically significant.”>”* Tetra coordinate
complexes may create tetrahedral or square-planar topologies
whose two planes, each containing copper and two nearby
donor atoms, subtend an angle, allowing its identification. In T-
4 complexes exhibiting D,4 symmetry, the tetrahedrality is 90°.
However, tetrahedrality is equivalent to zero in square-planar
complexes with Dy, symmetry. The two planes in NSC1
(C37Cu2C40 and N12Cu2N9) have an angle of 86.22, which
supports Cu™® tetrahedral geometry.

The asymmetric unit also contains five H,O molecules that
are quite significant in pecking the structure of NSC1. Careful
investigation of crystal packing indicates that H,O molecules
are assembled via H-bonds (1.92-2.96 A), and because of the
brief interactions between the oxygen atoms, they are closely
packed (2.76-2.87 A) by w7 interactions to create a 1D water
cluster ribbon.®

When constructing supramolecular structures, cyanome-
tallates help build components via M-CN-M bridging linear
coordinate bonding interactions. However, it is uncommon to
find cyanide as a terminal ligand that can act as an acceptor of
hydrogen bonds.”” The most interesting aspect of NSC1's
structure is the large number of supramolecular interactions,
such as m-m stacking and H---N-C hydrogen bonds, which
create a distinctive 3D supramolecular architecture in the solid
state, Fig. S1. Furthermore, the water molecules disperse among
the Cu' and Cu" fragment layers to create H-bonds between the
H-atoms and terminal cyanide groups of phen ligands to
enlarge the NSC1 structure into a 3D-network, Fig. S1. There-
fore, extensive hydrogen bonds, m-m interactions and short
contacts play a role in the strong backing of the structure of
NSC1.

It is crucial to remember that there are no Cu-Cu interac-
tions because of the shortest distances between Cul-Cul =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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7.599 A, Cu2-Cu2 = 12.692 A and Cul-Cu2 = 6.137 A.
Conversely, NSC1's structure is made up of distinct neutral
molecules with separation distances that are significantly
greater than those of an ionic bond. In the case when no ionic
contact occurs, the smallest distance between any two close Cu'"
and Cu" atoms is 6.137 A, even though the distances between
the two CN ligands of the [Cu"(phen)(CN),] complex and the Cu
atom of the [Cu'CN(phen),] complex are N3-Cul = 5.803 A and
N17-Cul = 5.625 A, respectively.”

A mixture of 1 g of nanosized powder NSC1 and 0.30 g nano-
TiO, using 20 mL ethanol was dispersed utilizing ultrasonic
waves to produce the nano-composite TiO,/NSC1. Following
a review of the XRD simulated plot of NSC1, Fig. 2 displays the
X-ray powder diffraction (XRPD) of nano-TiO,, NSC1, TiO,/NSC1
composite, and the recycled TiO,/NSC1 composite. At 26 = 24°,
30°, 34°, and 45°, the TiO, XRD pattern shows four modest
intensity indications. However, NSC1 clearly matches the
simulated pattern obtained from the XRD of the single crystal of
NSC1, demonstrating the phase purity of the bulk sample of
NSC1. Additionally, the XRD pattern of the composite shows
most of the signals of the simulated pattern in addition to those
of TiO,, especially the signal at 24°, while the others exhibit
weak intensity. In addition, XRPD supports the ability of the
composite to maintain its identity and stability throughout the
catalytic processes, as demonstrated by the composite's XRPD
after recycling, Fig. 2e.

(e)
=
=
.’g.
w
=
=
=
(b)
\\‘m“ - J\ e s @
p = Ey3 40 50
2theta(degree)

Fig. 2 XRBD patterns of (a) TiO,, (b) simulated NSC1, (c) NSC1
experimental, (d) TiO,/NSC1 composite fresh, and (e) TiO,/NSC1
recycled.
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Fig. 3

SEM images of the TiO,/NSC1 composite.

Scanning electron microscopy (SEM) pictures reveal details
about the sample's composition and surface topography. The
TiO,/NSC1 composite appears to be large gray granules exhib-
iting different shapes in addition to many smaller particles,
Fig. 3. It is observed that there are some bright circular spots on
the surface of the granules, indicating the inclusion of the TiO,
in the structure of the composite. This opinion is also sup-
ported by energy dispersive X-ray (EDX) images, which deter-
mine the composition of the composite. The EDX images
indicate the presence of Cu (at 1.8 and 8.8 keV), Ti (at 0.04, 4.06
and 5.0 keV), O, (at 0.05 keV) and carbon, Fig. 4. However,
transmission electron microscopy (TEM) images of NSC1
exhibit circular black nanostructures with the size of the parti-
cles in the range of 41-76 nm, Fig. 5a. Meanwhile, the
morphology of the composite shows black rods with bright
white parts with nano dimensions equal to 20.60-33.89 nm
(Fig. 5b).

3.2. Spectroscopic characteristics of NSC1 and TiO,/NSC1
composites

The stretching vibrations of H,O molecules are represented by
a noticeable band at 3400 cm™ " in the NSC1's infrared spec-
trum, Fig. S2. The unique bands of the phenanthroline ligand
and the (CuCN), fragment are also visible in the infrared
spectrum. The bands of the phenanthroline ligand are visible in
the spectra at 3060, 2930 cm ™ (Vcmarom), 1420 cm™ " (Ocy), and
770, 724 cm ™" (ycy). The hydrogen bonds forming between the
donor sites of the (CuCN), fragment cause the hydrogen atoms
in the ligand to shift to lower wave numbers from the vibration
frequencies of the free phen ligand.”” The C=C bonds of 1 phen
ligands are responsible for the bands at 1585, 1508, and
1460 cm ™!, while the band at 1609 cm ™" is associated with yc—
~n- These bands help phen coordinate Cu centers and show
slight shifts to lower wave numbers from those of the phen
molecule. The NSC1 spectrum shows the IR bands at 2130 and
2085 cm ™', which support two different cyanide groups. The
fact that the first type of cyanide group is connected to Cu' and
the second is coordinated to the Cu" center supports the

39318 | RSC Adv, 2025, 15, 39314-39335
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existence of a coordination polymer of mixed valence copper
cyanide. Additionally, the Cu-C bands at 430 and 436 cm "
confirm the existence of two (CuCN), components (Fig. S2).

Since the spectrum of 1,10-phenanthroline, shown in Fig. S3
and Table S3, is similar to the spectra of naphthalene, phen-
anthrene, and anthracene, it must be considered when di-
scussing the electronic absorption spectrum of NSC1. Similar to
naphthalene, 1,10-phenanthroline exhibits very minor spectro-
scopic alterations when nitrogen is substituted for methane
(Table S3 and Fig. S$3). The 'Ba < 'A transition is attributed to
the phenanthroline wavelength band, which peaks at 200 nm.
The phenanthroline spectrum at 224 nm is like the longitudi-
nally polarized "B, < 'A band at 225 nm.” The 'L, and 'L,
bands appear at the normal positions at 265 and 285 nm,
respectively. Compared to the spectra of anthracene (310 nm)
and naphthalene (286 nm), this band shows a blue shift.”” In
contrast, the NSC1 spectrum shows the same phenanthroline
bands at about the same locations (Table S3 and Fig. S3). Along
with a broad band at 307 nm corresponding to O 2p — Ti 3d
transition of TiO,, the UV spectrum of the TiO,/NSC1 composite
resembles that of NSC1, exhibiting a slight blue shift in the 'L,
and 'Ly, bands (Table S3 and Fig. S3), which supports that TiO,
should be included in the NSC1 network, Fig. S3.

Although the unaltered phen is known to be a weakly emis-
sive substance, a variety of highly luminous phenanthroline
compounds with emission bands spanning from the ultraviolet
to the near-infrared region can be created by taking different
approaches.” The emission primarily comes from the n-7* and
m-1* singlet excited states, which are closely located in the
phenanthroline.”*® n-w* excited states are typically character-
ized by vanishingly low emission quantum yields and frequently
decay via non-radiative paths. At ambient temperature, phe-
nanthroline has a brief lifespan for the singlet (¢ < 1 ns) and
a poor fluorescence quantum yield (64 = 0.0087).”® According to
Table S3 and Fig. S4, the emission spectrum of phenanthroline
in DMF shows a very weak band at 555 nm, two shoulders at 380
and 425 nm, and a clear peak at 365 nm. The last three struc-
tured bands indicate the close-lying mw-m* transition. The
concentration dependence of the delayed emission band at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX images of the TiO,/NSC1 composite.

555 nm confirmed that the triplet excimer of phen was attrib-
uted to this low-energy, delayed emission band. The excimer
phosphorescence of phenanthroline, quinoxaline, and naph-
thalene provided more evidence for this classification.®"*
There is a broad band at 365-392 nm containing faint
shoulders in the emission spectrum of NSC1.** The close-lying
m-m* transition is represented by these structured bands.®
Both the phen ligand and the CuCN fragment, which glow at
Amax = 392 nm, are present in the structure of NSC1.** The
visible spectrum emission of CuCN compounds containing
amines was found, and their photophysical behavior appears to
be similar to that of CuCN.* The transition between the ground

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nactrum 3

Spectrum 3

Spectrum 4

state and the lowest triplet excited state is believed to be the
source of the CuCN emission spectrum. Additionally, the
comparatively high energy CuCN emission is believed to be
caused by a bent triplet state.*® However, the creation of the
NSC1 allows for the tuning of both the photophysical charac-
teristics of phen and CuCN. The composite and NSC1's emis-
sion spectra show a broad band with a 375 nm core. This band
results from the So-T transition in the CuCN fragments, which
shifts to a wavelength that is about 30 nm longer than that of
the CuCN. The broad band at 365 nm displays the coordinated
Phen's near-lying m-mt* transitions (Table S3 and Fig. S4).
Therefore, TiO,/NSC1 composite is a desirable luminescent

RSC Adv, 2025, 15, 39314-39335 | 39319
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Fig. 5 TEM images of NSC1 (a) and the TiO,/NSC1 composite (b).

sensor due to its great sensitivity to some metals and organic
liquids in its luminescence characteristics. Nevertheless, band
broadening makes it impossible to rule out the possibility of
single-metal-centered (MC) transitions of the types 3d'° —
3d%s' and 3d"® — 3d°4p"' on the metal to ligand charge
transfer (MLCT) (high energy band) and the Cu(r) center (low
energy bands).

3.3. Thermogravimetric analysis

Thermogravimetric analysis, or TGA, curve analysis tells us how
much a sample's mass changes with temperature and time. It is
employed to assess oxidative stabilities, temperature transi-
tions, and material composition. The NSC1 and TiO,/NSC1
thermograms all show four stages of disintegration (Fig. S5 and
S6, Table 1). At 85-155 °C, five water molecules are liberated in
the first step. Am% obser 10.48 (calc.) (10.67). In step two, the
first phen molecule is removed using Am% obser at 157-247 °C.
Calc. at 21.12 obser, (21.48). Step 3 in the temperature range of
252-505 °C reveals the release of the remaining phen

39320 | RSC Adv, 2025, 15, 39314-39335

molecules, Am% obser. (calc.) 42.49 (43.08). According to Am%
obser, the disintegration of 3 CN ligands is what causes the
weight loss at 507-648 °C. Obser. (9.22) and 9.8 (calc.). The
residue’'s molecular weight matches that of metallic copper after
NSC1 has been fully thermolyzed in a nitrogen environment, as
indicated by mass% obser. 23.94 (calc.) 23.62, Table 1.

Although phen ligands are developed at relatively high
temperatures, the NSC1's thermogravimetric investigation
reveals that its structure contains stable Cu"'~CN chains that
can withstand temperatures of up to 620 °C. This implies that
hydrogen bonds hold the phen molecules together in the 3D
network and that they are highly coordinated via Cu atoms.
Furthermore, the fact that H,O molecules first released up to
85 °C implies that they are not in coordination with Cu atoms.
For the full discharge of H,O, this temperature can exceed 155 °©
C, which signifies the creation of H-bonds that must be broken
at a relatively high temperature. However, as shown in Fig. S6,
the TGA curve shows four endothermic stages for the compo-
sition of the nano TiO,/NSC1 composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermogravimetric analysis data of NSC1 and the TiO,/NSC1 composite

NSC1 Step Temp. range (°C) Am (%), obs. Am (%), cal. Assignment
1 85-155 -10.48 —~10.67 -5(H,0)
2 157-247 —-21.12 —21.48 -(Phen)
3 252-505 —42.49 —43.08 -2(phen)
4 507-648 —9.22 —9.28 -3(CN)
Residue Temp. range (°C) MasS,ps (%) Massg, (%)
3Cu% Over 700 23.62 23.94 3Cu%
TiO,/NSC1 Step Temp. range (°C) Am (%), obs. Am (%), cal. Assignment
1 60-130 —10.62 —10.59 -5(H,0)
2 200-290 —21.10 —21.19 -(Phen)
3 300-470 —42.93 —42.28 -2(phen)
4 490-620 —-9.10 —-9.12 -3(CN)
Residue Temp. range (°C) MasSqps (%) Massc,; (%)
Cu + TiO, 620-780 16.23 16.59 Cu + TiO,%

NSC1 and the TiO,/NSC1 composite thermogram are repre-
sented in Fig. S6 and Table 1, all show four stages of disinte-
gration. In the first stage, five water molecules are liberated at
60-130 °C, A% obser. 10.62 (10.59) (calc.). One phen ligand is
removed in the 2nd step at 200-290 °C, Am% obser. 21.10 and
(21.9) (calc.). The 3rd phase at the temperature range of 300-
470 °C is caused by the release of the other two phen ligands,
Am% obser. (calc.) 42.93 (42.28). At 490-620 °C, the three
cyanide groups dissolve as cyanogen, which causes weight loss,
or Am% obser. (calc.) = 9.10 (9.12). Mass% observe indicates
that the residue's molecular weight matches that of metallic
copper and TiO, after the composite has been fully thermo-
lyzed. 16.23 (16.59) (calc.), Table 1.

3.4. NSC1 and TiO,/NSC1 composite’s catalytic and
photocatalytic properties

The textile industry's wastewater contains significant amounts of
organic compounds, which increase the toxicity of the effluents. It
is commonly known that due to their excellent endurance and
aromaticity, azo dyes cannot be mineralized using conventional
aerobic biological treatment techniques. The development of
more economical and environmentally friendly alternatives to
traditional techniques for the degradation of organic pollutants is
therefore of great interest now.*>* In practically every production
sector, H,O, is employed extensively, especially in the chemical
industry and environmental protection.®® It has made a substan-
tial contribution to ecologically friendly chemical industry oper-
ations because water is a unique byproduct of its use. A series of
chemical treatment techniques known as advanced oxidation
processes (AOPs) is intended to eliminate organic (and occa-
sionally inorganic) contaminants from water and wastewater by
oxidation through interactions with hydroxyl radicals ("OH).*
However, this term more accurately describes a subset of these
chemical processes that employ UV radiation, hydrogen peroxide
(H,0,), and ozone (03), or a combination of the few techniques,
in actual wastewater treatment applications.®® Using methylene
blue (MB) and brilliant green (BG) as illustrative examples, the
catalytic behavior of NSC1 and TiO,/NSC1 was investigated in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

presence of H,0, as an environmentally acceptable environment.
Under normal environmental conditions, these colors remain
stable, and waste streams have a hard time breaking them down.
The MB and BG dye spectra at 660 nm and 625 nm, respectively,
are used to monitor the degradation tests. Even after extended
periods of 24 hours, the spectra of MB and BG dyes exposed to UV
light exhibit only a slight discernible decrease in the strength of
the distinctive bands. However, the initial spectra experiments,
which were near H,O, in dim, show that in 0-240 min, there are
minor changes in the absorption intensity of dyes; meanwhile,
reasonable degradation efficiencies need long times, Fig. S7 and
S8. Therefore. MB and BG dyes resist H,O, degradation in the
absence of a catalyst. In this instance, catalyst NSC1 and H,O0,
(normal circumstances) must be present when the MB and BG
dyes degrade, Table 2.

Under normal conditions, the absorption peaks of MB and
BG clearly lose intensity when H,0, and NSC1 or TiO,/NSC1
catalysts are present. When BG is used with the NSC1 catalyst,
the D% is 97.63 in 62 minutes; however, the TiO,/NSC1
composite has a significantly higher degrading efficiency than
NSC1 (D% is 98.95 in 40 minutes), Table 2. However, BG dye's
spectra employing the TiO,/NSC1 composite indicate that D% =
98.95% within 40 minutes, suggesting that it is more resistant
to mineralization than MB (Table 2).

Furthermore, Fig. 6a and b demonstrate that the composite
is more effective at mineralizing the dyes than NSC1. For
example, MB exhibits a degradation efficiency of 98.93% in just
24 minutes, while NSC1 displays a mineralization efficiency of
98.80% in 42 minutes. Additionally, to assess the synergistic
effect of the current catalysts, the catalytic activity of nano-TiO,
on methylene blue dye was investigated. The nano-TiO, catalyst
exhibits a long time (120 min) to mineralize 60.6% MB dye,
Table 2 and Fig. S9.

3.5.
dye

Operating condition impact on the degradation of MB

Determining which variables have the largest effects and the values
that produce the most dependable performance is essential for

RSC Adv, 2025, 15, 39314-39335 | 39321
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Table 2 Kinetic parameters of catalytic degradation of brilliant green (BG) and methylene blue (MB) using NSC1 and TiO,/NSC1 catalysts®

System D (%) Time (min) kops (min™") R

Brilliant green (BG)

BG + UV-light 77.48 360 0.0059 0.992
BG + H,0, 96.8 240 0.0017 0.991
NSC1

BG + NSC1 + H,0, (NC) 97.33 62 0.056 0.988
BG + NSC1 + H,0, + UV-light 99.9 28 0.092 0.88
BG + NSC1 + H,0, + ultrasonic waves 93.2 15 0.2 0.95
TiO,/NSCP1

BG + TiO,/NSCP1 + H,0, (NC) 98.95 40 0.125 0.987
BG + TiO,/NSCP1 + H,0, (OC) 96.33 20 0.1490 0.981
BG + TiO,/NSCP1 + H,0, + UV-light 99.9 15 0.324 0.718
BG + TiO,/NSC1 + H,0, + ultrasonic waves 93.2 6 0.394 0.967

Methylene blue (MB)

MB + UV-light 90.62 (h)24 0.0020 0.99
MB + H,0, 95 (h)24 0.0020 0.99
NSC1

MB + NSC1 + H,0, (NC) 98.8 42 0.073 0.953
MB + NSC1 + H,0, + UV-light 97.5 55 0.06 0.96
MB + NSC1 + H,0, + ultrasonic waves 97.3 14 0.191 0.86
TiO,/NSCP1

MB + TiO,/NSCP1 + H,0, (NC) 98.93 24 0.178 0.953
MB + TiO,/NSCP1 + H,0, (OC) 97.43 12 0.324 0.9673
MB + TiO,/NSCP1 + H,0, + UV-light 97.97 5 0.793 0.793
MB + TiO,/NSCP1 + H,0, + ultrasonic waves 97.5 3 0.0133 0.999
TiO, 60.6 120 0.007 0.93

¢ (NC) = normal conditions = (BG = 2.2 x 10> M), (MB = 2.2 x 10! M), (0.2 M) H,0, as oxidant, pH = 6.5 and (0.001 g) NSC1, and (0.001) g TiO,/
NSC1 composite. (OC) = optimum conditions: (BG = 2.2 x 107> M), (MB = 2.2 x 10~* M), (0.2 M) H,0, as oxidant, pH = 6 and (0.008) g TiO,/NSC1
composite.

optimizing the design of an existing process. The amount of H,0,, The initial H,O, concentration, which ranges from 0.02 to
scavenging agents, pH, dye concentration, catalyst dosage, and 0.5 M, has a substantial impact on the rate of degradation of MB
other variables have an impact on degradation efficiency. dye (Fig. S10, 7 and Table 3). The initial reaction rate increases
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Fig. 6 Spectra illustrates the electronic absorption of the MB dye solution's mineralization (2.2 x 10~* M) and (a) (0.2 M) H,O,, pH = 6.5. and
(0.001 g) NSC1, (b) (0.2 M) H,0,, PH = 6.5 and (0.001 g) TiO,/NSC1 composite.
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linearly as [H,O,] increases over the concentration range. The
linearity of the plot and the calculated slope (K, = 5.57 x 10" °L
mol " min~") exhibits a first-order relationship with hydrogen
peroxide. The reaction rate increases directly with hydrogen
peroxide concentration throughout this specific range. Under
specified conditions, hydrogen peroxide functions as the
primary limiting reactant, which directly controls the overall
reaction rate. The results obtained from this study become
fundamental for enhancing reaction performance in photo-
catalytic and advanced oxidation systems that utilize hydrogen
peroxide as their primary oxidizing agent.

At low H,0, concentrations, the kinetic deciding step is the
generation of the "OH radicals. As the starting H,O, concen-
tration increased to 0.50 M, the measured rate increased
steadily (Fig. 7). An excess of H,0, scavenging 'OH radicals
causes the lower part of the curve, while an increase in the
concentration of "OH radicals generated in situ causes the rising
section. More "OH radicals were produced by higher H,0,
concentrations, and these radicals preferentially interacted with
the excess H,0, to form HO,’, a less active per-hydroxyl

3.0x10°% 4

2.5%107° 4

2.0%x107° A

1.5%107° 4

1.0x107° 4

Initial rate/ mol I''s

5.0x107" 4

slope =K;=5.57x10° L.mol 'min""

0.0 T T T T

0.0 0.1 0.2 0.3 0.4 05
[H03]y/M

(a)

6x1077

5x1077

I
X
-
o
4
~
Il

3x107

Initial rate/ mol I's”

2x1077

1%x1077

0 T T T T T T
0.00000 0.00005 0.00010 0.00015 0.00020 0.00025 0.00030

[MB],/ M

(©)

Fig. 7
composite. [H,O,] = 0.2 M, pH =6.5and T = 30 °C.
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radical.®~*> This undesirable process competes with the dye
chromophore's breakdown.® This behavior implies that there is
a recommended H,O, dose.

Another element that has a major impact on the MB dye's
discoloration efficacy is pH. Standard quantities of the dye (2.2
x 10~* M) and H,0, (0.2 M), along with a set quantity of the
composite catalyst (0.008 g), were used to examine the impact of
pH on the reaction rate at pH values of 4-8, Fig. S11 and Table 3.
The rate of deterioration under acidic conditions (pH = 4) is
(D% = 94.36 for 5 minutes). The time increased to 18 minutes
with D% = 98.125 and to 20 minutes with D% = 98.125 with pH
= 5 and 5.5, respectively. The time steadily decreases from 12 to
8 minutes at higher pH values (6-8), with D% = 98.06 at 8
minutes, Table 3, Fig. S11 and 7. The initial reaction rate
exhibits a remarkably fast increase as the pH level surpasses 6
and reaches its peak at 8. The data indicate that the photo-
catalytic process experiences major enhancements under alka-
line conditions because of enhanced reactive oxygen species
production and better catalyst surface activity. The relationship
between pH and photocatalytic performance occurs because the
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Initial reaction rate dependence on (a) [H,O,lp concentration, (b) pH, (c) [MB]y concentration, and (d) the amount of the TiO,/NSC1

RSC Adv, 2025, 15, 39314-39335 | 39323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06817g

Open Access Article. Published on 21 October 2025. Downloaded on 11/21/2025 10:35:43 PM.

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

(cc)

View Article Online

RSC Advances Paper
Table 3 Catalytic degradation kinetics of MB dye utilizing the TiO,/NSCP1 catalyst under different conditions

Parameter Kops (min™) Initial rate (mol L™ " s R Time (min) D (%)
[H,0,)/[M]

0.02 0.01525 1.264 x 1077 0.5012 90 61.8
0.04 0.03909 1.9026 x 1077 0.8725 55 83.125
0.08 0.06416 3.481 x 1077 0.9007 40 95

0.1 0.23119 4.72 x 1077 0.9800 16 98.125
0.2 0.32455 1.083554 x 10™° 0.9473 12 98.75
0.3 0.91913 3.647 x 1077 0.91 6 99.125
0.4 0.99708 2.303064 x 10~° 0.9978 6 99.3
0.5 1.3074 2.81833 x 10°° 0.99708 3 97.875
pH

4 0.1354 2.081 x 1077 0.9807 16 95.12
5 0.23119 4.859 x 1077 0.9800 18 98.125
5.5 0.19579 5.019 x 1077 0.9700 20 98.125
6 0.35566 5.172 x 1077 0.8925 12 97.43
6.5 0.34433 5.652 x 1077 0.8783 8 96.06
7 0.64677 1.013 x 107° 1 9 97.25
7.5 0.44888 1.613 x 10°° 0.9940 8 96.93
8 0.78942 2.27 x 107° 0.99905 5 98.06
[MB][M]

5.5 X 107° 0.04 8.8 x 107° 0.98 42 80.48
8.2 x107° 0.0459 1.41 x 1077 0.959 35 81.25
1.3 x 107* 0.145 2.81 x 1077 0.68 11 75.9
1.4 x 107* 0.264 3.16 x 1077 0.95 8 93.1
1.6 x 10°* 0.308 3.81 x 107 0.968 11 97.75
2x10°* 0.175 4.79 x 1077 0.97 11 95.54
2.2 x 107* 0.324 5.17 x 1077 0.82 12 99.187
2.3 x10°* 0.184 5.43 x 1077 0.8 15 97.09
2.6 x 107* 0.14 5.5 x 1077 0.757 18 98.42
2.9 x 10~* 0.117 5.61 x 1077 0.957 22 98.62
TiO,/NSC1 (g)

0.0 0.00282 1.66 x 1077 0.9654 600 47.14
0.001 0.17888 4.242 x 1077 0.988 24 98.93
0.002 0.24562 4.9 x 1077 0.98936 18 98.87
0.004 0.29083 5.01 x 1077 0.98807 15 98.75
0.006 0.2824 5.09 x 1077 0.96541 16 99.125
0.008 0.32455 5.172 x 1077 0.96635 12 99.18

catalyst surface charge and reactant speciation become heavily
modified by the solution pH, which results in different effi-
ciency levels for the degradation reaction efficiency (94.36-
98.06%), Table 3. Although the [MB], concentration was altered
between (5.5 x 107> and 2.9 x 10~*) mol L™ under typical
conditions, the impact of the initial concentration of MB dye on
the reaction rate was investigated at pH = 6.5, Fig. 7. The
reaction continues to follow first-order kinetics regarding the
MB dye concentration within this concentration range. Table 3
shows that the initial rate increased progressively as the
concentration of MB dye increased, but the degradation time
changed substantially from 8 to 42 minutes, with the dye's
degradation efficiency varying from 75.9 to 99.187%, Table 3.
Another important factor affecting the mineralization effi-
ciency of MB dye is the effect of TiO,/NSC1 composite concen-
tration. The concentration of the composite catalyst varies from
0.001 to 0.008 g, Fig. S12. The time of mineralization of MB
started to decrease from 24 min to 12 min as the concentration

39324 | RSC Adv, 2025, 15, 39314-39335

of the catalyst increased to 0.008, with nearly the same degra-
dation efficiency (98.75-99.125%), Table 3 and Fig. 7.

Given the normal conditions for BG dye degradation, it can
be shown that the TiO,/NSC1 composite is more active than the
catalyst NSC1, with D% = 99.33 for the composite and D% =
99.0 for NSC1 after 20 and 42 minutes, respectively. Addition-
ally, with ultrasonic radiation, the dye mineralizes in 6 minutes
as opposed to 15 minutes under UV light (Fig. S13).

3.6. Recycling and analysis of the catalyst after catalytic
reactions

After the experiment is finished, to investigate the feasibility of
catalyst recycling, the catalyst is cleaned with double-distilled
water, dried, and then subjected to another experiment.
Under typical conditions, the composite catalyst TiO,/NSC1
continued to exhibit catalytic activity for four dye oxidation
cycles, Fig. 8 and S14. Although the catalytic activity marginally
declines and takes longer after the fourth cycle (first recycle D%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reusing the catalyst's ability to break down MB dye over
TiO2/NSC1 many times.

= 97.6 within 18 min, 2nd cycle D% = 95.75 in 22 min, 3rd
recycle D% = 93% within 26 min, 4th recycling D% = 91% in 27
min), after the third recycling, the deterioration time and effi-
ciency remain constant as they would under normal conditions.
When compared to the TiO,/NSC1 IR spectrum, the composite
catalyst's IR spectrum after the degradation processes revealed
no shift in the placement of the bands, and the catalyst was
unaffected by the reaction medium, particularly since it was not
oxidized by H,O, and maintained its identity (Fig. S2 - IR
present - vide supra).

The experimental XRBD patterns of TiO,/NSC1 prior to and
following degradation were contrasted via the expected pattern
of XRD of NSC1 (Fig. 2-vide supra). The finished bulk powdered
samples of 1 are structurally robust and stable, as shown by the
agreement between the calculated XRD pattern of the NSCP1
single crystals and the experimental XRBD patterns. The
notable widening of the peaks suggests that the diameters of
the particles are still in nanometers. These findings provide
evidence that the composite catalyst's structure retains its
structural identity following catalytic cycles.

3.7. Degradation products analyses

FT-IR and UV-spectra were used to track the products that were
still in solution after MB and BG degradation by the TiO,/NSC1
catalyst, Fig. S15 and S16. The IR spectra of the dyes before
degradation clearly show the characteristic C=N central ring
stretching at 1600 cm !, C=C side ring stretching at 1482 cm ",
multiple ring stretching at 1384 cm ™", Ca,y (the connection
between the nitrogen atom and the side aromatic ring)
stretching at 1320 cm™', and -CH; stretching at 1240 and
1182 em™".* The elimination of the characteristic bands after
the catalytic reaction's conclusion showed that the MB and SG
dyes had been destroyed by demethylation and the breakage of
their side and central aromatic rings. The COO™~, S0, and
N(CHj;), stretching vibrations may be the cause of the appear-
ance of 2 new, intense peaks at 1400-1350 and 1224 cm *,
respectively,” indicating that the primary end products are the
carboxylic acids CH;COO ™~ and NO; ™ as well as SO,>~ and SO;>~

along with the prominent water bands at 3400 and 1620 cm ™",

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which indicate that H,O and CO, are the primary end products
along with a few acids, Fig. S15 and S16 show the UV-Vis spectra
and FTIR spectra of MB and BG dyes, both before and after
degradation. The dye dimmer®**® and two bands in the UV
range at 245 and 294 nm are responsible for the shoulder at
615 nm because of the MB dye dimmer's absorbance, which is
not observed in the spectrum of BG. In contrast to the
substituted benzene rings of BG and MB dyes, which have
absorption bands in the UV region at 260-275 ('L,) and at 312-
335 nm ('L), the conjugation mechanism between the
substituted aromatic rings causes absorbance at 625 and
668 nm. The absorbance of the dye dimmer has been identified
as the cause of the little shoulder at 615 nm of MB. It was
evident that the absorption peaks at 625 nm and 668 nm quickly
disappeared. This showed that (BG) and (MB) degraded quickly,
which is easier to accomplish when the TiO,/NSC1 catalyst is
present. The visible bands of the (BG) and (MB) dyes were
observed to gradually fade, while a few new bands began to
appear at lower retention durations (Fig. S15 and S16). This
demonstrates that the parent chemical was destroyed and that
new compounds, with minor structural differences, like fewer
methyl groups, were formed.

3.8. Identifying the primary active species involved in
catalytic degradation

Ammonium oxalate (AO) and isopropanol (IPA) are utilized as
scavengers. The generation of “OH and h* active species on the
catalyst TiO,/NSC1 surface was identified to ascertain whether
active species are being produced in the dye/H,O,/catalyst
processes to determine the generation of active species in the
dye/H,0,/catalyst processes (Fig. 9) (Fig. S17 a and b). The
degradation efficiency of MB dye was efficiently inhibited to
90.625% in 25 minutes by adding 2.5 M of IPA to the MB dye/
H,0,/catalyst 1 system. Therefore, IPA quenches the ‘OH radi-
cals, suggesting that the rate at which "OH radicals develop is
a significant factor affecting catalytic activity. However, the
addition of AO (D = 86.875% in 50 min) had a high impact on
the catalytic degradation of MB dye, indicating that the ‘'OH
radical has a stronger impact on the process of degradation
than the active oxidation species h', Fig. 9 (Fig. S18). Addi-
tionally, the initial rate of methylene blue dye mineralization
reduces as the concentration of isopropanol increases accord-
ing to the effect of isopropanol concentration on this rate,
suggesting that "OH radicals are the primary active species,
Fig. S18.

Therefore, the terephthalic acid disodium salt (NaTA) pho-
toluminescence probing method can be used to specifically
monitor the radicals of ‘OH, which, in catalytic and photo-
catalytic reactions, are the main active oxidation species. The
luminous 2-hydroxy terephthalic acid (HTA) is produced when
NaTA combines with "OH radicals.”® NaTA can thus be consid-
ered a selective and sensitive probe to detect the radicals of ‘OH
since it is unaffected by the presence of other reactive species,
such as O," 7, HO," ~, and H,0,.°”%® The fluorescence intensity of
the H,0,/TiO,/NSC1/NaTA system sharply increases to 940 in
just seven minutes, demonstrating that the solution did, in fact,

RSC Adv, 2025, 15, 39314-39335 | 39325
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the absence of MB dye (a) and in the presence of MB dye (b).

create ‘OH radicals, Fig. 10. Nevertheless, the produced fluo-
rescence dramatically dropped after the solution was mixed
with MB dye and NaTA at the same time; the intensity increased
to only 365 in 13 minutes, Fig. 10. In this instance, the decol-
orization observed during fluorescence measurement indicated
that several of the "OH radicals had rapid interactions with the
MB dye.

3.9. Mechanism of the reactions for both catalytic and
photo-catalytic degradation

The redox characteristics of H,O, have been proposed as
a reaction mechanism based on experimental results and
observations. These characteristics include a cyclic electron
transfer process that is started by either moving an electron
from H,0, to the catalyst's oxidizing sites to create the HO,"
radical or moving an electron from the catalyst's reducing sites
to H,O, to create 'OH.”*® According to these findings,

39326 | RSC Adv, 2025, 15, 39314-39335

a mechanism involving the reaction of the catalyst under test
with H,0, to produce extremely aggressive oxidizing species,
particularly "OH radicals, can be proposed. The degradation of
products in this instance is the result of interactions between
the radical species. It is possible to suggest a reaction mecha-
nism that includes free radical species.

TiO,/NSC1 + H,0, = [TiO»/NSC1-H,0;] (2)
Electron transfer set up complex

[TiO,/NSC1-H,0,] = TiO,/NSCI + "OH + OH  (3)

TiO,/NSC1 + "OH — TiO,/NSC1 + "OH (4)
Dye + "OH — oxidation products + H,O + CO, (5)
'OH + dye — H,O + dye (6)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The hydroxyl radical spreads the reaction by reacting with
the organic color to produce additional radicals, which can then
react in other ways.

Dye + H,0, — dye-OH + "OH 7)

There are numerous other possible reactions, including the
radical-radical reaction and the interaction of the ‘OH radical
with H,0,.

‘OH + "OH — H202 (8)

The alternative is that the HO," radical could be produced by
an electron from H,0, moving to the catalyst's oxidizing sites.

TiO,/NSC1 + H,O, — HO," + ’-l—‘IOZ/l\ISCI—HJr (9)
HOz. + HQO - H202 + ‘OH (10)
'OH + dye — oxidation products + H,O + CO, (11)

Furthermore, under normal conditions, increasing the
generation of "OH radicals by UV or ultrasonic waves may
improve the dye's degradation efficiency. The following equa-
tions show how H,0, and UV light can be used to create ‘OH
radicals.

hv + H,0, — 2°OH (12)
By forcing electrons from the valence band (VB) into the
conduction band (CB), ultraviolet light can affect the catalyst.*
Eqn (12) illustrates that the same number of positive holes (h")
leave the VB because of electron transfer. "OH radicals are
created when h* oxidizes H,O (eqn (18)) and e~ decreases O,
(eqn (13)-(17)). H" and O," "~ are the products of these reactions.
‘OH radicals attack the dye molecules, reducing them to
oxidation products CO, and H,O (eqn (6) and (7)).

NSC1 + hv — hyg" + ecp™ (13)
ecg” + 0, — "0, (14)
‘0,” + H" -» "OOH (15)
2'00H— O, + H,0, (16)
H,0, + hv — 2°OH (17)
hygt + H,O — "OH + H* (18)

H,O can divide using ultrasonic waves [)))] in accordance
with eqn (19)-(22).

)

H,0 2 ‘H+ 'OH (19)
"OH + 'OH — H, + O, (20)
"H + 0, — "OOH (21)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eqn (22)-(24) states that ultrasonic radiation promoted H,0,
breakdown in the reaction medium.”

H,0, 2 2'0H (22)
ecg T H202 — 'OH + OH™ (23)
'027 + H202 — 'OH + OH™ + 02 (24)

Finally, eqn (6) and (7) demonstrate that the investigated
dyes are efficiently oxidized by "OH radicals to yield degradation
products.

However, more thorough tests are required to determine the
true process, and these are now being investigated. Addition-
ally, more studies should be conducted on NSC1's and the
composite promising catalytic activity for organic processes,
where a C2-symmetric phen ligand and a copper(1) complex are
included in their structures.*®

3.10. Analysis of fluorescence and detection of metal ions
and organic solvent molecules

As previously discussed, phen and CuCN are recognized as
emissive chemicals in both solid and solvent states. Neverthe-
less, the development of the NSC1 and TiO,/NSC1 composite
makes it possible to tune the photophysical properties of CuCN
and phen. The red shift of TiO,/NSC1's main band at 390-420
(ex = 280 nm) from the UV to the visible spectra is slightly
greater than that of phen. Therefore, for certain metals and
liquids, TiO,/NSC1's fluorescence characteristic can be used as
a sensor. For additional research, the TiO,/NSC1 composite was
suspended in several organic solvents to examine how solvent
molecules affect fluorescence behavior.

To create suspensions by ultrasonography, 3 mg of TiO,/
NSC1 was ground into a fine powder and then submerged in
10 mL of various widely used organic solvents, such as IPA,
MeOH, EtOH, DMF, DMSO, nitrobenzene (NB), and MeCN. The
fluorescence spectra of these suspensions in different solvents
were then recorded. The kind of solvent determines the fluo-
rescence intensity band, as shown in Fig. 11. This is most likely
caused by the many ways in which solvent molecules interact
with the composite, causing quenching efficacy.

IPA-related high intensity band, whereas NB shows a mark-
edly quenching feature, Fig. 11. To assess the quantitative
quenching efficiency of TiO,/NSC1, NB doses ranging from 40 to
9 x 10° uM were gradually added to the composite suspension
(3 mg) suspended in 3 mL of H,0."*"'*> As the NB concentration
steadily increased from 40 to 9 x 10° uM, the luminescence
intensity of TiO,/NSC1 gradually reduced until it vanished
completely (Fig. 12).

By utilizing the Stern-Volmer equation, which reads I/l = 1
+ Kg[M], where [M] is the concentration of NB, K, is the
quenching constant, and I, and I are the fluorescence intensi-
ties of the composite before and after adding NB, respectively.
At low NB concentrations, the Stern-Volmer curve is linear
(Fig. S19a). The K, was determined to be 25 850 M, which is
consistent with the coordination polymers previously described

RSC Adv, 2025, 15, 39314-39335 | 39327
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Fig. 11 TiO,/NSC1 nanocomposite luminosity spectra in various
solvents.

for application in NB sensing.'**% The formula QE = (I, — 1)/,
x 100% was used to obtain the quenching efficiency (QE).*** The
maximum percentage of NB quenching against TiO,/NSC1
fluorescence was observed at a dose of 350 uM, where the QE
was 96.8% (Fig. $19).'°

The equation LOD = 30/k'” was used to determine the limit
of detection (LOD), where ¢ is the standard deviation for TiO,/
NSC1 intensity without NB and k is the slope between lumi-
nescence intensity and concentration (Fig. S19). The LOD was
determined to be 0.945 puM, which does not exceed the EPA's
(U.S. Environmental Protection Agency) limit tolerance of 5.4
uM.'*® The excellent quenching effectiveness of 96.8% and the
relatively low detection limit of 0.945 pM suggest that the TiO,/
NSC1 composite is an effective luminous sensor for NB
detection.

The photo-induced
proposed as the basis for the quenching mechanisms of NB.'*
NB is electron-deficient and lies in the region between the SC1's
valence band (VB) and conduction band (CB). Luminescence
quenching occurs because of electron transport from the
composite CB to NB during excitation. However, using the

electron transfer mechanism was
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Fig. 13 Luminescence spectra of the TiO,/NSC1 nanocomposite with
the addition of different metals.

fluorescence resonance energy transfer (FRET) method, fluo-
rescence quenching can occur when the m-conjugated phen
ligand, which is employed to create TiO,/NSC1 composite,
transfers its efficient energy to NB upon excitation.'*® Addi-
tionally, NB can create hydrogen bonds with the phen ligand
and water molecules."**

We are advised to investigate the potential of TiO,/NSC1
composite as a sensor to identify different metal ions due to its
exceptional luminescence capabilities in both solid state and
various solvents. 3 mg of the composite was dissolved in water
in addition to M(NO;), (1 x 10> mol L") at the same
concentrations, M = (Cd**, Hg*, Na*, Na*, Ni**, Sn”*, Cu”", Co™,
Fe*', K, Mn>", and Ag") in order to conduct the sensing
experiments. The equivalent fluorescence intensity was then
evaluated at room temperature after the material was exposed to
an ultrasonic treatment for ten minutes after excitation at
340 nm. The metal ions displayed varying fluorescence inten-
sities with TiO,/NSC1, as shown in Fig. 13. Na' and Mn*>,

500
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Fig. 12
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Impact of [NB] addition on TiO,/N nanocomposite emission spectra in H20O suspension.
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however, demonstrated the strongest quenching effect. TiO,/
NSC1 composite can therefore detect Na* and Mn** ions with
excellent sensitivity and selectiveness.

The TiO,/NSC1 composite's emission spectra in H,O in
addition to different concentrations of Na* and Mn*" ions were
examined at room temperature to conduct a more thorough
detection analysis of the sensitivity of the composite towards
these ions, as depicted in Fig. 14. With each additional increase
in Na* or Mn®" ion concentration, which ranged from 1.2 x
107%to1 x 10 > Mor 0.62 x 10 % to 1 x 10> M, respectively,
the emission intensity of the TiO,/NSC1 composite dispersed in
H,O steadily decreased. At a concentration of 1 x 10> M for
Na' and Mn”" ions, complete quenching takes place (Fig. S20
and S21a-c).

The Stern-Volmer equation revealed that the S-V curve was
almost linear at low concentrations of Na* and Mn>" ions and
departed from linearity at increasing values (Fig. S20 and S21a-
¢). Na” and Mn”>" ions were found to have quenching constants
(Ksy) of 2878.5 and 4303.8, respectively. These values correspond
to coordination polymers that have been previously reported to
be employed as Na* and Mn** ion sensors.

According to the prior relation, Fig. S20(c) and S21(c), the
quenching efficiency (QP) was computed and found to be
74.25% for Na" at 10> M and 83.1% for Mn®" at 3 x 10> M.
These results show that TiO,/NSC1 has a high quenching
percentage against Na* and Mn>" ions. The LOD values for Na*
and Mn>* were determined to be 1.13 M and 5.71 M, respectively
(Fig. S20 and S21(b)).

Therefore, TiO,/NSC1's low detection limits and high
quenching efficiencies of 74.25% and 83.1% demonstrate that it
is a useful luminous sensor for the detection of Na* and Mn>*
ions. The quenching mechanism caused by Na* and Mn*" ions
can be inferred from the overlap of the emission band of TiO,/
NSC1 with the electronic transition band of Na* or Mn*" ions,
which, in accordance with the fluorescence resonance energy
transfer (FRET) mechanism, induces fluorescence quenching.
The quenching process is also brought about by interactions

© 2025 The Author(s). Published by the Royal Society of Chemistry

between Lewis acidic metal cations and the TiO,/NSC1
composite."*>?

4. Conclusion

Single crystals of [Cu(CN)(phen),[Cu(CN),(phen)](H,0)s] (NSC1)
are produced by employing ultrasonic waves. The structure
contains the Cu' complex, which coordinates to two phen units
via nitrogen atoms and one cyanide group adopting the (TBPY-
5) geometry, and the Cu” complex, which coordinates to one
phen molecule and two cyanide groups to form the T-4
geometry

NSC1/TiO, composite and NSC1 can be considered efficient
heterogeneous catalysts for the elimination of organic dyes in
aqueous solutions with H,0, under UV-radiation or ultrasonic
waves. However, the nano composite exhibits better catalytic
performance than NSC1 and TiO, separately. This method is
simple and inexpensive and does not involve any stringent
reaction conditions. The main active species are hydroxyl radi-
cals according to scavengers and (NaTA) photoluminescence
probing technology. Comparing the data of the composite with
those in the literature, Table S4 supports the excellent activity of
the composite compared to those reported in the
literature. 3¢

The TiO,/NSC1 nanocomposite's photoluminescence prop-
erty functions as an effective, selective luminous sensor sup-
ported by data, which show that the nanocomposite has a high
quenching efficiency for nitrobenzene, Na*, and Mn>" ions, as
well as a good limit of detection. Additionally, the selective
sensing capabilities of the TiO,/NSC1 composite allow for the
independent quantitative determination of both Na* and Mn**
ions.
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