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Preface

In recent years, the accelerating pace of climate change has spurred a surge of interest in
developing hybrid and nanocomposite materials. These materials are at the forefront of technological
advancements, offering solutions that are both environmentally friendly and capable of reducing
various pollution factors. Their applications are widespread, influencing sectors such as the automotive,
textile, and food industries, and ultimately reflecting on the overall state of human health.

Moreover, the field of medicine has greatly benefited from the application of nanomaterials. The
design and engineering of these materials—ranging from metal-organic frameworks, covalent organic
frameworks, zeolite materials, and organic—inorganic hybrids, to composites based on graphene,
carbon nitride, metals, metal oxides, and polymers—demonstrate significant potential in improving
medical treatments and healthcare technologies.

The Special Issue, entitled “Hybrid Organic-Inorganic Materials Used to Improve the Environment
and Human Health”, aims to address one of the most pressing challenges of our time: the improvement
of environmental and human health through the innovative application of advanced materials, bringing
together cutting-edge research that highlights the pivotal role of hybrid and composite crystalline
materials in mitigating pollution and enhancing health outcomes.

The collected works highlight the innovative approaches and practical applications that are
instrumental in addressing environmental challenges and improving human health.

We hope that this collection will inspire further research and development in the field of hybrid
organic—inorganic materials, fostering new ideas and collaborations that will continue to push the
boundaries of what is possible in environmental science and health improvement. We extend our
deepest gratitude to the contributors and reviewers whose dedication and expertise have made this

Issue possible.

Radu Claudiu Fierascu and Florentina Monica Raduly
Editors
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The Special Issue on “Hybrid Organic-Inorganic Materials Used to Improve the Envi-
ronment and Human Health” is a collection of 11 original articles (including one commu-
nication paper) dedicated to theoretical and experimental research works providing new
insights and practical findings in the fields of the environmental protection and human
health—related topics.

Almost 26 million tons of plastic waste is generated in Europe every year, according to
the specialized studies, most of it being found in the maritime space. Another important
pollution factor is food waste. During the process of food decomposition, a significant
amount of CO, and methane is emitted, which contributes to the potentiating of the
greenhouse effect. On the other hand, the excess of nutrients from the land reaches the
groundwater, changing the pH of the waters; this favors the excessive growth of algae and
bacteria leading to imbalances in the aquatic ecosystem. Thus, various pollution factors
compete and request mankind to approach new attitudes, both economically and socially
in order to limit the disastrous effects of planet pollution.

In recent years, studies have focused on the development of analysis, monitoring
and reduction methods for pollution factors. Thus, hybrid materials were developed
(Aleksandrova et al. [1]) that are the basis for the realization of sensors for the detection of
volatile organic compounds, while Madalan [2] synthesized a complex cadmium structure
with tris(2-aminoethyl)amine ligand for spontaneous atmospheric CO, capture.

The methods to reduce the pollution factors aimed at the catalytic processes, by obtain-
ing new catalysts based on Cu/ZSM-5 (Santa Cruz-Navarro et al. [3]) and the self-cleaning
processes that take place after the deposition of ZnO Nps on cotton fabric (Ji et al. [4]).

The use of green energy sources, with direct applications regarding solar energy,
is another area that reflects the methods of reducing pollution factors. The materials from
which solar cells are made are of real scientific interest and of great importance from an
economic perspective. In connection with these, Gali¢ et al. [5] presents a study on the
physical properties and mechanical behavior of some sandwich-type structures made of
laminated glass with a polymeric intermediary layer. On the other hand, Tripathy et al. [6]
and Zhang et al. [7] are concerned with increasing the efficiency of solar cells, by improv-
ing the performance characteristics of the components, the films covering the device’s
surface, respectively.

All these results aimed at reducing the effects of pollution on the environment are directly
reflected through the general state of human health. Moreover, the increase in the level of
accumulated knowledge and the more intense concern with the methods of protecting the
environment have oriented the research on environmentally friendly compounds. Thus,
natural compounds for use in fields such as health, industry or agriculture are targeted.
The current trend of consuming as many organic products as possible has led to the
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development of natural biocide products (Firmino et al. [8]) and natural food supplements
whose bioactive compounds contribute to the treatment or improvement of various ailments
(Parveen et al. [9]).

At the same time, the organic-inorganic hybrid materials with luminescent properties
based on metal-organic frameworks (MOFs) type structures obtained by Demakov et al. [10]
and those based on clays, of the host-dye matrix type synthesized by Raduly et al. [11] find
uses in various fields as optical, medical applications and the food industry, which directly
influence health and the human condition.

We hope that this collection of papers will meet expectations of readers looking for
new advances in the Hybrid Organic-Inorganic Materials Used to Improve the Environment
and Human Health field, as well as bringing inspirations for further research work.

Funding: The authors are thankful to the Ministry of Research, Innovation and Digitization, CNCS/
CCCDI—UEFISCDI for the financial support of his research projects related to hybrid organic-
inorganic materials used to improve the environment and human health topics (e.g., under Grants
PN-III-P2-2.1-PED-2019-1471 and Projects to finance excellence in RDI, Contract no. 15 PFE/2021),
that to some extent have brought them to being a Guest Editors of this Special Issue.

Acknowledgments: A contribution of all authors is gratefully acknowledged. The authors would
like to express his thanks to the Crystals Editorial Office and Technical Coordinator of the Issue for
the excellent communication, support, friendly and fully professional attitude.
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Abstract: The application of carbyne-enriched nanomaterials opens unique possibilities for enhancing
the functional properties of several nanomaterials and unlocking their full potential for practical
applications in high-end devices. We studied the ethanol-vapor-sensing performance of a carbyne-
enriched nanocoating deposited onto surface acoustic wave (SAW) composite substrates with various
electrode topologies. The carbyne-enriched nanocoating was grown using the ion-assisted pulse-
plasma deposition technique. Such carbon nanostructured metamaterials were named 2D-ordered
linear-chain carbon, where they represented a two-dimensionally packed hexagonal array of carbon
chains held by the van der Waals forces, with the interchain spacing approximately being between
4.8 and 5.03 A. The main characteristics of the sensing device, such as dynamic range, linearity,

sensitivity, and response and recovery times, were measured as a function of the ethanol concentration.
Citation: Aleksandrova, M.; Kolev,

G.; Brigadin, A.; Lukin, A.

Gas-Sensing Properties of a

To the authors” knowledge, this was the first time demonstration of the detection ability of carbyne-
enriched material to ethanol vapors. The results may pave the path for optimization of these sensor
Carbyne-Enriched Nanocoating architectures for the precise detection of volatile organic compounds, with applications in the fields
Deposited onto Surface Acoustic of medicine, healthcare, and air composition monitoring.

Wave Composite Substrates with

Various Electrode Topologies. Keywords: surface acoustic wave composite substrates; microfabrication technology; carbyne-enriched
Crystals 2022, 12, 501. https:// nanocoatings; ion-assisted pulse-plasma deposition; gas-sensing properties

doi.org/10.3390/ cryst12040501

Academic Editors: Radu
Claudiu Fierascu and Florentina

Monica Raduly 1. Introduction

Following graphene, several new two-dimensional materials have emerged, and their
use is expected to have a high impact in our daily life in the near future, including main-
stream microelectronics devices [1]. However, it is not only graphene that leads the interest
of carbon materials. Other allotropes of carbon exist, including linear molecules, such as
Publisher’s Note: MDPIstays neutral  polyene (alternating single and triple bonds, i.e., acetylenic carbon) and cumulene (consecu-
with regard to jurisdictional claimsin  tive double bonds). These allotropes are called carbyne. Carbyne contains alternating single
published maps and institutional affil-  and triple carbon bonds, as opposed to polyacetylene, which contains alternating single
iations. and double bonds. Carbynes are reported to have a huge Young’s modulus of 32.7 TPa,

which is 40x that of diamond [2]. Carbynes are thus emerging as a new class of very strong,
very tough, and very light material that could be the next revolution of carbon in materials
= science, fabrics, sensors, electronics, and many more fields. Such new materials are not only
important for research, but they will have a huge economic impact as well. For example,
the global market for 2D materials is expected to reach USD 400 million by 2025, and this
figure is only for the materials and not for the devices making use of those materials [3].
conditions of the Creative Commons  CarboN-based nanomaterials are critical for sensing applications, as they have physical
Attribution (CC BY) license (https:// and electronic properties that facilitate the detection of substances in solutions, gaseous
creativecommons.org,licenses /by / compounds, and pollutants through their conductive properties and resonance frequency
£0/). transmission capacities. However, the use of carbyne films for sensing applications is
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almost a virgin field with a high potential for innovation and commercial exploitation.
Therefore, the fabrication and study of novel carbyne films and modified carbyne films with
radical sensing properties and the demonstration of their use as novel chemical sensors
would give new insight into the field. To achieve this innovative and wide-spectrum target,
different sensor architectures realizing different sensing mechanisms as a result of analyte
absorption by the carbyne-enriched layers should be produced and their performance
should be compared.

The growing awareness of environmental problems has accelerated research and de-
velopment in the chemical sensing field and, thus, many high-performing gas and vapor
detection techniques have been developed with the potential to be employed in point-of-
need implementations [4]. Thanks to these research efforts, several transduction principles
have been proposed, implemented, and evaluated in a wide range of applications. When
there is a need for highly sensitive, accurate, and rapid detection techniques for chemical
agents, an attractive solution for cost and size reduction is to consider the use of micro-
machined technologies, which offer the capability for on-chip electronics to lower costs
and provide high production yields. Among these, cantilevers and capacitive/resistive
microsensors have shown huge potential for implementation in our daily life, with some
products available on the market already [5,6]. Capacitive sensors were combined with
several sensing materials and demonstrated the quantitative and reversible sensing of
many gases, such as Hp; Op; NHjz; NO,; NHj3; volatile organic compounds (VOCs), such as
ethanol, methanol, and formic acid; and relative humidity [7,8]. Recently, a novel gas sensor
based upon vapor-induced capacitance modulation of chemically functionalized porous
graphene oxide (pGO) was developed [9]. The dielectric pGO matrix was assembled in situ
upon an electrode surface through a combined room temperature annealing/freeze-drying
process. Extraordinary vapor sensing properties were demonstrated, specifically extremely
high sensitivity, wide dynamic range, rapid response and recovery times, fidelity, and
detection of a broad range of molecular targets. However, they suffered several drawbacks,
such as a long recovery time, low linearity depending on the membrane shape, and their
performance was affected by the ambient conditions (temperature, humidity) through the
variation of the sensing layer permittivity [10]. In the case of a cantilever-type sensor, there
are two key components: a gas sorptive layer, such as carbon-based nanoscale materials
and coatings, and a beam transducer. The fundamental resonant frequency of the device
depends on the mass loading of the cantilever beam [11]. The beam structures could be
designed with a range of dimensions (length, width, and thickness) to explore the effect of
the device shape on its resonant frequency and mass sensitivity [12]. The uptake of different
gases is monitored as a shift in the device frequency, which is reversible if the gas-sorbing
layer interactions are reversible. However, the mechanical motion of these sensors requires
specific assembling and packaging processes as compared to static planar devices.

The above-mentioned drawbacks have not been observed for the sensing devices using
surface acoustic waves (SAW). They were commercially exploited years ago in industrial
applications for the needs of communications, automotive electronics, and environmental
sensing [13,14]. Supplying an alternating current (AC) with a certain frequency to electrodes
with a specific pattern excites a piezoelectric material, thus generating an acoustic wave
that propagates along the surface of the material (surface acoustic wave). When an analyte
interacts with this sensing layer physically or chemically, changes occur. Mass and viscosity
changes at the sensitive layer can be detected by recording changes in the acoustic wave
properties, such as velocity, attenuation, resonant frequency shift, or time delay. Such a
structure has been widely investigated for sensing and fluidic applications in advanced
lab-on-chip complex devices [15]. Acoustic wave sensors are able to monitor not only
mass or density changes but also changes in Young’s modulus, viscosity, dielectric, and
conductivity properties, wirelessly and in real time [16].

The aim of this study was the exploration and ethanol-sensing performance evaluation
of SAW-based devices coated with new carbyne-enriched films grown using the ion-assisted
pulse-plasma deposition technique on different electrode topologies. Ethanol is a colorless
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chemical compound, which is not toxic, but its presence could be an indication of problems
with food and drink quality, human medical conditions, industrial manufacturing of raw
materials, etc. Therefore, the precise quantitative measurement of ethanol vapors in the
range of 40-400 ppm is of great importance for many practical applications. The main
characteristics of the sensing device, such as dynamic range, linearity, sensitivity, and
response and recovery time were measured as a function of the ethanol concentration.
To the authors’ knowledge, this is the first demonstration of the detection ability of carbyne-
enriched material to ethanol vapors. The results may pave the way for optimization of these
sensor architectures for precise detection of volatile organic compounds with applications
in the fields of medicine, healthcare, and air composition monitoring.

2. Materials and Methods

For the SAW fabrication, single polished pieces of LiNbO3 wafers, cleaned in ammonia-
based solution, were used as substrates. The substrate was SAW grade, which means 128°
Y-cut of the LiNbOj crystal, which was characterized by good temperature stability of
the electromechanical coupling factor from 20 °C to 500 °C, where the variations of this
factor were <1.8% in this case [17]. This suggested temperature independence of the
SAW distribution. Nickel films with a thickness of 120 nm were deposited using vacuum
sputtering at a base pressure of 10°° Torr, sputtering voltage of 1.2 kV, and plasma current
of 160 mA. A conventional photolithographic patterning procedure with wet anisotropic
chemical etching was applied to define the three basic topologies of the samples. The etching
solution of HNO3:CH3COOH:H,S04 = 5:5:2 was prepared. Photos of the prepared samples
are shown in Figure la—c.

input IDT output IDT

sensing layer

- v e ERnRARN AN AGAAT SRR AR
“”m;..f.,} TT] L Il Il
W ‘ ,

sensing

output IDT
transducer

(©)

Figure 1. Photos and nomenclature of the prepared SAW structures: (a) device 1, (b) device 2, and
(c) device 3.

The geometrical dimensions were as follows: device 1 (Figure 1a)—finger length of
the interdigital electrodes (IDT) was 260 pum, finger pitch was 50 um, and the number
of fingers in each transducer from the pair (input and output IDT) was symmetric and
equal to 25; device 2 (Figure 1b)—finger length of the interdigital electrodes (IDT) was
150 pum, finger pitch was 25 um, and the number of fingers in each transducer from the
pair (input and output IDT) was asymmetric and equal to 4 and 100, respectively; device 3
(Figure 1c)—finger length of the interdigital electrodes (IDT) was 150 um, finger pitch was
15 pm, and the number of fingers in each transducer from the pair (input and output IDT)
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was asymmetric and equal to 4 and 166, respectively. Metal frames and reflectors were
additionally formed out of the sensing zone for suppressing wave energy dissipation and
improving the signal-to-noise ratio.

Carbyne-enriched nanolayers were selectively grown on the top of the IDT electrodes
using the ion-assisted pulse-plasma deposition technique, avoiding the contact pad coating.
In previous experiments, new routes to encapsulating oriented linear chains of carbon
atoms were established: monatomic carbon filaments in the matrix of amorphous carbon,
creating bends, and controlling the end groups in the process of ion-assisted pulse-plasma
growth. Within a 2D-ordered linear-chain carbon nanomatrix, the carbon atom wires
(CAWSs) very weakly interact with each other (due to van der Waals interaction), and there-
fore, the properties of such nanomatrices are actually determined by the properties of the
individual CAWs. The ordered array of the one-dimensional carbon chains packed parallel
to one another in hexagonal structures is oriented perpendicular to the substrate surface.
The specific energy of the plasma pulse should exceed the breaking energy of the sp? bonds
(614 kJ /mol) and the sp? bonds (348 k] /mol), but should not exceed the breaking energy of
the sp! bonds (839 kJ/mol) in the evaporating carbon chains. The controlled bond breaking
and sp-phase transformation can be provided through the predictive ion-assisted stimula-
tion with specific energy levels. Raman spectroscopy showed that the line near 2040 cm !
corresponded to the oscillation of long carbon chains with sp! hybridization. The obtained
spectra revealed multiphonon replicas of the 2040 cm ™! line that was evidently associated
with the presence of defects in carbon chains [18,19]. Furthermore, the methods of X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD, Kratos, UK) and transmission electron
microscopy (Zeiss Leo 912 Omega, Carl Zeiss, Oberkochen, Germany) were previously used,
which allowed one to directly register the contribution of spl-hybridized carbon bonds,
which occur exclusively in chain structures. XPS characterization results demonstrated that
the carbyne-like sp'-hybridized structures were present in the samples. Microscopy images
taken showed the discontinuity of the coating on the polycrystalline copper substrate due
to adhesion differences, while the monocrystalline silicon allowed for better film quality.
A silicon substrate also provides better coupling of vibration modes, leading to stronger
chain-related Raman signals in the low-frequency region [20,21]. The thickness of the
carbyne-enriched films was ~280 nm for device 1 and device 2 and 140 nm for device 3.
The deposition chamber of the experimental setup is shown in Figure 2, illustrating the
situation of the target carbon source, ion source, substrate position (Figure 2a), the fixing
of the samples (Figure 2b), and the images from the scanning electron microscope (SEM,
LYRA I XMU, Tescan, Kohoutovice, Czech Republic) of the carbyne-enriched coatings with
the different thicknesses (Figure 2c,d). The deposition conditions were the same for all three
samples as follows: distance between the target and the substrates of 1 meter, 3000 pulses,
300 V (the voltage for an arc discharge ignited between the main discharge cathode holding
the source of carbon and the main discharge anode holding the substrate), 2000 uF (param-
eter of the charge of the main capacitor that formed pulses of carbon plasma), 1.5 kV, and
100 mA (parameters of the second argon plasma).

The change in the sensing layer thickness for device 3 was imposed using the attenua-
tion of the surface acoustic wave. The sizes of the SAW devices were calculated, following
methodology described elsewhere [22], considering the density and thickness of the coating
as related to the IDT electrodes’ period and patch, as well as the line length for SAW dis-
tribution. The thickness was experimentally confirmed by measuring the magnitude and
frequency shift of the output signals as compared to the input signals for all three devices
after the sensitive layer growth. They were equal for each combination of IDT’s patterns
before ethanol vapor absorption and this was the starting point of each measurement.

For the sensing device characterization, a laboratory-made measurement chamber
was used. The measurement setup is illustrated in Figure 3.
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Figure 2. Deposition of carbyne-enriched nanocoatings on the SAW samples: (a) deposition chamber,
(b) fixed samples during the process, (c) SEM image of the coating with a thickness of 280 nm, and
(d) SEM image of the coating with a thickness of 140 nm at the same magnification of 6480 x.
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Figure 3. Measurement setup for the functionality testing of the SAW devices with carbyne-enriched
nanocoatings and response measurement during ethanol exposure.
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Inside a heater was situated so that it was thermally insulated from the chamber.
On the top of the heater, there was a Petri dish with a capacity of 3 mL. A current controller
with thermocouple feedback set the current through the heater for precise control of
the temperature rate change, thus establishing a specific evaporation rate for the 96%
concentrated liquid ethanol and converting it into ethanol vapor distributed in the chamber
via control of the vaporization time. An additional reference ethanol sensor was mounted
close to the device under examination. The SAW structures were first excited with a
generator, generating a signal with an amplitude of 20 V from peak to peak and a frequency
between 100 kHz and 1 MHz according to the IDT topology (the finest were excited
with the highest frequency and vice versa). The output voltage magnitude and shape, as
well as the voltage difference and delay time between the output and the input signals,
were measured using a Tektronix oscilloscope. The effective output voltage was measured
using a multimeter. The control (reference) ethanol sensor was an MQ-3 (ME(075) with the
necessary resolution.

3. Results and Discussion

As can be seen in Figure 2c¢, the carbyne-enriched coating was characterized by a
fine-grained structure and developed surface, which is favorable for sensing applications
and was expected to facilitate vapor absorption.

Figure 4 shows a comparison between the output voltages of all three SAW devices as
a function of the stationary conditions in the chamber for each temperature of the heater,
resulting in a specific concentration of ethanol vapors in the defined volume of the mea-
surement chamber. One of the Y-axes in each of Figure 4a—c represents the concentration
of the ethanol vapors in the closed chamber when ethanol liquid evaporated at a specific
temperature. The temperature increased with a slow rate of 0.3 °C/min and could be main-
tained at an accuracy of 0.01 °C, resulting in a gradual increase in the ethanol concentration
with a uniform rate of vaporization of 12 ppm/°C up to 72 °C, where the entire quantity
of ethanol was fully vaporized. This setup provided a linear relation of the ethanol vapor
concentration with respect to the temperature that was used to estimate the linearity of the
response of the SAW devices.

As can be seen in Figure 4a, the output voltage of the sample with the largest IDTs
displayed atypical behavior, as the number of absorbed ethanol molecules caused an
increase in the voltage, which suggested an increase in the intensity of the surface acoustic
wave. This was possible only if the device fell into a new resonance mode due to the mass
loading with ethanol vapors that provoked an up to 5 times greater amplitude of the output
voltage. However, this phenomenon was observed in a limited concentration range and
could not be applied to the whole range of the measured concentrations. Although the
exact reasons for this electromechanical behavior are still not fully clarified, device 1 needs
attention because of the promising sensitivity of 270 uV/ppm, which was the highest out of
the three kinds of samples. The dynamic range of this device was found to be ~50-550 ppm
and the deviation from the linearity in this range was determined to be 0.94%. As this
was the narrowest dynamic range from the studied devices, it might be considered that
the topology of the sample, which was characterized by the lowest number of IDTs and
the greatest patch distance in between the neighboring electrode fingers, led to the lowest
excitation frequency of 100 kHz. The lowest operational frequency, in combination with
the greatest interelectrode gap coated with carbyne-enriched materials, probably resulted
in the formation of multiple reactive capacitive components along the length of the SAW
line that could strongly affect the resonant frequency change of the device and could
partially explain the atypical direction of change of the output voltage. This was due to the
accumulated charges on the microcapacitors that were formed by the multiplying effect at
the end of the sensing line.
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Figure 4. Peak-to-peak voltage of the sensors’ outputs at different temperatures in the chamber, cor-
responding to different evaporated concentrations of ethanol in its volume: (a) device 1, (b) device 2,
and (c) device 3.

As can be seen in Figure 4b, device 2 showed typical behavior of attenuation regarding
the output voltage, and thus, the energy of the acoustic wave with the increase of the con-
centration of the absorbed ethanol molecules. Following the assumptions for the previous
device 1, it can be concluded that the IDT electrode gaps were sufficiently small to not
affect the distribution of the energy conversion by the piezoelectric substrate. Despite the
slightly lower sensitivity of device 2 of 221 uV/ppm as compared to device 1, the dynamic
range was ~330 ppm (30-660 ppm), which was a broader range with a linear response.
A non-linearity of ~3.9% was obtained for this device. Figure 4c shows the voltage response
characteristic for the sensing device 3, which was characterized by smaller IDT features
than device 1 and device 2 but also had a carbyne-enriched nanolayer with half the thick-
ness to avoid attenuation of the SAW. It exhibited the lowest sensitivity out of all studied
devices of ~80 1V/ppm, which confirmed the assumption for the van der Waals adsorption
sensing mechanism. In this case, the sensitivity was limited by the thinner sensing film,
which limited the adsorption capacity of the device. The non-linearity of the device was
found to be 0.97%, which was close to device 1, but in contrast to this sensor, device 3 was
characterized by the broadest dynamic range of ~428 ppm (59-487 ppm) and an attenuation
of the output signal with the ethanol mass loading effect increase.
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The response time was determined using the well-known methodology for pulsed
signals, where the time for establishing 10% to 90% from a certain equilibrium condition
is called the rise time and the time for the switching of the equilibrium conditions in the
opposite direction is called the fall time (see Figure 5a). For device 1, a response time (rise
time) of 28 s and a recovery time (fall time) of 20.1 s were measured for an ethanol concen-
tration of C =400 ppm, corresponding to the middle zone of linear response characteristic.
This can be classified as a slow response time. The time response characteristics were
relatively symmetric regarding the rise and fall times. For device 2 (Figure 5b), a response
time of 20 s and a recovery time of 14.1 s were measured for the middle zone of linear
response. A slightly faster response time was measured than for device 1, and a faster
recovery time with a small difference between both times. For device 3 (Figure 5c), 31 s
was measured for the response time and 15 s for the recovery time in the middle zone of
the linear response. This was the longest response time of all the tested samples and there
was a large difference between both times.
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Figure 5. Response and recovery times for the ethanol concentration selected as a middle point of the
linear zone of the sensors’ responses: (a) device 1, (b) device 2, and (c) device 3.

All three devices exhibited relatively good recovery ability after unloading from the
ethanol molecules (Figure 5a—c). The unloading effect was achieved by a simple blowing
of the chamber with an inert gas without additional heating of the sensing components.
It was suggested that the van der Waals interaction between the vapor molecules and
the carbyne-enriched film was boosted by the highly developed surface of the coating,
as shown in Figure 2c. Thus, the higher sensitivity of devices 1 and 2, as compared with
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device 3, was ascribed to their higher thickness of the sensing layer, which was related to a
higher capacity for physical adsorption. Therefore, full recovery of the initial state of each
device can be expected if post-measurement heating of the samples is applied.

Figure 6a—c shows the changes in the time delay and voltage attenuation between the
output and input signal of the IDT electrodes. These parameters determine the resonance
frequency shift and damping as a function of the film mass or density shifts due to the
ethanol concentration. Their behavior was distinct for each of the electrode topologies pre-
viously outlined: (a) For device 1, the time delay decreased linearly with the concentration
increase from zero to 100 ppm and later from 250 to 320 ppm, while the damping or voltage
difference was nearly constant, with the exception of the 430-440 ppm, where there was
a maximum corresponding to strong and stable detection. (b) For device 2, the voltage
difference changed more rapidly several times with the concentration with different magni-
tudes, while the time delay increased from the unloaded resonator value to the fully loaded
value and was established at a constant level. This could mean that the upper surface of
the film uniformly absorbed the vapor pressure and led to a larger deformation in the
film, causing the instability of the signal. (c) For device 3, the two measured quantities
increased relatively rapidly and were stable with the concentration. Some unexpected
variations around 280-450 ppm that occurred in the time delay and voltage attenuation
could be attributed to the changes in the mode of wave propagation due to the device’s
fine geometry.
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Figure 6. Voltage differences between the output and input signals of the SAW and time delay of the
signal vs. ethanol concentration: (a) device 1, (b) device 2, and (c) device 3.
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Figure 7a—c shows the oscillograms of the output voltage to demonstrate the lack
of signal distortions that might affect the measurements. The total harmonic distortions
(THDs) were calculated for the cases of interest and it was found that for most of the
cases, they are less than 1%, except for device 1 for the cases after ethanol loading with
a concentration of 200 and 300 ppm, where the THDs were 1.41% and 1.7%, respectively.
Therefore, the reflectors designed according to the used IDTs topologies seemed to be
suitable for suppression of the possible induced noise. The noise-susceptible structures
exhibited significant stability to random effects that could induce an atypically large
variation. This could be observed as a smooth output signal, not only for the devices
before loading but also for the concentrations of ethanol close to the middle linear zone of
detection for each topology.
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Figure 7. SAW'’s output signal shapes and distortions at different ethanol concentrations: (a) device 1,
(b) device 2, and (c) device 3.

Summarization of the values of the basing sensing parameters and characteristics for
the three studied devices can be found in the comparative Table 1.
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Table 1. Main ethanol detection parameters of SAW devices with different IDT patterns and using
carbyne-enriched coating as a sensing material.

Parameter/
Device No.

Geometry and Sensing Film Sensitivity, Dynamic Range,
Thickness, nm uV/ppm ppm Time, s Time, s

Linearity, % Response Recovery

Device 1

Coarse combs /280 nm 227 184 0.94 28 20.1

Device 2

Fine combs /280 nm 221 330 3.9 20 141

Device 3

Fine combs/140 nm 80 428 0.97 31 15

References

4. Conclusions

The prepared sensing structures exhibited strong dependences on the detection pa-
rameters of the electrodes’ topologies. It was found that the finer comb geometry was
preferable for the broad dynamic range and linear response of the device. One of the
benefits related to this principle of ethanol measurement was that the optimal operating
temperature of such sensors was preferably low, thus having a low power consumption.

Although the dominant interaction mechanism between the organic analyte and the
carbyne-enriched coating seemed to be physical adsorption, full recovery of the samples’
initial state after exposure to certain vapor concentrations was not observed. Therefore,
future optimization of this parameter can be achieved via the integration of a heating
component on the backside of the piezoelectric substrate, facilitating the desorption process.

Due to the most promising results for sensing device 3, it is worth further investigation
and optimization. Future studies will be focused on the exposure of the devices to a
variety of volatile organic compounds and humidity in order to investigate their selectivity.
Moreover, future experiments will be related to full restoration of the initial condition of the
sensor, which is possible with full desorption of the ethanol molecules. For this purpose,
the integration of a heater on the backside of the substrate is planned and the effect of the
temperature on the sensor’s full restoration (unloading) will be studied.
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Abstract: Spontaneous atmospheric CO, capture as carbonate anion occurred in the synthesis
of a trinuclear Cd(II) complex with tris(2-aminoethyl)amine ligand. In reaction two types of
compounds were obtained and structurally characterized by X-ray diffraction on a single crys-
tal: initially [{Cd(tren)}3(tren)](ClO4)6-2H,O (1) and subsequently [{Cd(tren)}s(tren)][{Cd(tren)}3(uz-
1nCO3)](ClO4)1¢ (2). The carbonate anion replaces partially the bridging tren molecule and coordinates
in a p3 fashion. The luminescent properties of the compounds were investigated.

Keywords: cadmium complexes; tripodal ligands; CO, capture; luminescence

1. Introduction

Chemical fixation of CO, by metal complexes, especially as carbonate anion, attracted
particular attention in terms of fundamental research but also of potential applicability for
reducing concentration of this major greenhouse gas. Carbonate anion is a versatile bridg-
ing ligand, able to link multiple metal ions in various coordination modes [1-3]. Among
these numerous coordination modes of the carbonate anion, several types of p3 bridges
were reported: syn-syn pz [4], syn-anti uz [5-8], s —k2:k2:K? [7,9-12], uz—k2:k2n' [13,14],
and pz—k?: n'm! [7,15,16] (Scheme 1).

paK2:K%K?

syn-syn s,

syn-anti y3

Scheme 1. Several types of ps-carbonato bridges.

Most of the carbonate metal complexes are obtained by the addition of carbonate or
bicarbonate salts to the reaction mixtures. Atmospheric CO, capture is less frequent and it
is usually helped by the presence of basic reagents. In this approach, we intended synthesis
of trinuclear Cd(II) complexes with tris(2-aminoethyl)amine ligand (tren), in which the
tren ligand must play a double role: to act as chelating tripodal ligand capping the metal
ions and, also, as bridging ligand connecting three capped Cd(II) ions. This dual behavior
of the tren ligand was already reported in the presence of Cu(Il) ions, generating trinuclear
complexes [17-19], and Cd(II) ions, leading to heptanuclear complexes [20].

In the trinuclear complexes, the bridging tren ligand is replaceable by carbonate anion
because it pre-organizes the metal ions in a trigonal manner favorable to a p3-k?:k?:k>
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coordination mode, and the basic free ligand enhances the atmospheric CO, capture. As
potential mechanisms for carbonate formation, we can mention here hydration of the CO,
followed by the deprotonation of the carbonic acid in basic condition [2], or generation of
tren carbamates followed by hydrolysis and deprotonation [21]. Despite their toxicity, the
interest in cadmium complexes is justified by their potential luminescent properties, in the
attempt to combine the CO; capture ability with sensing application.

2. Materials and Methods
2.1. Synthesis

The chemicals and the solvents were acquired from commercial sources and used
as received.

Syntheses of [{Cd(tren)}s(tren)](ClO4)s-2H,O (1) and [{Cd(tren)}s(tren)][{Cd(tren)}s(u3-
CO3)1(ClO4)10 (2).

An amount of 0.8 mmol of tris(2-aminoethyl)amine and 0.2 mmol of Cd(ClO4),-6H,O
were dissolved in 30 mL of water and 15 mL ethanol. The mixture was stirred for 30 min
and then filtered. The solution was left for slow evaporation at room temperature. Colorless
crystals of [{Cd(tren)}s(tren)](ClO4)s-2H,0O (1) appeared after one to two days on the wall of
the beaker, while the colorless crystals of [{Cd(tren)}s(tren)][{Cd(tren)}3(13-CO3)](ClO4)10
(2) were obtained after one week, preponderantly on the bottom of the beaker. The crystals
were separated mechanically (yields: 1 about 20%, 2 about 45%). Compound 2 was obtained
as the sole crystalline product by slow evaporation of the solution containing tren and
cadmium perchlorate in a 4:1 molar ratio which resulted after bubbling CO, in solution
for 10 min. The bubbling of CO; in solution was used to increase the amount of CO,
physically dissolved in the water-ethanol mixture. The crystals were collected prior to total
evaporation of the solvent in order to avoid contamination (the yield was 60%).

FT-IR (cm 1) 1: 3603 br, 3348 s, 3295 s, 3174 w, 2956 m, 2905 m, 1590 m, 1465 w, 1316 w,
1055 vs, 977 s, 880 m, 614 s. FT-IR (cm™1) 2: 3556 w, 3352 s, 3294 s, 3173 w, 2958 w, 2855 w,
1590 m, 1464 m, 1316 w, 1061vs, 983 s, 614 s.

Elemental analysis: (1) Calculated: C, 18.54; H, 4.93; N, 14.41%. Found: C, 18.91; H,
4.52; N, 14.07%; (2) Calculated: C, 18.76; H, 4.61; N, 14.25%. Found: C, 18.96; H, 4.37;
N, 13.86%.

2.2. Physical Measurements
2.2.1. X-ray Structure Determination

X-ray single crystal diffraction measurements were made on a Rigaku XtaLAB Synergy-
S diffractometer operating with a Mo-Kex (A = 0.71073 A) micro-focus sealed X-ray tube.
The structures were solved by direct methods and refined by full-matrix least squares
techniques based on F2. The non-H atoms were refined with anisotropic displacement
parameters. Calculations were performed using the SHELX-2018 crystallographic software
package. A summary of the crystallographic data and the structure refinement for crystals
1 and 2 are presented in Table 1. The CCDC reference numbers are: 2119345 and 2119346.

2.2.2. Spectroscopy

IR spectra were collected on an FT-IR Bruker Vertex 70 spectrometer (Billerica, MA,
USA) in the 4500400 cm ! range using the ATR technique. The abbreviations used are:
w = weak, m = medium, s = strong, v = very, br = broad. Absorption spectra on powder
(diffuse reflectance technique) were measured with a JASCO V-670 (Oklahoma, OK, USA)
spectrophotometer. The fluorescence spectra were recorded on powder using a JASCO
FP-6500 (Oklahoma, OK, USA) spectrofluorometer.
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Table 1. Crystallographic data, details of data collection and structure refinement parameters for
compounds 1 and 2.

Compound 1 2
Chemical formula C24H76Cd3C16N16026 C43H126Cd6C110N28043
M (g mol 1) 1554.90 2752.61
Temperature, (K) 293 (2) 293 (2)
Wavelength, (A) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 P21
a(A) 14.8621 (7) 17.4973 (6)
b(A) 15.3643 (6) 12.2107 (4)
c(A) 15.5852 (8) 23.5653 (8)
(%) 99.667 (4) 90
B(°) 96.885 (4) 100.059 (3)
v (°) 116.107 (4) 90
V (A%) 3073.9 (3) 4957.4 (3)
z 2 2
D. (g cm™3) 1.680 1.844
1 (mm1) 1.372 1.629
F (000) 1572 2764
Goodness-of-fit on F 1.023 1.046
Final Ry, wRj [I> 20(T)] 0.0806, 0.2320 0.0523, 0.1404
R1, WR; (all data) 0.0960, 0.2529 0.0598, 0.1473
3. Results

By reacting tris(2-aminoethyl) amine with cadmium perchlorate in 4:1 molar ratio,
two different compounds were obtained: initially [{Cd(tren)}3(tren)](ClO4)s-2H,0 (1) and
subsequently [{Cd(tren)}s(tren)][{Cd(tren)}s(u3-CO3)[(ClO4)10 (2). Both compounds contain
trinuclear Cd (II) complexes.

3.1. Description of the Crystal Structures

Compound 1 crystallizes in the triclinic P-1 space group and the asymmetric unit
consists of trinuclear [{Cd(tren)}s(tren)]®* cations, six perchlorate anions and two crystal-
lization water molecules (Figure 1a). The trinuclear cationic complexes present a tripodal
shape (Figure 1b). The Cd(II) ions are pentacoordinated with a trigonal bipyramidal stereo-
chemistry. The equatorial positions and one axial position are occupied by a tren molecule
coordinating as a tetradentate chelating ligand. Three such units are bridged by the fourth
tren molecule coordinating through the primary amine groups in the free axial position of
the Cd(II) ions. One perchlorate ion is hosted between the arms of the tripodal cation.

Figure 1. (a) View of the asymmetric unit in crystal 1 and (b) perspective view of the tripodal trinuclear cation
[{Cd(tren)}3(tren)]®* with the perchlorate anion hosted inside (the hydrogen atoms were omitted for clarity).
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The equatorial Cd-N bond lengths are: Cd1-N1 = 2.299(7), Cd1-N2 = 2.294(7),
Cd1-N3 = 2.277(8), Cd2-N5 = 2.258(8), Cd2-N6 = 2.300(8), Cd2-N7 = 2.310(9),
Cd3-N9 = 2.267(10), Cd3-N10 = 2.288(13) and Cd3-N11 = 2.264(14) A, while the axial
Cd-N bond lengths are: Cd1-N4 = 2.430(6), Cd1-N13 = 2.252(6), Cd2-N8 = 2.459(7),
Cd2-N14 = 2.282(6), Cd3-N12 = 2.418(8) and Cd3-N15 = 2.282(8) A. The Cd---Cd dis-
tances within the trinuclear complex are: Cdl---Cd2 = 6.67, Cd2---Cd3 = 7.83 and
Cd3---Cd1 = 6.77 A.

The trinuclear cations [{Cd(tren)}3(tren)]®* are organized in layers in the crystallo-
graphic ab plane and within one layer the arms of the tripodal cations are orientated in the
same direction (Figure 2).

Figure 2. View along the crystallographic c axis of a packing diagram in crystal 1.

The exposure of the reaction mixture for longer time to atmospheric condition allows
the partial replacement of the bridging tren ligands with carbonate anions resulted from the
capture of atmospheric CO,. Compound 2, [{Cd(tren)}s(tren)][{Cd(tren)}3(u3-CO3)[(ClO4)10,
crystallizes after more than one week and its structure consists in two types of trinuclear
cations, [{Cd(tren)}s(tren)]®* and [{Cd(tren)}s(13-CO3)]** (Figure 3), and perchlorate anions.

Figure 3. Perspective views of the two cationic complexes of the compound 2, [{Cd(tren)}3(tren)]®* (a) and
[{Cd(tren))3(13 —CO3)]** (b). The hydrogen atoms were omitted for clarity.
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The cation [{Cd(tren)}s(tren)]®* preserves its general features from the compound 1
(Figure 3a). The Cd(II) ions from this cation are also pentacoordinated with a trigonal
bipyramidal stereochemistry. The equatorial Cd-N bond lengths are: Cd1-N1 = 2.296(19),
Cd1-N2 = 2.283(14), Cd1-N3 = 2.258(14), Cd2-N5 = 2.43(2), Cd2-N6 = 2.24(2),
Cd2-N7 = 2.21(2), Cd3-N9 = 2.289(16), Cd3-N10 = 2.215(12) and Cd3-N11 = 2.236(15)
A, while the axial Cd-N bond lengths are: Cd1-N4 = 2.402(11), Cd1-N13 = 2.265(13),
Cd2-N8 = 2.354(13), Cd2-N14 = 2.305(17), Cd3-N12 = 2.397(13) and Cd3-N15 = 2.299(12) A.
The Cd---Cd distances within the trinuclear complex are: Cd1---Cd2 = 6.68, Cd2---Cd3 = 7.04
and Cd3--Cd1 =7.80 A.

In the second trinuclear cationic complex, [{Cd(tren)}3(13-CO3)]**, the carbonate anion
coordinates in the pz-kZ:k%:k? bridging tris-chelating fashion (Figure 3b). The coordina-
tion number for the three Cd(Il) ions is six, the axial amino group of the bridging tren
molecule being replaced by two chelating oxygen atoms of the carbonate anion. In the cation
[{Cd(tren)}3(113-CO3)]** the Cd-N bond lengths are: Cd4-N17 = 2.278(14), Cd4-N18 = 2.307(14),
Cd4-N19 = 2.276(11), Cd4-N20 = 2.471(9), Cd5-N21 = 2.292(13), Cd5-N22 = 2.260(12),
Cd5-N23 = 2.261(12), Cd5-N24 = 2.453(10); Cd6-N25 = 2.290(12), Cd6-N26 = 2.279(11),
Cd6-N27 = 2.281(10) and Cd6-N28 = 2.434(10) A, while the Cd-O bond lengths are:
Cd4-01 = 2.429(8), Cd4-02 = 2.430(8), Cd5-O2 = 2.327(8), Cd5-O3 = 2.629(9), Cd6-O1 = 2.347(8)
and Cd6-03 = 2.556(9) A. The Cd---Cd distances within the tetracationic trinuclear complex
are shorter: Cd4---Cd5 = 4.66, Cd5---Cdé = 5.11 and Cd6---Cd4 = 4.68 A.

The two types of trinuclear cations, [{Cd(tren)}3(tren)]®* and [{Cd(tren)}3(uz-CO3)]**,
are also arranged in layers, but in the crystallographic bc plane (Figure 4). In these layers,
each type of trinuclear cation forms columns running along the crystallographic b axis
with an alternating distribution of the two types of columns within the layer. Similarly to
compound 1, the arms of the tripodal cations [{Cd(tren)}3(tren)]®* are orientated on the
same direction within one layer and in opposite directions in the neighboring layers.

Figure 4. View along the crystallographic a axis of a packing diagram in crystal 2 showing the alternating distribution of the
types of cations, [{Cd(tren)}3(tren)]®* and [{Cd(tren)}3(13-CO3)]**, in the crystallographic be plane. The hydrogen atoms
and perchlorate anions were omitted for clarity.
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3.2. Spectral Properties

The absorption spectra of compounds 1 and 2 were acquired in the wavelength
range 200-1000 nm on solid samples (using the diffuse reflectance technique) and both
compounds present absorption maxima around 370 nm.

The room temperature photoluminescence of compounds 1 and 2 was explored using
excitation wavelengths from the 350-400 nm range. The emission spectra displayed
asymmetric bands with maxima at 470 nm for both compounds. The highest intensity of
these bands was obtained when Aex = 350 nm. Compound 2 also presented a maximum at
450 nm and a “shoulder” at around 500 nm. In the emission spectrum of 1 there are two
“shoulders” at 450 and 500 nm. The presence of the “shoulder” at 450 nm in the emission
spectrum of 1 may suggest the presence of impurities of compound 2. The compounds
were separated mechanically and we cannot exclude the presence of impurities because
both compounds are colourless. The corresponding excitation spectra (Aem = 470 nm)
reveals complex bands within the 250-450 nm domain with maxima at 410 nm for 1 and
400 nm for 2 (Figure 5).
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Figure 5. The solid-state emission (right) and excitation (left) spectra for the compounds 1 and 2.

4. Conclusions

The cationic trinuclear Cd(IT) complex with the tripodal tren ligand, [{Cd(tren)!}s(tren)]®*,
proved to be a good sequestering agent for atmospheric CO,. The bridging tren ligand
pre-organized the metal ions in a trigonal manner, favorable to a uz-k?:k?:k? coordination
mode of the carbonate anion and this basic ligand is easy replaceable by the carbonate
anion. The luminescent properties of the Cd(II) complexes may combine the sequestering
abilities of such complexes with a sensing application.
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Abstract: As catalysis is one of the pillars of green chemistry, this work aimed at continuing the
development of synthesized catalysts under controlled conditions that allow the attainment of
materials with the best physicochemical properties for the process for which they were designed.
Based on this, the synthesis, characterization, and comparison of copper-based catalysts supported
on ammonium and acidic ZSM-5-type zeolite by two ion exchange methods, liquid phase and solid
state, are presented. The catalysts obtained were characterized by SEM/EDS, FTIR, XRD, and TPR
to study the effect of the synthesis method on the physicochemical properties of each catalyst. The
SEM/EDS results showed a homogeneous distribution of copper in the zeolite and the TPR led to
determining the temperature ranges for the reduction of Cu?* — Cu* — Cu’. Furthermore, the X-ray
results showed no modification of the structure of the zeolite after ion exchange, heat treatment, and
TPR analysis.

Keywords: Cu-ZSM-5 catalysts; TPR; green chemistry

1. Introduction

Zeolites are microporous aluminosilicates that exhibit a framework composed by SiO4
and AlO4 ™ tetrahedral units [1]. Zeolites have been widely used as catalytic supports and
catalysts due to their remarkable properties, such as molecular pore size, regular structure,
and chemical and thermal stability, in addition to their ion exchange property, which gives
them the ability to exchange their compensation cations for catalytically active metals,
tuning their catalytic properties under controlled conditions [2,3]. Likewise, other factors to
consider in obtaining zeolite-based catalysts are the preparation methods and the treatment
conditions, which exert notable influence on the final properties of the catalysts [4]. Thus, a
wide variety of methods have been reported, such as precipitation, impregnation, incipient
wet impregnation, and ion exchange in the aqueous phase or in the solid state, among
others [5-10]. The ion exchange method in the liquid phase and in the solid phase has
shown advantages when exchanging the compensating cations of the zeolites for metal
ions. This has led to the achievement of an excellent exchange of the compensating cation
of the zeolite with the catalytically active metal ions, thus attaining an excellent amount
of the metal within the pores, as well as a good metallic dispersion [10]. Solid-state ion
exchange can create some active sites different from those obtained by the classical ion
exchange method in the liquid phase [11], which can improve catalytic activity. In this
regard, recently Gates et al. [12] and B. Gates [13] have published work on the importance
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of atomic dispersion (molecular single-site supported metal catalyst) of metals to improve
catalytic activity. Additionally, Chen et al. [14] reported the importance of the metal ligand
interaction of platinum atoms, coordinated with the oxygen atoms of MIL-101, which offers
alternative routes to improving the selectivity in the hydrogenation of CO, to methanol.
Additionally, theoretical and experimental studies on solid-phase ion exchange have been
published; for example, Chen et al. [15], using calculations based on density functional
theory, investigated the use of solid-state ion exchange of copper in zeolites, showing that
the formation of a volatile metal complex facilitates the diffusion of the metal complex into
the zeolite lattice, thus generating efficient ion exchange at a moderate temperature. The
experimental study by Shwan et al. [9] shows the effect of different gaseous atmospheres
during the solid-state ionic exchange of copper species in zeolites at 250 °C, obtaining active
catalysts for the reduction of NO with NH3, (NH3-SCR). Additionally, Zhang et al. [16]
have reported the use of solid-state ion exchange in the synthesis of dimethyl carbonate,
using different types of zeolite: Cu-Y, Cu-ZSM-5, and Cu-MOR. Copper-based catalysts
are interesting because of their low cost and their proven activity for oxidation-reduction
reactions. Furthermore, the catalysts are mainly considered a pillar of green chemistry [17]
and a basic element of sustainable processes.

Therefore, the objective of the present work is to carry out a comparative study of
the physicochemical properties of Cu-ZSM-5 catalysts synthesized by two ion exchange
methods, liquid phase (LPIE) and solid state (SSIE), SEM/EDS, FTIR, XRD, and TPR
were used to verify if there were differences in the properties, to take them into account
appropriately. The intention is to evaluate these catalysts in the transformation of CO, to
products of added value forming a Cu-ZnO/Cu-zeolite-base hybrid catalyst and with the
Cu-ZSM-5 catalysts to evaluate the oxidation of methane to methanol.

2. Materials and Methods

Commercial ammonium ZSM-5 zeolite, “Alfa Aesar, Ward Hill, MA, USA” SiO, / Al,O3
at 30:1 molar ratio was used for the synthesis of the catalysts. The copper precursor salt
was Cu(NO3)2-H,O, 98%, “Sigma Aldrich, St. Louis, MA, USA”. The ion exchange was
carried out in both the solid-state and in the liquid phase, with the ammonium and acid
zeolite forms.

2.1. Zeolite in Acid Form (H-ZSM-5)

To obtain the zeolite in acid form (H-ZSM-5), a sample of the ammonium zeolite
ZSM-5 was calcined in a tube furnace (Thermolyne 21100 model, Dubuque, IA, USA) at
550 °C for 3 h, with a heating ramp of 5 °C/min under a nitrogen atmosphere.

2.2. Liquid Phase Ion Exchange (LPIE)

A sample of 1.0 g ZSM-5 zeolite was mixed with 15 mL of a 0.1 M solution of
Cu(NOs3)2-H;O in a rotary evaporator at 60 °C for 3 h at 160 rpm. Three ion exchange
cycles were performed, with abundant deionized water washing followed by a drying step
between each exchange at 80 °C for 12 h.

2.3. Solid-State Ion Exchange (SSIE)

The zeolite (1.0 g) was mixed with Cu(NOjz),-H,O salt (0.12 g) in an agate mortar.
Subsequently, the mixture was placed in a quartz reactor and heated at 500 °C for 5 h, with
a heating ramp of 5 °C/min in 5% NH3/Ar, PRAXAIR at a constant flow of 15 mL/min.

2.4. Characterization

The catalysts were characterized by XRD, SEM/EDS, FTIR, and TPR.

The diffraction pattern of the catalysts was obtained through a Philips X-Ray Diffrac-
tometer (XRD), model X'Pert, in order to perform a qualitative analysis (phase identifica-
tion). The diffractometer was fitted with a copper anode tube using K radiation and with
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an incident monochromator with A = 1.5406 A, a 2 theta range from 4.0° to 80°, a step size
of 0.02°, and a step time of 2.5 s.

The morphological analysis of the catalysts was performed by Variable Pressure
Scanning Electron Microscopy (SEM), Carl Zeiss instrument model Supra 55VP, and the
elemental chemical analysis was performed by energy dispersive spectroscopy (SEM/EDS)
using an Oxford detector.

The Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed with a
Varian spectrometer, Excalibur 3600 model, and the analysis was carried out by Attenuated
Total Reflectance (ATR) with a range from 400 to 4000 cm~ ! in the mid-infrared region.

The Temperature-Programmed Reduction (TPR) analysis was performed on a Bel
Japan TPD/TPR/TPO analyzer, BelCat model, with two stages of pretreatment and reduc-
tion with hydrogen flow, using a quartz micro-reactor.

Pre-treatment: 70 mg of previously dried sample were weighed and heated at a rate of
10 °C/min until reaching 350 °C in an oxygen atmosphere (5% O,/He, 50 cm? min 1) for
30 min, and subsequently the sample was cooled in an Ar flow (50 cm® min~!) to 50 °C, for
10 min with Ar flow.

Thermo reduction: With a heating ramp from 10 °C/min to 700 °C with a flow
of reducing gas (5% Hy/Ar) of 40 cm® min~!, the atmosphere and temperature were
maintained for 30 min.

3. Results

Four catalysts were obtained as reported in Table 1.

Table 1. ZSM-5 zeolite supported copper catalysts.

Zeolite Form Ion Exchange Catalyst
A . Liquid phase ZA3L1
ZSM-5 molar ratio mmonium Solid-state ZA354
SiO, /Al,O3 30:1 Acid Liquid phase ZH3L1
< Solid-state ZH3S3
3.1. XRD

In Figure 1a,b, the X-ray powder diffraction patterns display the typical lines of the
ZSM-5 zeolite that can be clearly identified [18]. The zeolite acid solid-state (ZH3S3) catalyst
shows the characteristic lines of metallic copper located at 260 = 43.3, 50.4, and 74.1°, which
correspond to planes (111), (200), and (220) [19,20]. This result suggests the presence of
copper nanoparticles, due to the synthesis method which used a physical mixture of the
precursor salt of copper with the zeolite, which is corroborated by the SEM results, of
Section 3.1. In contrast to this result, the other catalysts do not present these diffraction
lines, so copper is considered to be located within the pores and channels of the parent
zeolite, out of the reach of the incident beam, after it was exchanged for the ammonium
ion or, in the case of acidic zeolites, for the proton, forming a metal complex inside the
channels [21]. Furthermore, it is important to highlight that the change in the intensity of
the diffraction lines at low angles is more important for the samples synthesized by ionic
exchange in solid state, compared to those from ionic exchange in the liquid phase. It is
important to note that, the ion exchange method allows the exchange of the ammonium
ion or the proton of the zeolite for the Cu?* ions, leaving this ion tetrahedrally coordinated
to the aluminum of the network that forms the zeolite channels [22].
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Figure 1. (a) Diffraction pattern of the catalysts ZA3L1 and ZA354; (b) Diffraction pattern of the
catalysts ZH3L1 and ZH3S3.

3.2. SEM/EDS

Based on the results of the EDS analyses performed in triplicate (Figure 2), the catalysts
obtained with the zeolite in acid form presented lower copper content than those of the
ammonium zeolite. In addition, the catalysts obtained by SSIE displayed higher copper
content than those obtained by LPIE.

‘
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(c) (d)

Figure 2. Micrographs and EDS analysis of the catalysts (a) ZA3L1, (b) ZA3S4, (c) ZH3L1, and
(d) ZH3S3 that establish the overall granular morphology attained for each case.

The %w Cu in ZA354 (5.36%) > ZH3S3 (2.57%) > ZA3L1 (2.125%) > ZH3L1 (0.92%).
This difference in metal charge is attributed to the fact that SSIE facilitates the diffusion
of the volatile metal complex into the zeolite pores when ion exchange is carried out at high
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temperature (500 °C) [9,11], which resulted in a more efficient exchange of the copper ion
in the cationic centers located in the internal structure of the zeolite, and the achievement
of a homogeneous metallic complex, as has recently been suggested [15].

In addition, in Figure 2 the SEM micrographs of the catalysts at a magnification of
1000 are presented, exhibiting nano-sized, homogeneous, irregularly shaped particles.
Moreover, Figure 3 shows the elemental mapping of the ZA3S4 catalyst, in which the
elements comprising it and their relative weight % are shown in tabular form in each
inset. In the case of copper, the active catalyst phase shows a good distribution and
dispersion of the metal in the zeolite, which indicates that the ion exchange method
allowed a homogeneous metal distribution.

Electron Image 1 O Ka1 Al Ka1

SiKal CuKal

Figure 3. SEM secondary electron image of the ZA354 catalyst and four elemental mappings of the
elements comprised.

3.3. FTIR

In Figure 4a, the IR spectra of the catalysts ZA3L1 and ZA354 are shown, and in
Figure 4b, the IR spectra of the catalysts ZH3L1 and ZH3S3 are shown. In the spectra, only
the characteristic absorption bands of the zeolites are observed, indicating the absence of
elements or compounds foreign to the structure of the support after ion exchange with both
methods, liquid phase and solid phase. The type of vibration assigned to each absorption
band of the support is shown in Table 2.

T T T T T T T T T T T T T T
(a) F (b) F
i 1078 435 | 1078
5 r < I
27 [ 27 [
2
g 1400 1200 1000 800 600 400 - < 1400 1200 1000 800 600 400 -
£ Wavenumber (cm’) "g T Wavenumber (cm’')
2 | ——za L2 | ——zm L
< | ——2A384 < | ——2ZH3S83 [
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm") Wavenumber (cm")

Figure 4. FTIR spectra of catalysts (a) ZA3L1 and ZA354, (b) ZH3L1 and ZH3S3, in the region of
4000 to 450 cm 1.
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Table 2. Type of vibrations identified in the FTIR spectrum of the catalysts [23,24].

Wave Number (cm~1) Vibration Type
External
1226 Asymmetric stretch (TOy4)
Internal
1078 Asymmetric stretch (TOy)
804 External
Symmetrical stretch (TOy)
549 External
External link vibrations (TO4)
435 Internal

Bending of the tetrahedral (TOy)
TOy: Tetrahedral TO4 (T = Si o Al)

3.4. H,-TPR

Figure 5a,b show the hydrogen reduction thermograms of the four catalysts, reported
in Table 1. The reduction peaks for each catalyst were identified by the numbers in the
thermograms. Three reduction peaks appear in the case of the catalysts obtained from
zeolite in ammonium form (Figure 5a), whose presence has been reported for Cu/Zeolite
ZSM-5 catalysts obtained by SSIE [25]. The reduction profiles of these two catalysts are
similar to one another, except for the lag in reduction temperatures. For the catalysts
obtained with zeolite in acid form, there were two reduction peaks (Figure 5b), which have
also been reported and identified [26]; it is straightforward that the reduction profiles of
these two catalysts are different from each other. The shape and position of the peaks vary
and depend on the dispersion of Cu and the interaction with the zeolite matrix, as reported
by Bulédnek et al. [21].

T T T T T T T T T T T

:
@ 1 ——7A354

TCD (uv)

T T T T T T T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature (°C) Temperature (°C)

Figure 5. TPR profile (a) ZA354 and ZA3L1, (b) ZH3S3 and ZH3L1.

Table 3 shows the temperatures at which the maximum reduction peaks identified
occurred for each catalyst. The moles of H, consumed per gram of catalyst are shown in
Table 4, in which that corresponding to the catalyst ZA354 was the highest consumption of
H; (6.403 mmol Hy/g). This is interpreted as the greater amount of copper present in this
catalyst with respect to the others; it is observed that this result agrees with the elemental
analysis results presented previously (% w Cu of 5.36%).

27



Crystals 2022, 12, 545

Table 3. Reduction temperatures of the Cu/zeolite ZSM-5 catalysts.

Reduction Temperatures (°C)

Peak No.
ZA3S4 ZA3L1 ZH3S3 ZH3L1
1 145.9 140.0 246.5 409.1
2 2244 203.6 471.7 455.5
3 435.0 378.7 - -

Table 4. H; consumed during TPR analysis on Cu/ZSM-5 catalysts.

Catalyst mmol H, mmol Hy/g
ZA354 0.452 6.403
ZA3L1 0.217 3.098
ZH3S3 0.232 3.313
ZH3L1 0.014 0.206

The lower reduction temperatures of the catalysts obtained by LPIE with respect to
the catalysts obtained by SSIE (Table 3) is attributed to a lower binding force of Cu?* with
the zeolite matrix; while, in the case of catalysts obtained by the SSIE method, the exchange
is carried out mainly by gaseous diffusion of the metal through the pores, which allows the
exchange of Cu within the less accessible sites and therefore requires higher temperatures
for its reduction.

Regarding the copper species present, it is known that for low metal contents, the
main species is Cu?*, which can be reduced in two steps to Cu’. The reduction of Cu* to
Cu* occurs at low temperatures, while the reduction of Cu* to Cu® occurs at higher temper-
atures [27]. According to previous studies by Tounsi et al. and Delahay et al. [25,28], the
reactions involved in the reduction process of copper-exchanged zeolites are the following;:

CuO+H, — Cu’+H, 1)
Cu?t +H, —» Cut +2HT )
Cu* +H, — Cu’ 4+ 2H* 3)

Based on the above, in the case of the ZA3S4 and ZA3L1 catalysts, the Cu?* species
reduced to Cu* are associated with the first observed peak (reaction (2)), Cu?* in CuO
species reduced to Cu® with the second peak (reaction (1)) and species Cu* to Cu’ withthe
third peak (reaction (3)) [25].

On the other hand, for the ZH3S3 catalyst, the peak of 246.5 °C is associated with the
reduction of Cu?* ions to Cu* (reaction (2)) and the second peak at 471.7 °C corresponds to
the reduction of Cu* to Cu® (reaction (3)). Finally, for the ZH3L1 catalyst, the peaks greater
than 350 °C correspond to the reduction of Cu™ to Cu® [21,29].

4. Conclusions

The results show that the synthesis method of the catalysts established a difference
in the resulting physical-chemical properties of each one. The EDS analyses showed that
the catalysts obtained by SSIE exhibited a higher copper load than those obtained by LPIE,
which is attributed to the fact that SSIE facilitates the diffusion of the volatile copper metal
complex through the interior pores of the zeolite. The highest copper content was reached
in the ZA354 catalyst (5.36% by weight), which was obtained by SSIE with the zeolite in
ammonia form.

On the other hand, the XRD results show no difference between the catalysts and their
reference standard, except for the ZH3S3 catalyst in which the characteristic diffraction
lines of metallic copper are observed.

In the case of the FTIR analysis, the characteristic absorption bands of the ZSM-5
zeolite were observed for all the catalysts; however, it is not possible to visualize other
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absorption bands in the studied region that may be associated with the incorporation of the
metal. Finally, by means of the TPR analysis, three peaks corresponding to the reduction of
copper in the catalysts were obtained with ammonia zeolite, and two reduction peaks for
the catalysts obtained with the zeolite in acid form were identified. The peaks correspond
to the reduction of Cu?* to Cu*, CuO to Cu’, and Cu* to Cu’, in order of increasing
temperature. The lower temperature reduction peaks were for the catalysts obtained by
LPIE, rather than for those obtained by SSIE.

The results found suggest that the two ion exchange methods are suitable for incor-
porating Cu with a homogeneous distribution into the zeolite structure, with SSIE being
the one that provides the highest exchange percentage. These catalysts can be used in the
transformation of methane to methanol and the catalytic hydrogenation of CO, through a
hybrid catalyst.
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Abstract: In this paper, we explore the self-cleaning and washing durability of green-prepared ZnO
NPs combined with cotton fabrics. Honeysuckle extract was used to prepare ZnO NPs with an
average particle size of 15.3 nm. Cotton fabrics were then treated with oxalic acid (OA), tartaric acid
(TA), and succinic acid (SA) as cross-linking agents, sodium hypophosphite as a catalyst, and after
that, the ZnO NPs were applied to the cross-linked cotton fabrics by the padding to prepare the self-
cleaning cotton fabrics. The morphology and structure of the fabric samples were characterized using
FTIR, scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), and XRD.
The optical properties of the cotton fabric samples were discussed by UV-vis diffuse reflectance
spectrum, and the self-cleaning performance, wrinkle recovery angle and ultraviolet protection
performance of the cotton fabric samples were analyzed. The results showed that the carboxyl
groups of TA, OA, and SA were esterified with hydroxyl groups of the cotton fiber and formed a film
on the surface of the cotton fabrics. ZnO NPs were successfully loaded onto the cotton fabrics by
strong electrostatic interaction, causing the improvement of the washing resistance of the cross-linked
fabrics. In addition, compared with uncross-linked fabrics, the wrinkle recovery performance of
the cross-linked fabrics had also been greatly improved, and the UV protection factor reached 50+,
thus obtaining an excellent self-cleaning, multifunctional cotton-based textile with anti-wrinkle and
anti-ultraviolet properties.

Keywords: cotton fabrics; ZnO NPs; cross-linked; washing resistance; self-cleaning

1. Introduction

Cotton fabrics are widely used in clothing and household products because of their
good moisture absorption, breathability, and skin affinity [1]. However, cotton fabrics
also have shortcomings such as easy staining, easy wrinkling, and poor UV resistance [2].
Bacteria easily breed on the surface of stained fabrics, leading to an increased risk of illness
for users. The formation of wrinkles affects aesthetics and fabric comfort. Cotton fabrics
have poor UV resistance, which accelerates the skin aging of users and even induces skin
cancer. Therefore, it is particularly necessary to endow cotton fabrics with a certain degree
of self-cleaning, anti-wrinkle, and anti-ultraviolet properties.

Nano ZnO is an inorganic metal oxide, which has non-toxicity and low cost. There
are many ways to synthesize ZnO, including the hydrothermal method, sol-gel method,
and the precipitation method [3-6]. However, most of these methods involve using toxic
chemicals and solvents harmful to human health and the environment. At present, the
green preparation of nanoparticles with plant extracts such as aloe extract [7] and viburnum
extract [8] have become a simple and eco-friendly preparation method. It was reported that
green-prepared ZnO NPs have a smaller particle size and better optical properties [9].

Nano ZnO is also a semiconductor with a wide bandgap and high excitation binding
energy [10]. When the nanoparticle is irradiated by light with energy greater than or equal
to its forbidden bandwidth, the electrons are excited and transferred from the valence band
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to the conduction band, forming conduction band electrons (e ™), while the valence band
leaves holes (h*), then photo-generated electrons and holes are respectively captured by O,
and H,O molecules adsorbed on the surface, and finally, generate hydroxyl radicals (-OH).
The free radicals have an oxidation potential of up to 2.7 eV, which has strong oxidizing
properties and can indiscriminately oxidize and decompose the adsorbed pollutants [3,11].
So the incorporation of ZnO NPs with cotton fabric or polyester has been reported to
develop photocatalytic self-cleaning textiles [12,13].

The washing resistance of functional textiles developed with nanoparticles is also a
problem worthy of study. The use of cross-linking agents on the fabrics not only increases
the functionality of fabrics but also improves the washing durability of fabrics. Dimethylol
dihydroxy ethylene urea (DMDHEU) is one of the best cross-linkers for cotton, but it
releases a high amount of toxic formaldehyde [14]. The polycarboxylic acid cross-linking
agent is a formaldehyde-free crosslinking agent, which can not only give cotton fabrics easy-
care performance [15,16] but also effectively connect nanoparticles to cotton fabrics [17].
So, it is the most commonly used cross-linking agent. Majid has illustrated butane tetracar-
boxylic acid (BTCA) as a cross-linking agent to enhance the stability of Ag NPs on cotton
fabrics [18]. However, the high cost and not cost-efficient of BTCA have lost its commercial
viability; ] L Zhu prepared the anti-wrinkle and antibacterial cotton fabric with good wash-
ing resistance by one-liquor finishing using a combination of polymaleic acid (PMA) and
citric acid (CA) and Ag NPs [19]; Loghman Karimi adopted SA as a cross-linking agent to
attach TiO, on cotton, and revealed that the self-cleaning degree of the samples treated by
the cross-linking was much higher than that of the non-cross-linked cotton [20].

Some studies have been done on the application of ZnO NPs in the development of self-
cleaning fabrics [21], but there are few studies on the use of different dicarboxylic acids as
cross-linking agents to immobilize ZnO NPs to improve their washing resistance. So, in this
paper, a variety of dicarboxylic acids were used as cross-linking agents to immobilize ZnO
NPs, and they were compared in detail to find the best dicarboxylic acid. First, ZnO NPs
were prepared by plant extract-honeysuckle extract. Then three dicarboxylic acids (tartaric
acid [TA], oxalic acid [OA], and succinic acid [SA]) were used to finish cotton fabrics using
sodium hypophosphite (SHP) as the catalyst. Finally, the cotton fabrics were padded with a
ZnO NPs solution. In this way, the cotton fabric not only obtained long-term self-cleaning
properties but also greatly improved its anti-wrinkle and anti-ultraviolet properties.

2. Experimental
2.1. Materials

Pure cotton bleached woven fabrics (440 picks/10 cm x 421 picks/10 cm) was obtained
by Qingdao Coastal Textile Co., LTD., Shandong, China. Honeysuckle extract (80 mesh
powder, containing 50% chlorogenic acid) was obtained by Shandong Deyan Chemical
Co., LTD, Shandong, China. Zinc Nitrate Hexahydrate (ZnNOj3-6H,0) was obtained by
Shanghai Guangrui Biotechnology Co., LTD., Shanghai, China. Methylene blue, Oxalic acid
(OA), Tartaric acid (TA), succinic acid (SA), sodium hypophosphite monohydrate (SHP,
NaH,PO;-H;0), as well as other chemicals were of reagent grade was obtained by Tianjin
Cormier Chemical Reagent Co., LTD., Tianjin, China.

2.2. Preparation of Self-Cleaning Cotton Fabric
2.2.1. Preparation of ZnO NPs

Zinc Nitrate Hexahydrate was used as the source of zinc in the experiment. First, Hon-
eysuckle extract (1 g) was dissolved in 50 mL deionized water, centrifuged at 6000 r/min
for 10 min, and the supernatant was collected for use as honeysuckle extract solution.
Secondly, 3 mL honeysuckle extract solution and 10 mL Zinc Nitrate Hexahydrate solu-
tion of 0.1 mol/L were added into 37 mL deionized water and adjusted the pH to 7 with
0.1 mol/L NaOH solution, then heated in an oil liquor at 140 °C for 60 min to obtain a
light yellow complex. Finally, the complexes were calcined at 300 °C for 3 h in a muffle
furnace (atmosphere condition was air) to obtain ZnO NPs powders. Under the same
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conditions, a control experiment to prepare ZnO NPs without the addition of honeysuckle
extract was carried out. Particle size analysis was performed by Transmission electron
microscope (TEM).

2.2.2. Cross-Linking of Cotton Fabric with Dicarboxylic Acids

First, the cotton was pretreated (scoured with boiled water containing 2 g/L soap
flakes and 2 g/L sodium carbonate at liquor ratio 1:30 [liquid ratio is a term used in textile
dyeing and finishing, the ratio of the mass of cotton fabric to the volume of the solution,
g: mL, same as below] for 5 min), and dried for later use. Secondly, the pretreated cotton
fabrics were immersed in the prepared mixed solution of dicarboxylic acid (6% o.w.s.)
and SHP (4% o.w.s.). The mixed solution was a mixed solution of binary carboxylic acid
and catalyst sodium hypophosphate. The solvent is deionized water, and the solutes are
dicarboxylic acid and SHP. The solvent is deionized water, and the solutes are dicarboxylic
acid and SHP (liquor ratio 1:30—the mass ratio of cotton fabric to the solution), which is
stirred with an oscillating frequency of 120 r/min at 50 °C for 60 min, then double-dipped
and double-nipped [rolling residual rate (80 = 1%), the same below]. The fabrics were
dried at 70 °C for 30 min and cured at 160 °C for 2 min. Finally, the samples were washed
with water for 5 min to remove excess reactants.

2.2.3. Finishing of Cotton Fabric with ZnO NPs

The cross-linked cotton fabrics with different dicarboxylic acids and a piece of uncross-
linked cotton fabric were immersed into 0.005 mol/L ZnO NPs solution with a liquor ratio
of 1:30, respectively, and stirred at 50 °C for 60 min. After two dips and two nips, the
samples were put in an oven at 70 °C for 60 min and taken out for later use. The samples
were labeled TA-ZnO/ cotton, OA-ZnO/ cotton, SA-ZnO/ cotton, and ZnO/ cotton.

2.3. Characterization of ZnO NPs and Fabrics
2.3.1. Structure Characterization

The X-ray diffraction patterns (XRD) of ZnO NPs and the cotton fabric samples were
tested using an X-ray diffractometer. The test conditions: tube voltage 40 kV, tube current
30 mA, scanning speed: 5 (°)/min, 26: 10~90°, The crystallite size of ZnO was calculated
by Scherrer’s formula [12].

D— KA 1)
"~ PBcost
where K is the Scherrer constant, 0.89; A is the X-ray wavelength at 0.1541 nm; D is the
size of the ZnO NPs, and f is the width at half-maximum; 6 is the Bragg diffraction angle
(in degrees).

The morphology and particle size of Zn NPs were tested by Transmission electron
microscope (JEM-2100 (UHR), Beijing, China), and the accelerating voltage was 200 kV.

Fourier-transform infrared (FTIR) spectra of fabric samples were recorded through
an FTIR spectrometer (FTIR920, Suzhou, China), test condition: KBr tablet, wave number
range: 4000~400 cm~!. The surface morphologies of fabric samples were observed using a
scanning electron microscope (SEM, Alpha300S, Dongguan, China);

The element of fabric samples was tested by an electronic energy spectrometer (EDS,
HD-2001, Dongguan, China);

The content of the Zn element in the solution (wavelength band is 213 nm) was detected
by an inductively coupled plasma atomic emission spectrometer (ICP-AES, Guangzhou,
China), the experiment was repeated 5 times, and the average value was obtained.

The water contact angle of the fabrics was measured by an automatic surface tensiome-
ter (k100c, Shanghai, China).
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2.3.2. Optical Performance

Ultraviolet-visible (UV-vis) diffuse reflectance spectra of ZnO NPs and fabric sam-
ples were performed by a UV-vis spectrometer (Shimadzu, Japan), wave number range:
200~600 nm.

2.3.3. Self-Cleaning of Fabric

To estimate the self-cleaning of the cotton fabrics finished with ZnO NPs, methylene
blue, coffee, red wine, and soy sauce were selected as target organic pollutants. 1 mL
methylene blue (10 mg/L) solution, coffee, red wine, and soy sauce (commercially available)
were dropped on the surface of 5 cm x 5 cm fabrics that were then placed in a dark place
for 30 min. After the stable absorption, the K/S values of the fabrics were measured. Then
they were exposed to simulated sunlight from an argon lamp that was 15 cm away from
the fabrics for a period of time before the K/S values of the fabrics were measured once
again. The catalytic degradation rates of the fabrics were calculated according to the K/S
values of the fabrics before and after the light, as shown in Formula (2).

(K/S)o = (K/S),
(K/S)o

where ¢ is the degradation rate; (K/S)y is the K/S value of the fabric before light; (K/S); is
the K/S after t hours of light.

To evaluate the self-cleaning durability of the fabrics, the fabrics stained by methylene
blue were degraded with sunlight for 4 h, and the degradation rate was calculated. Then
the fabrics were washed according to the AATCC-61-2006 method. The degradation rate
was calculated after 1-10 times washing circles. The SEM images and content of the Zn
element of the samples after 10 times of washing were carried out.

&= x 100% @)

2.3.4. UV and Wrinkle Resistance of Fabric

The UV resistance of the ZnO/Cotton, OA-ZnO/ cotton, TA-ZnO/ cotton, and SA-
ZnO/Cotton was measured using a Textile UV Performance Tester (YG(B)912E, Chengdu,
China). The wrinkle recovery angle (WRA) of fabrics was tested using an automatic digital
fabric crease elastomer (YG(B)541D-II, Xian, China).

3. Results and Discussion
3.1. Characterization and Analysis of ZnO NPs

The TEM of ZnO NPs prepared without the addition of honeysuckle extract is shown
in Figure 1b. It can be seen that ZnO NPs have large-area aggregation, large particle
size, and poor effect, so they cannot be used for subsequent experiments. By comparison,
Figure 1a shows that the ZnO NPS prepared by adding honeysuckle extract is uniformly
dispersed, with a smaller particle size and better effect [19].

X-ray powder diffractograms for ZnO NPs are shown in Figure 2. It can be seen that
the positions of the diffraction peaks of 31.78°, 34.43°, 36.26°, 47.55°, 56.61°, 62.87°, 66.40°,
67.97°,69.11°,72.58°,76.98°, and 81.40° correspond to crystal planes (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), (202) and (104), respectively, which were consistent
with the values in the standard card (JCPD 89-0510). The (101) plane exhibited the highest
relative intensity for the entire XRD pattern, suggesting anisotropic growth and preferred
orientation of the crystallites, a typical feature of wurtzite-structured materials [22,23]. In
addition, no other peaks were observed in the XRD pattern, indicating the high purity
of the powders. The average crystallite size was determined by Scherrer’s equation 1
(Equation (1)), and the calculated crystallite size was 15.3 nm. The morphology of the ZnO
NPs was characterized using TEM. It can be seen from Figure 1a (right) that most of the
ZnO NPs prepared using the honeysuckle extract were approximately spherical, and the
particle size from the TEM was smaller and close to the particle size calculated by the
XRD pattern.
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Figure 1. TEM images of ZnO NPs with honeysuckle extract added (a). TEM images of ZnO NPs
without honeysuckle extract added (b).
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Figure 2. XRD patterns of ZnO NPs.

3.2. FTIR Analysis of Fabrics

FTIR analysis of the raw cotton, TA-ZnO/ cotton, OA-ZnO/ cotton, and SA-ZnO/ cotton
was performed in Figure 3. Cellulose is an important component of cotton fabrics, the
macromolecular chain of cellulose mainly contains -OH, C-H, -CHj;-, and C-O functional
groups. As shown in Figure 3a, the peak at 3410 cm ™! is attributed to the -OH stretching
vibration peak; the peak at 2901 cm ™! is attributable to the C-H stretching vibration ab-
sorption peak; the peak at 1371 cm~! belongs to the -CH,- flexural vibration absorption
peak; the peak at 1058 cm ™! is attributable to the C-O stretching vibration absorption peak;
the peak at 1640 cm~! belongs to the bending vibration peak of water adsorption [24]. Tt
can be seen from the image of ZnO/cotton, TA-ZnO/cotton, OA-ZnO/ cotton, and SA-
ZnO/cotton in Figure 3b—e compared with the raw cotton that the peak at 435 cm ™! was
stronger because the stretching vibration peak of Zn-O bond is between 420~450 cm™?,
showing that the cotton fabrics were loaded with ZnO NPs [25]. It can be seen from the
images of TA-ZnO/ cotton, OA-ZnO/ cotton, and SA-ZnO/ cotton in Figure 3c—e, a new
peak appears at 1732 cm ™!, it is attributable to the peaks of ester and carboxyl groups. It is
evident that hydroxyl of cotton fiber was esterified with carboxyl in dicarboxylic acids, and
carboxyl was introduced [26].
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Figure 3. FTIR images of rawcotton (a), ZnO/ cotton (b), OA-ZnO/cotton (c), TA-ZnO/ cotton (d)
and SA-ZnO/ cotton (e).

3.3. SEM, EDS, and ICP-AES Analysis of Fabrics

The scanning electron microscopy (SEM) images of raw cotton (a), ZnO/cotton (b), OA-
ZnO/ cotton (c), TA-ZnO/ cotton (d), and SA-ZnO/ cotton (e) were presented in Figure 4.
The content of the Zn element of cotton fabric loaded with ZnO NPs was measured by
ICP-AES, and the result is shown in the upper right corner of the SEM image. The surface
of the raw cotton fabric has many natural grooves, and it was not loaded with any particles.
The surface of the ZnO/cotton fabric was loaded with a lot of spherical particles, and
there was a slight agglomeration phenomenon. A layer of membrane structure formed on
the OA-ZnO/ cotton, TA-ZnO/ cotton, and SA-ZnO/ cotton fabrics, of which only a few
spherical particles were on their surfaces, were evenly distributed and smaller in size.

—— 4 - JL@.‘ T H -

H 2 H H H ] o H

Figure 4. SEM images and Znelement contents of raw Cotton (a), ZnO/ cotton (b),0A-ZnO/ cotton
(c), TA-ZnO/ cotton (d), and SA-ZnO/ cotton (e) and EDS spectra of ZnO/ cotton (f), OA-ZnO/ cotton
(g), TA-ZnO/ cotton (h) and SA-ZnO/ cotton (i).
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As shown in Figure 4f-i of Energy Dispersive Spectroscopy (EDS), zinc and oxygen
were two elements on the finished samples apart from the carbon related to the cotton
fabrics, verifying that the ZnO NPs were successfully loaded on the fabrics.

SEM revealed that the number of nanoparticles on the cross-linked fabric surfaces
was less than on ZnO/cotton. However, the ICP-AEM data showed that the content of
the Zn element in the cross-linked cotton fabrics was more than that in the ZnO/ cotton.
This indicates that the carboxyl groups of the cross-linked fabric adsorbed more ZnO
NPs through strong electrostatic force; due to the relatively high electronegativity of the
oxygen atom in the Zn-O bond of nano-zinc oxide, the electrons of zinc will be biased
towards oxygen, which makes zinc positive. Then, because the oxygen on the carboxyl
group shows a negative charge, the ZnO NPs are firmly loaded in the cotton fabric due
to the electrostatic adsorption between anions and cations [27], and the ZnO NPsloaded
on the cross-linked fabrics were mainly distributed under the film. In addition, the con-
tent of ZnO NPs on OA-ZnO/cotton (546.4 £ 12.6 mg/kg) was more than that on TA-
ZnO/ cotton(487.8 £ 5.6 mg/kg) and SA-ZnO/ cotton (432.0 & 8.9 mg/kg), which can be
attributed to the more acidic potential and least pKa of oxalic acid (1.27) compared to that
of two other dicarboxylic acids (pKa succinic acid = 4.21, pKa Tartaric acid = 3.04) [27]. The
higher reactivity of oxalic acid resulted in a higher degree of esterification for the fabric, and
as a result, the carboxyl content of fabric tended to increase, and the trend for electrostatic
absorption of ZnO NPs increased [28]. The formation of ester cross-linkage of OA, TA, and
SA with cellulose chain and ZnO and OA, TA, and SA linkage was shown in Figure 5 [29].
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Figure 5. Schematic diagram of the cross-linked structure of OA, TA, and SA with cellulose chain
and linkage of ZnO and OA, TA, and SA.

3.4. XRD Analysis of Fabrics

X-ray powder diffractograms of cotton fabrics before and after finishing with ZnO NPs
are shown in Figure 6. It can be seen that the positions of the diffraction peaks of 14.95°,
16.49°,22.88°, and 34.34°are related to cotton fibers, which correspond to the crystal plane
diffraction of cellulose (101), (002), and (040) [30,31]. In addition, in Figure 6b—e, there are
7 other obvious sharp peaks and 2 weak diffraction peaks. The diffraction peaks of 31.78°,
34.43°, 36.26°, 47.55°, 56.61°, 62.87°, 66.40°, 67.97°, and 69.11° correspond to the crystal
planes of ZnO (100), (002), (101), (102), (110), (103), (200), (112), and (201), respectively [32],
showing that the ZnO NPs were loaded on the cotton fabric. The average crystallite size
was determined by Scherrer’s equation (Equation 1), the calculated crystallite size was
21.2 nm, and the size of the ZnO NPs loaded on the fabric became larger, the reason being
that during the transfer of ZnO NPs from the treated solution to the fabrics, the treatments
such as rolling, drying, and curing led to an agglomeration of the particles [19].
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Figure 6. XRD patterns of raw cotton (a), ZnO/ cotton (b), OA-ZnO/ cotton (c), TA-ZnO/cotton (d),
and SA-ZnO/ cotton (e).

3.5. Optical Performance Analysis

The UV-vis diffuse reflectance spectrum and the relationship curve between (cchv)'/2
and the hv of the cotton fabrics loaded with ZnO NPs are given in Figure 7.
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Figure 7. UV-vis diffuse reflectance spectra (left), (Ahv)/2 and hv relationship curves (right): Raw
cotton (a), ZnO/cotton (b), OA-ZnO/ cotton (c), TA-ZnO/ cotton (d), and SA-ZnO/ cotton (e).

It can be seen from Figure 7 left that in the ultraviolet region all fabrics show certain
UV absorption properties, and the absorbance of ZnO/cotton was greater than that of the
cross-linked cotton fabrics. This may be because the surface of ZnO/cotton adsorbs more
ZnO NPs, and ZnO NPs have stronger absorption of ultraviolet light. While ZnO NPs
of the cross-linked cotton fabrics were mainly fixed under the cross-linked film, the film
affects its UV absorption intensity. However, in the visible light region, the absorbance
of the cross-linked fabrics was greater than that of ZnO/cotton, which may be because
the cross-linking film on the surface of the fabric also partially absorbs visible light. ZnO
NPs are used as a crystalline semiconductor. The light absorption near the band edge
follows the formula chv = A(hv-Eg)”/ 2 where «, v, Eg, and A are absorption coefficient,
optical frequency, bandgap energy, and constant, respectively [33], where n depends on
the characteristics of semiconductor electronic transitions, that is direct transition n = 1
and indirect transition 7 = 4 for ZnO, 1 = 4. The relationship between (ahv)'/2 and photon
energy (hv) is shown on the right in Figure 7, where the intercept of the x-axis tangent
is the forbidden bandwidth. The narrower the forbidden bandwidth of a semiconductor,
the higher its light utilization. The right of Figure 7 shows that the bandgap width of
ZnO prepared with honeysuckle extract was 2.90 eV, and ZnO/ cotton was 2.57 eV. The
bandgap of ZnO/ cotton was narrower than that of ZnO NPs. This may be because cotton

38



Crystals 2022, 12, 214

fabric also has a certain absorption effect on ultraviolet light, which increases its light
utilization rate. Furthermore, the bandgap widths of OA-ZnO/ cotton, TA-ZnO/ cotton,
and SA- ZnO/cotton were 2.55 eV, 2.54 eV and 2.48 eV, respectively. The bandgap widths
of cross-linked cotton fabrics were narrower than that of the ZnO/ cotton, indicating that
cross-linking agents increased the utilization rate of cotton fabric to light.

3.6. Self-Cleaning Performance Analysis

The degradation rate of cotton fabrics after finishing with ZnO NPs was calculated by
K/S before and after light exposure. The cotton fabrics stained with pollutants were placed
under simulated sunlight, and the K/S values were measured at intervals of 1 h for a total
of 4 h of irradiation. According to Formula (2), the degradation rates of cotton fabric under
different times of light exposure were calculated, and the results are shown in Figure 8.
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Figure 8. Degradation rates of ZnO/ cotton (a), OA-ZnO/ cotton (b), TA-ZnO/cotton (c), and SA-
ZnO/ cotton (d) to MB, coffee, red wine, and soy sauce under different irradiation times.

Figure 8 shows that all samples have a self-cleaning effect on methylene blue, coffee,
red wine, and soy sauce. The degradation rate of ZnO/cotton fabrics at the initial stage
of illumination is higher than that of cross-linked cotton fabrics. This may be because
most of the target pollutants were adsorbed on the ZnO/ cotton surface during the initial
stage of illumination. There were moreZnO NPs on the surface of ZnO/cotton, and a large
number of free radicals generated by photoexcitation could contact the target pollutants
and decompose them, so the degradation efficiency was higher, while for the cross-linked
fabric, most of the target pollutants were adsorbed on the surface of the membrane during
the initial stage of illumination. A few ZnO NPs were distributed on the surface of the
membrane, so only fewer free radicals could directly contact the target pollutants, resulting
in lower degradation efficiency. With the prolonged light time, the target pollutant diffused
underneath the cross-linked membrane, at which time more free radicals could contact
the pollutant and decompose it. Therefore, in the stage after contaminant diffusion has
ended, the cross-linked cotton fabric had a high degradation rate of the target pollutant. In
conclusion, improving the utilization rates of light of the cross-linked fabrics loaded with
ZnO NPs led to increased degradation rates.

To evaluate the washing resistance of the cotton fabrics loaded with ZnO NPs, the
SEM images and Znelement content of the fabrics by ICP-AES after 10 cycles of washing
were tested, as shown in Figure 9.
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Figure 9. SEM images and Zn element contents ofZnO/cotton (a), OA-ZnO/cotton (b), TA-
ZnO/ cotton (c) and SA-ZnO/ cotton (d) after 10 cycles of washing.

It can be seen from Figure 9 that the number of particles adsorbed on the ZnO/cotton
surface obviously decreased after 10 cycles of washings, and the size of the particles became
significantly smaller in contrast with the unwashed ZnO/ cotton (Figure 4b), indicating that
during the washing process, the larger ZnO NPs were likely to fall off the surface of the
fabric, and smaller particles have relatively firm linkage to the fabric and did not easily fall
off the surface of the fabric. Moreover, the surface of cross-linked fabrics still has only a few
particles, but the surface of the fabrics became rough. This may be because the continuous
washing caused the membrane structure on the surface of the cotton fabrics to be damaged.

It can be seen from the ICP data that after 10 cycles of washing, the content of Zn
element in the ZnO/ cotton decreased from 369.4 + 7.6 mg/kg to 253.6 & 12.8 mg/kg. This
is because ZnO NPs were adsorbed by ZnO/ cottons via weak intermolecular forces, so
they tended to fall off during washing. The content of a Zn element of OA-ZnO/ cotton, TA-
ZnO/ cotton, and SA-ZnO/ cotton decreased from 546.4 + 12.6 mg/kg, 487.8 & 5.6 mg/kg,
and 432.0 + 8.9 mg/kg to 395.6 & 18.3 mg/kg, 379.4 & 15.9 mg/kg and 335.8 - 13.5 mg/kg,
respectively, indicating that the washing durability of the cross-linked cotton fabrics was
greatly improved, possibly because the positively charged Zn2* may be attracted by the neg-
ative charge of the carboxylate anion of the crosslinking agent [33]. The strong electrostatic
attraction enforced the washing resistance of the fabric. Furthermore, the washing resistance
of OA-ZnO/ cotton was lower than that of TA-ZnO/ cotton and SA-ZnO/ cotton because
the water contact angle (35.5°) of OA-ZnO/ cotton was lower than that of TA-ZnO/ cotton
(46.34) and SA-ZnO/cotton (41.25°). Thus, the surface energy of OA-ZnO/cotton was
higher, and the ZnO NPs were more likely to fall off during washing [28].

The degradation rates of the cotton fabrics after repeated washing and lighting for
different cycles (0-10) were tested. The results are shown in Figure 10.
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Figure 10. Degradation rates of methylene blue in ZnO/cotton (a), OA-ZnO/cotton (b), TA-
ZnO/ cotton (c) and SA-ZnO/ cotton (d) at different washing cycles.

Figure 10 shows that after 10 cycles washes, the degradation rate of ZnO/cotton
decreased more than OA-ZnO/ cotton, TA-ZnO/ cotton, and SA-ZnO/ cotton. In addition,
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during the washing process of 1-4 cycles, the degradation rate of methylene blue by ZnO-
cotton decreased greatly. This is because the larger particles of ZnO NPs adsorbed on the
cotton fabric fall off the fabric first, resulting in a significant decrease in the degradation
rate of the fabric. In the next few washing processes, the degradation rate decreased
slowly because the retained small-size particles have relatively strong adsorption with the
fabric and were not easy to fall off. However, the degradation rate of cross-linked fabrics
decreased gently throughout the washing.

3.7. UV and Wrinkle Resistance of Fabric Analysis

The anti-ultraviolet and wrinkle resistance performances of the cotton fabrics were
analyzed, and the results are given in Table 1. It can be seen from Table 1 that, compared
with the raw cotton, the average UV transmittance of the UVA (320-400 nm) and UVB
(280-320 nm) of ZnO/cotton, OA-ZnO/ cotton, TA-ZnO/ cotton, and SA-ZnO/ cotton was
significantly reduced, and the UPF values were significantly increased. It shows that the
ZnO NPs loaded in the cotton fabrics greatly improved their UV resistance. This is because
ZnO NPs can absorb photons with bandgap energy greater than 2.90 eV, and the photon
energy in the ultraviolet region meets this requirement. After ZnO NPs absorb ultraviolet
light energy, it not only produces oxidative degradation but also greatly reduces the ultravi-
olet transmission rate of the fabrics. In addition, the reflection and scattering of ultraviolet
rays through the interface formed by the NPs and the fabric were also strengthened, thereby
enhancing the shielding effect of the cotton fabrics to ultraviolet rays and improving its anti-
ultraviolet performance [19]. According to the requirements of GB/T18830-2009, when the
UPF value of the textile is more than 40, and its UVAtransmittance is less than 5%, it is con-
sidered as an anti-ultraviolet product with a mark of 40+. So ZnO/ cotton, OA-ZnO/ cotton,
TA-ZnO/ cotton, and SA-ZnO/ cotton can be called anti-ultraviolet textiles.

Table 1. UV and wrinkle resistance of the Raw Cotton, ZnO/Cotton, SA-ZnO/Cotton, OA-
ZnO/ cotton, and TA-ZnO/ cotton.

Average UV Transmittance (%)

Sample UPF WRA(W + F(°))
UVA UVB
Raw Cotton 29.98 15.65 5.36 120.1
ZnO/Cotton 1.77 1.49 50+ 151.6
OA-ZnO/ cotton 1.50 1.24 50+ 171.6
TA-ZnO/ cotton 1.30 1.02 50+ 193.2
SA-ZnO/cotton 1.27 0.92 50+ 225.7

In addition, compared with raw cotton, the wrinkle recovery angles of cotton fabrics
loaded with ZnO NPs were improved. The wrinkle recovery angle of ZnO/cotton was
slightly increased by 26.23%. However, the wrinkle recovery angles of OA-ZnO/ cotton,
TA-ZnO/cotton, and SA-ZnO/ cotton were considerably increased by 87.93%, 51.21%,
and 60.87%, respectively. This is due to the cross-linking of OA, SA, and TA with cotton
fabrics effectively preventing the slippage of the cellulose macromolecular chain so that the
cross-linked fabric has better resistance to deformation.

4. Conclusions

In this paper, honeysuckle extract was used to prepare ZnO NPs with an average
particle size of 15.3 nm. Three dicarboxylic acids of OA, TA, and SA were adopted to
cross-link cotton fabrics. Then ZnO NPs were applied to the cotton fabrics before and
after cross-linking by the padding method to obtain the self-cleaning ZnO/ cotton, OA-
ZnO/ cotton, TA-ZnO/ cotton, and SA-ZnO/ cotton. Through structure characterization and
performance analysis of samples, we found that all the cotton fabrics finished with ZnO
NPs have a high degradation ability to methylene blue, coffee, red wine, and soy sauce.
Compared with the ZnO/ cotton, the bandgap width of the cross-linked fabrics became
narrower, the utilization rate to light was improved, and better self-cleaning performance
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was exhibited. A film formed on the surface of the cross-linked cotton fabrics, and ZnO
NPs were mainly fixed under the film through strong electrostatic force, while the ZnO
NPs on ZnO/ cotton was adsorbed on the surface of the fabric through relatively weak van
der Waals force, so the cross-linked cotton fabrics had better washing resistance. Moreover,
for the cross-linked cotton fabrics, the adsorption amount of ZnO NPs of OA-ZnO/ cotton
was highest, the washing resistance of TA-ZnO/ cotton was best, and after cross-linkage,
the UV and wrinkle resistance of cotton fabrics was greatly improved.
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Abstract: One of today’s most-used glass products is a composite made of at least two glass panels
connected with a soft polymeric interlayer—laminated glass. The mechanical properties of such
elements are influenced by interlayer properties and the type of glass used. In this work, experimental
and numerical analyses of laminated glass panels exposed to four-point bending are performed
to observe and compare the stresses and displacements caused by different parameters, such as
temperature, load duration, the thickness and type of the interlayers, as well as the symmetrical
and nonsymmetrical disposition of the glass plates” thickness. The numerical analysis was verified
by four-point bending experimental tests. After validation, a parametric study on these influences
was performed. To obtain the relationship between the load duration, temperature, and thickness
of the interlayer compared to the maximal displacement (as a measure of flexural stiffness) and
tension stress in the bottom glass plate, an analytical polynomial of a sixth total order is proposed.
Isosurfaces are created, showing the dependence of stresses and displacements on the specified
parameters as well as clearly showing differences in the behavior of laminated glass panels for
the same conditions but with different interlayers. Based on the findings of the parametric study,
conclusions are derived about the flexural stiffness and stress distribution in two-plate laminated
glass with PVB and ionoplast interlayers.

Keywords: laminated glass; interlayer; experimental test; numerical model; parametric analysis

1. Introduction

Laminated glass consists of several glass plates connected by polymorphic inter-
mediate layers. Today, facade systems are made of this material, areas above valuable
archaeological sites are paved with it, and attractive pedestrian bridges as well as stairs
are made with it. Interest in the use of laminated glass in construction has increased due
to the fact that laminated glass retains a particularly interesting transparency compared
to monolithic glass, and its advantages over monolithic glass include greater impact resis-
tance, improved sound resistance, and better thermal insulation inside a building. The most
important advantage of laminated glass over monolithic glass is its improved safety, which
is most visible in the case of breakages of the structure, i.e., if the glass surface is broken into
fragments, the interlayer will preserve them together and prevent complete disintegration,
avoiding destruction or injuries. Despite the growing use of these types of glass structures,
the norms for their calculation are not yet fully defined, nor are the national supplements
of individual countries. Therefore, it is important to experimentally and numerically test
such structures that will contribute to the improvement and completion of engineering
calculations. Given the fact that such elements are exposed to different atmospheric and
environmental conditions, it is important to examine how they behave under these influ-
ences. One of these is the determination of the performance of laminated glass at different
temperatures in addition to its response to load over time due to temperature changes.
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Since we are talking about the composite material of glass and interlayers, it is necessary to
include the action and change in the performance of each material separately, but also to
consider the behavior of the whole.

Therefore, the most important characteristics of glass as a material and of the interlay-
ers will be shown below, with reference to previous research on both.

1.1. Glass as Material

5i0,-NayO-CaO (with additional ingredients) is the most commonly used type of
glass, called soda-lime glass (referred to in the text as “glass”). Soda-lime glass, produced
by the float process, can be used without any additional treatment if there are no additional
demands for increased safety, strength, design, etc. In the production process, a molten tin
(tin bath) is a base for cooling and transporting a molten glass, consequently producing a
flat surface that does not require any postprocessing treatment. After acquiring a solid state
in a further part of the production process, the glass ribbon is heated and slowly cooled to
release residual stresses (annealing).

The mechanical properties of glass and the characteristic bending strengths according
to EN16612 [1] are presented in Tables 1 and 2, respectively. By adding different additional
ingredients to the chemical composition, it is possible to impact some glass properties,
such as heat resistance, color, etc. Except for changes in ingredients, there are physical
treatments that can improve glass mechanical properties. One of the most-used processes
is tempering, a process that can be accomplished by a chemical treatment or by heating and
quickly cooling glass panels. The final result of both processes is prestressing, which results
in an increased tensile strength of the glass panels. Besides higher strength, glass develops
the ability of safe breakage. The difference between the fracture pattern of the annealed and
tempered glass is presented in Figure 1. Annealed glass produces large and sharp pieces
that can cause injuries, while tempered glass develops small, cubical, and harmless pieces.
Heat-strengthened glass is tempered glass but with a lower level of prestressing [2]. The
glass modulus is not affected by additional processing (tempering, etc.) or atmospheric
conditions. Besides the glass type, the loading also has a significant impact on the breakage
pattern. For static loading, the cracks are primarily transversal and straight, and the total
length of the cracks is smaller than those that are circular-shaped and produced by impact
loading [3-6]. The mechanical characteristics of glass are not affected by changes in the
temperature in the interval of the ambient temperatures.

Table 1. Basic mechanical properties of glass according to EN16612 [1].

Properties Middle Value Interval
Glass density p = 2500 kg/m3 2250-2750 kg/m3
Young’s modulus E =70,000 MPa 63,000-77,000 MPa

Poisson number n=023 0.20-0.25

Table 2. Characteristic bending strength of each type of glass according to EN16612 [1].

Heat-Strengthened Glass Thermally Toughened
Annealed Glass/Float Glass (HSG) Glass (TTG)
45 N/mm? 70 N/mm? 120 N/mm?
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(a) (b) (c)

Figure 1. Breakage pattern for each type of glass: (a) annealed glass/float glass; (b) heat-strengthened
glass; (c) thermally toughened glass [2].

1.2. Laminated Glass—Type of Interlayers

Laminated glass can be produced from any type of glass by coupling at least two
glass panels with an interlayer, providing a better load capacity and postbreakage safety
by ensuring the integrity of glass during a breakage. Interlayers in laminated glass are
usually transparent polymer materials with large variations in their mechanical properties
depending on temperature, load duration, moisture, etc., and they ensure coupled behavior
and a postbreakage capacity [3-8]. The mechanical behavior of laminated glass structures
could be bounded between two limit states: one in which we neglect the influence of inter-
layers and observe laminated glass as two separate plates without friction, and a monolithic
behavior where we observe a laminated glass panel with full shear transfer through an
interlayer [9,10]. The positioning of a structure within the presented limits depends on
the type of loading and load duration, the mechanical characteristics of the interlayer, and
the type of boundary conditions. For high-velocity loads (impact), the interlayer mostly
behaves very stiffly, and it is possible to observe the panel as monolithic, while at static
loading we emphasize the influence of the viscoelastic character of the interlayer.

Once a plate is broken, fragments remain adhered to the interlayer. In a tensile zone,
that adhesion does not provide any specific benefit. However, in the compression zone,
the remaining glass fragments can create additional bearing capacity while making contact
with each other, and by doing so, transfer compression stresses.

1.3. Influence of Interlayers’ Behavior on the Capacity of Laminated Glass Plates

The most commonly used interlayers in laminated glass structures are PVB (polyvinyl
butyral), EVA (ethylene vinyl acetate), and ionoplast. In a static analysis, the mechanical
properties of interlayers are primarily affected by temperature conditions, moisture, and
load duration. Therefore, the researchers were engaged in the experimental and computer
testing of samples of these materials in addition to defining parameters to describe the
behavior of these materials. Studies in the literature [11] have shown that the mechanical
properties of polymer interlayers show dependence on multiple external influences, such
as current temperature, heat cycles, or exposure to moisture. The influence of temperature
as a parameter in the analysis of influences on the relaxation behavior of polymers was
analyzed in [12], in which it was found that an increase in the temperature reduces the
relaxation time of the polymer. This property was included in the model as a variable of a
function of time [13]. Taking all of the above characteristics into consideration, the material
parameters of the generalized Maxwell chain model for two types of interlayers, such as
PVB-based (TROSIFOL® BG R20 from Kuraray, Tokyo, Japan) and EVA-based EVALAM®
80-120 (from Evalam, Coruna, Spain), were defined, which enables the description of their
time- and temperature-dependent behavior [14]. Static shear experimental testing [15] and
long-term testing [16] also showed shear modulus degradation for temperature increases
and for longer load durations.

For numerical simulations of laminated glass behavior, different models of interlayers
are used. The chosen model of interlayer material depends on the type of loading: hypere-
lastic models [5] and rate-dependent hyperelastic models [7] are often used for the dynamic
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type of loading, while some authors consider elastoplastic models for high strain rates [17]
and nonlinear elastic hardening materials [18] for static loading.

The material specifications of interlayers are summarized in Table 3, and graphs with
Young’s moduli are presented in Figure 2. All information regarding ionoplast and PVB
interlayers is taken from the available technical documentation [19,20]. The thickness of
an interlayer is mainly in the range of 0.36 to 2.28 mm; it differs depending on the type of
interlayer and the physical requirements.

10 pe jj ____________ = J |——1lonoplast 20 °C
- ===PVB20°C
—lonoplast 25 °C
===PVB25°G
-lonoplast 30 °C
--'PVB30°C
lonoplast 35 °C
PVB 35 °C
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Figure 2. Comparison of Young’s modulus, E (MPa), degradation for the ionoplast and PVB interlay-
ers in dependence on the load duration log, (t(s)), at different temperatures, T (°C) [19,20].

PVB (polyvinyl butyral) is a synthetic polymer of the polyvinyl acetate family, one
of the most-used materials for coupling glass panels. The mechanical properties of this
material show a significant dependence on temperature, load duration [17,21,22], and mois-
ture [23]. There are numerous types of PVB interlayers used for different primary purposes
(acoustic, structural, and solar). These types of interlayers have different material proper-
ties, resulting in different stiffnesses and different glass transition temperatures (Tg) [24].
Here, we will observe the structural behavior of PVB. The mechanical properties (shear
modulus) of PVB interlayers show a discrepancy when comparing specimens produced
from PVB before the autoclave process and those who are embedded inside laminated
glass with the autoclave process [25]. Since heat and pressure from the autoclave process
have an influence on this material, it is more preferable to observe PVB characteristics
while embedded in laminated glass. PVB interlayers show significant degradation of shear
transfer at increased temperatures.

EVA (ethylene vinyl acetate) is a copolymer interlayer material, a moisture-resistant
interlayer [23] that is often used for specific purposes, such as photovoltaic cells or if a
colored design is required. Except for some experiments, which provide specific types
of results, there is not much available information about the material characteristics of
EVA interlayers. The production of laminated glass with this interlayer is less demanding
and does not require an autoclave process [24]. Tests on small-scale samples of laminated
glass with PVB and EVA interlayers from the literature (see [14]), in a dynamic single-lap
shear test and dynamic torsion tests, show differences between these two interlayers. For
samples tested at different frequencies (dynamic tests) and temperatures, PVB showed a
generally stiffer response compared to EVA, but that was valid only for temperatures under
40 °C. Additionally, at a significantly lower temperature (around —20 °C), where other
interlayers have almost brittle behavior, EVA interlayers show better impact resistance
(penetration resistance) due to their low glass-transition temperatures [24]. On the other
hand, four-point bending tests at room temperature [26] showed similar behavior of
a laminated glass panel with an EVA interlayer and PVB interlayer. EVA interlayers
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have thermorheologically complex behavior [27]. By testing samples of EVA interlayers,
authors [28] describe behavior with two types of constitutive models regarding the type
of loading. At a small strain, EVA is described with time-dependent behavior (linear
viscoelasticity), and for large deformations, where nonlinear stress—strain behavior occurs,
material behavior is described with a hyperelastic model. These models are derived from
dynamic mechanical thermal analysis (DMTA), uniaxial tests, and biaxial tests, and they
can be used for modeling the postbreakage capacity of laminated elements.

In [29], the authors tested samples of different types of PVB and EVA interlayers
loaded in static single-lap shear tests, and in [30] PVB samples were tested in double-
lap long-term tests. In [29], the temperature and strain rate are varied, and a different
humidity and temperature are observed in [30]. Both tests confirmed the significant
dependence of interlayer characteristics on temperature, as well as their minor sensitivity
to humidity. These shear tests could be characterized as being more appropriate for
describing interlayer behavior in laminated glass panels in an unfractured state. In [31], the
authors first presented an overview of the generally used methods for determining polymer
thermoviscoelastic behavior, and thereafter presented the results of dynamic-torsion cyclic
tests on small samples of laminated glass. In these types of tests, laminated glass samples
are glued for rheometers, which can affect the final results.

When observing all of the mentioned tests, one can find that some tests for the deter-
mination of interlayer mechanical characteristics are performed on samples of interlayer
materials only (no glass panels involved), and others are performed on coupled elements
with glass parts. Interlayers are not predetermined for usage as stand-only elements, and
in laminated glass panels, they are dominantly loaded in shear. Tests on raw materials
should always be validated with large-scale tests on laminated glass [32].

An ionoplast interlayer is an ionomer-based material that provides the highest level
of structural performance [23], but it is also the most expensive one. It was originally
developed for hurricane-resistant glass surfaces on building facades [6]. Since the degree
of coupling glass plates in a laminated structure depends upon the shear stiffness of the
polymeric interlayer, ionoplast is the best option when there are high demands for strength
and resistance [33]. In four-point bending experimental tests [34], laminated glass with an
ionoplast interlayer shows a higher initial failure load and ultimate load (providing better
postbreakage capacity) than laminated glass with PVB and EVA interlayers.

Table 3. Basic mechanical properties of the interlayers [19,20,24].

PVB (Structural) EVA [34] Ionoplast

Density 1070 kg/m? 970 kg/m? 950 kg/m?
Poisson’s ratio 0.476 0.32 0.458
Glass transition 12295 °C _28°C 550°C

temperature [24]

Regarding everything that has been mentioned, in the numerical model we included
the material model of the interlayers, which involves the degradation of Young’s modulus,
E, and the shear modulus, G, in dependence on the load duration log, (t(s)), at differ-
ent temperatures, T (°C). These parameters are dominant in laminated glass structures’
exposed bending.

2. Experimental Tests

The available data and the mentioned analyses suggest the need for a parametric
analysis of the influence of temperature change on the behavior of laminated glass loaded
outside the plane. In order to perform this analysis, it is necessary to verify the numerical
model with an experimental test. The experimental test on laminated glass specimens was
carried out in the Structural Laboratory of the Faculty of Civil Engineering, Architecture
and Geodesy. Laminated glass specimens were exposed to four-point bending. Specimens
were made out of two tempered glass panels with a thickness of 6 mm. Glass panels
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were connected with a 0.76 mm-thick Saflex DG41 PVB (EASTMAN, Kingsport, TN, USA;
Eimin25°c = 387 MPa; Gipmin, 25 °c = 131 MPa; v = 0.476) interlayer. The span was 950 mm,
while the width and length of the specimen were 330 mm and 1000 mm, respectively.
Hard contact of the steel bearing and the glass panel was prevented with 0.1 mm-thick
rubber protection. The specimens were bent uniformly, increasing the bending stress at a
rate of 2.0 N/mm?.s, until failure occurred, according to EN 1288-3 [35]. Specimens were
exposed to the same load at the same temperature (25 °C) and moisture conditions (50%).
All of the specimens were produced one year before the test, and they were stored in the
same condjitions.

The experiments were performed on a CONTROLS Automax Multitest (CONTROLS,
Milan, Italy) loading device. The samples were placed on cylindrical supports and sepa-
rated with rubber pads. For the data acquisition, a QUANTUM MX840B (HBM, Darmstadt,
Germany) was employed, with a sampling frequency of 300 Hz. Force and displacement
were measured with CONTROLS implemented acquisition. Additionally, the deflections
were measured with six linear variable displacement transducers (LVDTs), which were
arranged symmetrically on the specimen: two at the mid-span and four at the bearings.
The applied force was controlled by a CONTROLS device at each step.

The test setup is presented in Figures 3 and 4. Strains at the upper and bottom glass
plates at points A and B (marked on Figure 3) were measured with four strain gauges. In all
of the specimens, fractures occurred on the bottom plate, while the upper plate remained
undamaged; see Figure 5. After the initial cracking of the bottom plate, the load-bearing
capacity is reduced. After complete cracking, the glass can no longer withstand tensile
stresses, but glass fragments remain attached to the polymer interlayer. In this phase, the
polymer can provide the tensile force together with the lower part of the upper plate to
withstand bending moments. At this stage, the load capacity also depends on the size
of the fragments, which is directly related to the type of glass. In our experimental tests,
fracturing occurs at the bottom plate, and such a cracked panel remains loaded with 1 kN
of force without a significant increase in deflection.

1000
Line support 25 375 200 375 25 Line support
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Figure 3. Test setup for the four-point bending test.
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(b)

Figure 4. A view of the experiment: (a) test setup before loading; (b) breakage of bottom glass plate
during the experiment.

(0)

Figure 5. Photography of fracture pattern on specimens: (a) S1; (b) S3; and (c) side view on center of

laminated glass panel.

The results for all of the tested specimens are presented in Figure 6 and compared to
the four-point bending tests on glass elements of Pankhardt and Balazs [8]. In the graph,
only the results of the laminated glass panel tests are presented. It is evident that the results
at room temperature do not differ significantly. The contribution of the interlayer to the
global behavior of the glass panels at room temperature is minimal. Another comparison
curve is from the experimental tests provided by Serafinavicius et al. [6], where the authors
tested laminated glass composed of two 6 mm thick panels with PVB (1.52 mm), EVA
(0.89 mm), and SGP (1.52 mm) interlayers.
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Force - displacement diagram for laminated glass with two glass plate 6 + 6 mm

Spec 1- PVBO.76

Spec 2 - PYBD.76

Spec 3- PVBO.76

Test [8]: EVA - 0.89

Test [6): PVB - 152
Test [6]: EVA- 0.89
wesssss Test [B]1: SGP - 1.52

Force (kN)
S

-5 5 15 25 EH] 45 55 65 75 85
Displacement at the middle of panel (mm)

Figure 6. Results of the four-point bending test: force-displacement diagram compared with experi-
mental results from the literature [6,8].

These results showed a good accordance, regardless of the differences in span and the
slightly different thicknesses of the interlayers. It is visible that at room temperature and
for similar thicknesses (0.89 mm and 0.76 mm), the EVA [6,8] and PVB interlayers provide
approximately the same ultimate loading. As expected, the SentryGlas ionoplast interlayer,
at the same thickness (1.52 mm) as PVB [6], shows a much stiffer response, and thus an
increase in the ultimate strength. It is important to mention that we defined the term
“ultimate strength” as a breakage of the bottom (tensile) glass plate, while the upper glass
plate remains undamaged. The performed tests, as well as the results from [6], confirm that
after the breakage of the bottom glass plate, the laminated glass panel provides bearing
capacity. After breakage, the panels are unloaded, but a permanent deformation of 12 mm
remains. The deformed and damaged specimens are removed and placed on a flat surface
with the broken glass plate facing upwards (loaded with own weight). The permanent
deformation remains even 3 months after the test, regardless of the slight tendency of a
weight force to straighten the panel. This permanent deformation is a product of bulk
volume increase in the breakage of a tempered glass panel, which as a consequence has a
plastic deformation of the interlayer.

Although interlayers and glass panels have significantly different mechanical behavior,
it is proven [36] that, with increasing interlayer thickness, the ultimate load of glass panels
also increases.

In all of the specimens exposed to four-point bending, fractures occur in the zone of
the maximum moment (between the applied forces) on tensile glass plates, which is typical
for static loading. It is visible in [37] that dynamic loading fracturing mostly occurs at the
contact surface.

3. Numerical Model

Based on geometry and the loading of the presented experimental tests, the numerical
model is developed. The model is developed in ANSYS software, and it consists of two
glass plates connected with an interlayer. The model is discretized with 3D solid elements,
with minimal two-element through-thickness of the interlayer, and the element-size ratio
for the glass panel is not bigger than 1.5 interlayer elements. Contact between the glass
and interlayer is defined as an absolute bond, such that only interlayer shear deformation
occurs in the middle, without any sliding. The glass panel is supported on two ends with a
span of 95 cm. The load is placed at the same positions as in the four-point bending test,
with two line loads at equal distances from center of plate, 10 cm on each side from the
mid-span. The used material characteristics for the glass are shown in Tables 1 and 2, and
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those for PVB in Table 3, as well as Figure 2. Some basic information for the numerical
model is presented in Table 4. For the validation of the experimental test, Young’s modulus
and Poisson’s ratio are adopted according to the total test duration and test temperature
(Eimin,25 °c = 387 MPa; Gipin 25 °c = 131 MPa; v = 0.476). The shear modulus is calculated
in dependence to Young’s modulus and Poisson’s ratio. The numerical model (with PVB)
is validated with the presented experimental data for the first loading stage (fracture
on the bottom glass plate). In Figure 7, a good coincidence in the numerical compared
to the experimental results can be seen. Since the obtained numerical results showed a
good accordance with the experimental results, this model was considered to be validated
for further analyses. This all served as an introduction and validation for the following
parametric analysis.

Table 4. Basic information about the finite-element model in ANSYS [38].

Material Element Type Material Model Contact
. . . Linear elastic
Glass Solid, full integration (E =70 GPa; v = 0.23)
Bonded, no
Load duration and separation
Interlayer Solid, full integration temperature

dependent

Force - displacement diagram for laminated glass with two glass plate 6 + 6 mm

——Spec1-PVBO.76
- ——Spec2-PVBO.76
——Spec3-PVBO.76
5
y Num. model -PVB 25°C - 0.76
) -
s
2
1
-5 0 5 10 15 20 25 30 35

Displacement at the middle of panel (mm)

Farce (kN)

Figure 7. Force-displacement diagram: results of four-point bending from the numerical and experi-
mental tests.

For the PVB material model in further analyses, different values of Young’s modulus
and the shear modulus, G, in dependence to the load duration and temperature are used
(Figure 2). This is accepted because in observed bending tests, the panel is loaded until
the fracturing of one plate occurs. For this type of loading, the interlayer is exposed to
a small strain, lower than the failure strain of the glass that occurs on laminated glass
elements [21]. The failure strain of the glass plate is approximately 0.167% for a glass
strength of 120 MPa and an elastic modulus of 70 GPa. Since the interlayer is placed in the
middle of the laminated glass element with a dominant bending deformation, it is exposed
to a very small strain in the unfractured state.

Based on the validated numerical model, other models with different geometries
(regarding the possible thickness of the glass and interlayer) and interlayers are developed.
These models are used in the parametric study.
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4. A Parametric Study of Interlayer Properties on Bearing Capacity of Laminated
Glass Panels

For the parametric analysis, twelve different geometries are developed. All of the
models have a span of 950 mm and a width of 330 mm. Each panel is loaded with a
total force of 1 kN divided into two lines uniformly distributed with 15,151 N/mm’. The
description of the geometries and interlayers is presented in Table 5. For the interlayer
thicknesses of t = 1.52 mm and t = 2.28 mm, both PVB and ionoplast interlayers are used,
while for lower thicknesses PVB is used in the models with t = 0.76 mm and ionoplast for
the models with t = 0.89 mm. The main goal is to use the same total thickness of glass
panels but nonsymmetrically placed in the tensile and compressive zones (glass thickness
of 10 mm + 6 mm and 6 mm + 10 mm). With a fixed force, the temperature and load
duration are varied, and the influence of those two parameters on stresses in the bottom
glass plate as well as total deflection is analyzed for different geometries.

Table 5. Basic information about geometries of finite-element models in ANSYS [38].

Glass Thickness

Interlayer Thickness (Upper + Bottom Plates) Interlayer
0.76 mm 8 mm + 8 mm PVB
0.76 mm 10 mm + 6 mm PVB
0.76 mm 6 mm + 10 mm PVB
0.89 mm 8 mm + 8 mm Ionoplast
0.89 mm 10 mm + 6 mm Ionoplast
0.89 mm 6 mm + 10 mm Ionoplast
1.52 mm 8 mm + 8 mm Ionoplast, PVB
1.52 mm 10 mm + 6 mm Ionoplast, PVB

1.52 mm 6 mm + 10 mm Ionoplast, PVB
2.28 mm 8 mm + 8 mm Ionoplast, PVB
2.28 mm 10 mm + 6 mm Ionoplast, PVB
2.28 mm 6 mm + 10 mm Ionoplast, PVB

To obtain the relationship between the load duration, ambient temperature, and
thickness of the interlayer compared to the maximum deflection (as a measure of flexural
stiffness) and tension stress in the bottom glass plate, an analytical polynomial of three
independent variables with unknown coefficients is used. Every functional independence
of these three variables (load duration, ambient temperature, and thickness of interlayer) is
defined by a second-order polynomial that generated a sixth-total-order polynomial:

2

2. xz+Fyg-xxy-z+Fp5 -y yz +Fig -6x2

2+F21 'Iy'22+F22 (1)

yZ

* Z

where x, y, and z are independent variables assigned to the physical values of the logarithm
of load duration in seconds, ambient temperature in °C, and interlayer thickness in mm;
the Fs are unknown coefficients.

The unknown coefficients are solved iteratively by MATLAB [39], and the nlinfit func-
tion is used. The coefficients are calculated using a nonlinear least-squares estimation [40].
The solution has converged successfully for all of the datasets.

For every fit, multiple fitting realizations were performed to avoid locking to the
nearest target-function minimum instead of the global optimal point. The initial values of
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the coefficients were randomly chosen using a normal distribution, with the mean at 0 and
a standard deviation of 1000. For every dataset, 100 realizations were performed. Every
calculation converged up to four potential solutions. In the case of a single solution, it was
chosen as the optimal one; in the case of multiple potential solutions, the optimal solution
was chosen by the criterion of the lowest RMSE.

An example of the calculation is shown in Figure 8. In the top-left panel, a set of initial
values are displayed, and in the top-right panel calculated values are displayed. The color
of a point indicates a specific coefficient. All of the calculated solutions can be sorted into
three unique solutions. The metrics displayed in the bottom panels are used as the criteria
for the most successful fit. The solution with an RMSE of 0.1397 is chosen as the optimal
one, as is displayed in the bottom-left panel. The R? metric in the bottom-right panel is in
agreement with this choice, as the highest R? is with this solution.

Initial parameter value

50
No. of realization

© (d)
0.18 0.988
0175 F) [ 0.9087 |
0a7f| | 0.986 |
| |
E o185 0.985 | [
E | |
w 016 & 0.984 | |4
@ « | |
2 o1ss| LE Y | e L R A | | INE
| | I | I
|
0151 i i 1 0.982 - f i
0145 - \ ‘ 1 oset [ | ‘ A H-H “M‘.‘ RRNRN LA ‘\‘,
[ | | | II“ | [ | | |1 | 1
014 058 L PV AL L A
o 10 20 30 40 50 60 70 80 °0 100 (1] 10 20 30 40 50 60 70 80 °0 100
No. of realization No. of realization

Figure 8. Panels representing an example of calculation: (a) initial parameter values; (b) calculated
parameter values: (c) root-mean-square error (RMSE); and (d) determination coefficient.

The datasets used to obtain functions are divided into two classes of materials (PVB
and ionoplast) and three classes of glass plate-thickness combinations. Every dataset
consists of 48 gridded entries, four sets along the duration dimension, four along the
temperature dimension, and three along the interlayer thickness dimension. The datasets
are listed in Appendix A. The calculated coefficients for the displacement functions for the
three glass plate-thickness combinations are listed in Appendix B.

The results presented in Figure 9 display a good fit between the provided data and
the analytical model. The average error (RMSE) for the displacement function is less than
0.32 mm for PVB interlayers and 0.11 mm for ionoplast interlayers, and the RMSE for the
stress function is under 0.93 MPa for PVB interlayers and less than 0.33 MPa for ionoplast
interlayers. The coefficient of determination, R?, is above 0.95 for both interlayers, which
suggests a strong relationship between the data and the model. The almost-identical R
and the larger RMSE for PVB interlayers are due to the wider spread of results in PVB
interlayers. The explanation for the discrepancies is numerical data errors in both numerical
modeling and function fitting and a dismissed higher-order polynomial that were not taken
into account due to the data dissipation.
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Figure 9. Fitting results of displacement (left panel) and stress function (right panel).

Finally, for all of the information, isosurfaces were created, showing the dependence
of the deflection and stress on the specified parameters. The isosurfaces clearly show dif-
ferences in the behavior of laminated glass panels along described independent variables
at different plate-thickness dispositions and for different interlayers. Generally, ionoplast
interlayers show higher flexural rigidity and better behavior when higher temperatures
and load durations are involved. On the other hand, PVB interlayers have a lower capacity
for these types of static loads. As we can see in Figure 10, glass panels with PVB interlayers
show larger deflection (for long time loading and an increasing temperature this deflec-
tion is double) in comparison with ionoplast interlayers for the presented combinations
(thickness of the glass panel, load duration, and temperature).

The total thickness of the glass in all of the presented models is 16 mm, but with
different distributions of thickness in the glass panels: 6 mm + 10 mm; 8 mm + 8 mm; and
10 mm + 6 mm. We can notice that, for nonsymmetrical panels, the position of thinner and
thicker glass plates (6 mm + 10 mm and 10 mm + 6 mm) does not provide the difference in
the total deflection of the panels, and those values are slightly lower than the deflection
from a symmetrical distribution of plates (8 mm + 8 mm) (Figures 10-12).

For the same laminated glass panels, appropriate isosurfaces for stresses are presented
in Figures 13-15.

Analyzing stress in regard to thickness dispositions, we can notice that for nonsym-
metrical glass plate dispositions, greater stress appears in cases where the thicker glass
plate is at the bottom (6 mm + 10 mm) for both types of interlayers. The greatest dif-
ference is visible sfor a loading of one month at 30 °C. For example, in this case, the
stresses in laminated glass with a disposition of 6 mm + 10 mm with PVB interlayers are
19.23% greater (Figures 13a and 15a) than those of laminated glass with a disposition of
10 mm + 6 mm. Additionally, for laminated glass panels with ionoplast interlayers, stresses
are 7.05% greater than those for laminated glass with a disposition of 10 mm + 6 mm
(Figures 13b and 15b). The symmetrical disposition (8 mm + 8 mm) shows values of stress
between two presented limits (6 mm + 10 mm and 10 mm + 6 mm) (Figure 14).
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Isosurfaces deflection function - PVB - 6+d+10 mm configuration

log (t[s])

(@)

Isosurfaces deflection function - lonoplast - 6+d+10 mm configuration

log (t[s])

(b)

Figure 10. Isosurfaces for deflection in a model with an upper glass plate of 6 mm + a bottom glass
plate of 10 mm with (a) PVB interlayers; (b) ionoplast interlayers.
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Isosurfaces deflection function - PVB - 8+d+8 mm configuration

log (t[s])

(a)

Isosurfaces deflection function - lonoplast - 8+d+8 mm configuration

log (t[s])

(b)

Figure 11. Isosurfaces for deflection in a model with an upper glass plate of 8 mm + a bottom glass
plate of 8 mm with (a) PVB interlayers; (b) ionoplast interlayers.
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Isosurfaces deflection function - PVB - 10+d+6 mm configuration

log (t[s])

(@)

Isosurfaces deflection function - lonoplast - 10+d+6 mm configuration

log (t[s])

(b)

Figure 12. Isosurfaces for deflection in a model with an upper glass plate of 10 mm + a bottom glass
plate of 6 mm with (a) PVB interlayers; (b) ionoplast interlayers.
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Isosurfaces stress function - PVB - 6+d+10 mm configuration
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Isosurface stress function - lonoplast - 6+d+10 mm configuration
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Figure 13. Isosurfaces for stress in a model with an upper glass plate of 6 mm + a bottom glass plate
of 10 mm with (a) PVB interlayers; (b) ionoplast interlayers.
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Isosurfaces stress function - PVB - 8+d+8 mm configuration
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Figure 14. Isosurfaces for stress in a model with an upper glass plate of 8 mm + a bottom glass plate
of 8 mm with (a) PVB interlayers; (b) ionoplast interlayers.
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Isosurfaces stress function - PVB - 10+d+6 mm configuration
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Figure 15. Isosurfaces for stress in a model with an upper glass plate of 10 mm + a bottom glass plate
of 6 mm with (a) PVB interlayers; (b) ionoplast interlayers.

For temperatures up to 25 °C, an increase in interlayer thickness, for the ionoplast
model, shows the positive effect of increasing the panel stiffness, resulting in lower deflec-
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tion. For example, a glass panel with a disposition of 6 mm + 10 mm with an ionoplast
interlayer thickness of 0.89 mm has 15.91% larger deflection compared to the same dis-
position glass panel with an ionoplast interlayer thickness of 2.28 mm. However, for
temperatures above 35 °C, this effect is different, and for a long-term load the increase in
interlayer thickness brings an 11.94% larger deflection of the panel when comparing an
ionoplast interlayer thickness of 0.89 mm with one of 2.28 mm.

A different trend is observed in the model with PVB interlayers where it can be seen
that, at lower temperatures (up to 25 °C) and shorter loadings, an increase in interlayer
thickness does not provide any influence on the deflection. For longer loadings, an increase
in the thickness of PVB interlayers shows an unfavorable effect, where deflection is approx-
imately 13.62% higher when increasing the interlayer thickness from 0.76 mm to 2.28 mm
when exposed to temperatures up to 25 °C. This difference between deflections decreases
during higher temperatures (40 °C).

For long-term loading and increased temperatures, PVB interlayers show unfavorable
effects regarding bearing capacity in comparison with stiffer interlayers, such as ionomers.
These observations also match those of other experimental tests in the literature; see [41].
In graphs from Figures 10-15, we can see the benefits of ionoplast interlayers, but taking
into consideration all other aspects, such as cost and availability, gives PVB interlayers the
advantage, regardless of their slightly lower bearing capacity.

5. Conclusions

In this work, experimental and numerical analyses of laminated glass panels exposed
to four-point bending (EN 1288-3:2000 [35]) are presented. First, the validation of the
numerical model is performed, and then a model with different geometries is developed.
Models composed of two glass plates with different thicknesses coupled with two types
of interlayers are tested. The parametric study performed presents the influence of the
temperature, load duration, type, and thickness of the interlayers, and the symmetric
as well as nonsymmetric dispositions of the thicknesses of glass plates on the stresses
and deflections of the laminated glass panels. To obtain the relationship between the
load duration, temperature, and thickness of the interlayers compared to the maximum
deflection (as a measure of flexural stiffness) and tension stress in the bottom glass plate,
an analytical polynomial of three independent variables with unknown coefficients is
defined. Every functional independence of these three variables (load duration, ambient
temperature, and thickness of the interlayers) is defined by a second-order polynomial that
generated a sixth-total-order polynomial. Isosurfaces are created, showing the dependence
of the deflection and stress on the specified parameters, and clearly showing differences in
the behavior of laminated glass panels for the same conditions with different interlayers.

The observed parameters have a significant influence on the bearing capacity of
laminated glass panels, and they are of great importance in the design of glass structures.
From the parametric study we can conclude that:

o  Comparing deflections, laminated glass panels with ionoplast interlayers provide
generally higher stiffness than the same model with PVB (Saflex DG41) interlayers does.
This behavior is expected, because an ionoplast interlayer is an ionomer-based material
that provides the highest level of structural performance [23], which contributes to
increasing the stiffness of laminated glass and thus causes less deflection.

e  Taking into account that the total thickness of glass in all of the models is 16 mm, we
can see that, for nonsymmetrical panels, the position of thinner and thicker plates
(6 mm + 10 mm and 10 mm + 6 mm) does not provide a difference in the total deflec-
tion of the panels, and these values are slightly lower than those from symmetrical
dispositions of plates (8§ mm + 8 mm). The dominant influence on the size of the
deflection is the total thickness of the panels, which justifies the different approaches
of calculating the effective thickness of the panels.

o When comparing the stresses on the bottom plate, we can see that due to the asymmet-
ric dispositions of the plate, higher stresses occur in cases where the plate is thicker
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at the bottom. This behavior is expected, because that part of the panel has a higher
bending stiffness, withstanding higher load levels, resulting in higher stresses in that
part. In the case of symmetrical dispositions (8 mm + 8 mm) of the panel, the expected
stress values are between the previously mentioned two load limits for laminated
glass with a panel disposition of 6 mm + 10 mm and 10 mm + 6 mm.

e  For lower temperatures (up to 20 °C), an increase in the interlayer thickness, for the
ionoplast model, shows the positive effect of increasing the panel stiffness, resulting
in lower deflection. However, for temperatures above 35 °C, that effect disappears,
and for long-term loading, the increase in the interlayer thickness brings a slightly
higher deflection of the panel. A different trend is observed in the model with PVB
(Saflex DG41, EASTMAN, Kingsport, TN, USA) interlayers, where it can be seen that
at lower temperatures and shorter loadings, the increased thickness of the interlayers
does not provide any influence on the deflection. The PVB (Saflex DG41) will be able
to transfer a significant amount of shear force between the glass plates, and in this case
the laminated panel has a bending stiffness of a similar magnitude to an equivalent
monolithic panel of the same overall thickness.

e  For higher temperatures and longer loadings, the increase in the interlayer thickness
shows an unfavorable effect, where deflection is increased with an increased interlayer
thickness. The same effect is visible for the load duration, where we observe greater
deflections for longer load durations in both models, but this trend is more pronounced
in models with PVB (Saflex DG41) interlayers. When this type of PVB is exposed to
higher temperatures, its stiffness decreases, which is clearly manifested by the fall of
Young’s modulus, and it begins to behave in a similar manner to rubber, which results
in an increased deflection.
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Appendix A

The dataset with 48 gridded entries, consisting of four sets of load duration, four sets
of temperature, and three sets of interlayer thickness, is presented in Tables A1-A3. The
datasets are used to obtain functions, and they are divided into two classes of materials
(PVB and ionoplast) and three classes of glass plate-thickness dispositions.
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Table Al. Dataset for plate-thickness disposition 10 + d + 6 (mm).

o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.642 1.960 4.185 5.737 1.645 1.652 1.657 1.660
25 1.673 4.255 5.586 6.141 1.660 1.690 1.739 1.820
30 1.920 5.580 6.048 6.753 1.684 1.770 2.232 2.081
40 5.200 6.320 6.996 7.421 1.865 2.964 3.329 3.467
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 11.820 12.273 14.893 21.577 11.809 11.821 11.834 11.840
25 11.865 15.169 20.949 23.349 11.834 11.885 11.963 12.090
30 12.218 20.897 22.930 25.903 11.874 12.012 12.605 13.226
40 19.276 24.102 26.977 28.790 12.150 13.382 13.739 13.882
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.835 2.077 3.909 5.403 1.837 1.843 1.847 1.852
25 1.858 3.963 5.245 5.827 1.848 1.872 1.907 1.971
30 2.040 5.234 5.724 6.500 1.866 1.931 2.279 2.732
40 4.860 6.015 6.778 7.279 2.000 2.858 3.158 3.274
o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 12.614 12.910 14.676 19.998 12.605 12.612 12.621 12.624
25 12.641 14.731 19.339 21.891 12.620 12.652 12.703 12.783
30 12.886 19.266 21.429 24.810 12.646 12.732 13.159 13.615
40 17.619 22.710 26.000 28.180 12.822 13.733 14.000 14.113
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 2.064 2.210 3.457 4.736 1.978 1.981 1.984 1.988
25 2.077 3.447 4.561 5.157 1.984 2.000 2.023 2.065
30 2.181 4.525 5.031 5.907 1.996 2.038 2.266 2.576
40 4.177 5.323 6.241 6.922 2.083 2.664 2.881 2.967
Temp (°C) . PVB . IONOPLAST
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 13.508 13.630 14.740 16.885 13.133 13.138 13.140 13.145
25 13.516 14.725 16.105 18.756 13.142 13.161 13.185 13.232
30 13.605 15.964 18.195 22.075 13.157 13.203 13.481 13.813
40 15.320 19.515 23.544 26.557 13.256 13.898 14.103 14.182
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Table A2. Dataset for plate-thickness disposition 6 + d + 10 (mm).

o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.640 1.960 4.183 5.733 1.645 1.652 1.657 1.660
25 1.670 4.253 5.582 6.135 1.660 1.690 1.739 1.825
30 1.919 5.575 6.042 6.742 1.680 1.770 2.232 2.810
40 5.201 6.312 6.982 7.395 1.865 2.964 3.329 3.467
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 11.440 12.784 19.698 24.349 11.444 11.490 11.522 11.559
25 11.619 19.910 23.896 25.557 11.536 11.710 11.940 12.301
30 12.631 23.876 25.274 27.401 11.674 12.083 13.761 15.617
40 22.746 26.094 28.146 29.511 12.461 16.096 17.201 17.612
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.835 2.077 3.907 5.402 1.837 1.843 1.847 1.852
25 1.858 3.962 5.242 5.824 1.848 1.872 1.907 1.971
30 2.042 5.231 5.720 6.493 1.866 1.931 2.279 2.732
40 4.855 6.010 6.768 7.260 2.001 2.857 3.158 3.274
o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 12.362 13.416 19.086 23.483 12.365 12.403 12.429 12.459
25 12.506 19.249 23.014 24.730 12.439 12.579 12.761 13.044
30 13.292 22.984 24.426 26.707 12.549 12.873 14.176 15.649
40 21.833 25.279 27.528 29.051 13.166 16.037 16.947 17.291
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 2.063 2.203 3.421 4.707 2.022 2.026 2.029 2.032
25 2.076 3.440 4.540 5.133 2.029 2.045 2.068 2.110
30 2.180 4.520 5.013 5.888 2.041 2.083 2.312 2.624
40 4.174 5.317 6.230 6.907 2.129 2.713 2.931 3.018
Temp (°C) . PVB . IONOPLAST
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 13.400 14.093 17.921 21.643 13.218 13.247 13.267 13.290
25 13.498 17.992 21.160 22.867 13.273 13.376 13.509 13.712
30 14.006 21.102 22.528 25.042 13.354 13.589 14.504 15.552
40 20.108 23.399 26.025 27.994 13.797 15.833 16.507 16.767
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Table A3. Dataset for plate-thickness disposition 8 + d + 8 (mm).

o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.614 1.971 4.223 6.060 1.815 1.821 1.825 1.831
25 1.647 4.621 5.851 6.597 1.827 1.852 1.892 1.963
30 1.918 6.266 6.460 7.800 1.846 1.918 2.308 2.823
40 5.790 7.224 7.834 8.691 1.996 2.966 3.314 3.450
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 11.458 12.591 18.121 22.108 12.360 12.388 12.409 12.434
25 11.600 18.718 21.654 23.277 12.417 12.527 12.675 12.907
30 12.449 22.383 22975 25.827 12.504 12.767 13.872 15.103
40 21.317 24.517 25.973 27.980 13.010 15.424 16.212 16.514
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 1.812 2.084 4.223 6.061 1.815 1.821 1.258 1.831
25 1.837 4.265 5.851 6.597 1.827 1.852 1.892 1.963
30 2.040 5.827 6.458 7.470 1.846 1.918 2.308 2.822
40 5.356 6.826 7.834 8.501 1.996 2.966 3.314 3.449
o PVB IONOPLAST
Temp (°C) . .
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 12.361 13.225 18.121 22.108 12.360 12.390 12.409 12.435
25 12.471 18.217 21.654 23.227 12.417 12.528 12.675 12.907
30 13.111 21.603 22.975 25.171 12.504 12.767 13.872 15.103
40 20.580 23.776 25.973 27.534 13.010 15.424 16.212 16.514
o PVB IONOPLAST
Temp (°C) - -
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 2.049 2.211 3.644 5.197 2.007 2.011 2.014 2.019
25 2.063 3.460 4.979 5.721 2.015 2.032 2.058 2.105
30 2.018 4.939 5.564 6.681 2.028 2.075 2.333 2.688
40 4.514 5.937 7.119 8.027 2.125 2.789 3.042 3.142
Temp (°C) . PVB . IONOPLAST
1 min 24h 1 month 10 years 1 min 24h 1 month 10 years
10 13.385 13.931 17.225 20.514 13.200 13.222 13.236 13.258
25 13.456 17.224 20.060 21.615 13.241 13.321 13.425 13.590
30 13.850 19.971 21.285 23.633 13.303 13.490 14.244 15.131
40 19.071 22.057 24.554 26.474 13.659 15.365 15.926 16.147
Appendix B

The calculated coefficients for displacement and stress functions for three glass plate-
thickness dispositions are presented in Tables A4 and A5.
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Abstract: Solar energy applications rely heavily on p-block elements and transition metals. Silicon is,
by far, the most commonly used material in photovoltaic cells and accounts for about 85% of modules
sold presently. Of late, thin film photovoltaic cells have gained momentum because of their higher
efficiencies. Most of these thin film devices are made out of just five elements, namely, cadmium,
tellurium, selenium, indium, gallium and copper. The present manuscript describes an elegant and
inexpensive molten salt-based electrolytic process for fabricating a tellurium-coated metallic substrate.
A three-electrode set up was employed to coat iridium with tellurium from a molten bath containing
lithium chloride, lithium oxide and tellurium tetrachloride (LiCl-Li,O-TeCly) at 650 °C for a duration
ranging from 30 to 120 min under a galvanostatic mode. The tellurium coating was observed to be
thick, uniform, smooth and homogeneous. Additionally, the deposited tellurium did not chemically
react with the iridium substrate to form intermetallic compounds, which is a good feature from the
standpoint of the device’s performance characteristics. The present process, being generic in nature,
shows the potential for the manufacture of both the coated substates and high-purity elements not
just for tellurium but also for other p-block elements.

Keywords: molten salt; three-electrode set up; galvanostatic deposition; p-block elements;
coated component

1. Introduction

P-block elements, ranging from group 13 through 18 except helium from group 18
in the periodic table, consist of metals, nonmetals and semimetals/metalloids. Some of
these elements, such as silicon, selenium, tellurium, bismuth, indium, gallium, germanium
and their compounds/alloys, are extensively used in many key technologies including
the clean energy sector. Due to an increased demand for photovoltaic cells, some of these
elements have become the most sought-after commodities for the manufacture of these de-
vices/modules to capture solar energy in a cost-effective manner. At present, silicon (both
in crystalline and amorphous forms) dominates the photovoltaic market. Other forms of
solar modules (thin film/perovskite /organic/quantum dots/multijunction/concentration
photovoltaics) are gradually emerging in the scene because of their inexpensiveness, ver-
sality and relatively better efficiencies. In order to cater to the increasing demand, the
recycling of waste photovoltaic modules to recover precious metals, such as germanium,
selenium, tellurium and remove toxic elements (cadmium, lead) has, in recent years, gained
global momentum [1-3].

From a device-fabrication standpoint, these elements are mostly preferred as coat-
ings on a suitable substrate, such as metals, glass or plastics, and are routinely used as
semiconductors, photovoltaics, phase change memory materials, high performance ther-
moelectric materials and alloy-additive components/films [4,5]. Tellurium, being one of
the p-block elements, is widely used in photovoltaic modules [6]. Coating of tellurium has
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been traditionally carried out by multiple techniques, such as physical vapor deposition
(PVD), chemical vapor deposition (CVD), ion implantation, atomic layer deposition (ALD)
and electrodeposition [7-10]. Unlike the vacuum-assisted manufacturing methods (which
are essentially top-down processes with several flow control/adjustment attachments),
electrodeposition processes offer a one-pot and bottom-up synthesis approach whereby all
the precursor components are present in one single solution. As a result of the inherent
advantages associated with the electrodeposition techniques, these processes have been
widely used in the fabrication of advanced engineering materials including metals, alloys,
compounds, semimetals, non-metals and thin films.

A number of studies on the electrodeposition of p-block elements, their alloys and com-
pounds including tellurium, from aqueous-based baths have shown limited success. Some
of these drawbacks include (i) the low solubility of the functional electrolytes (compounds
containing silicon, tellurium, selenium) in water/organic electrolytes (ii) non-adherence
of the films/coatings on the substrate materials (iii) solubility of the electrodeposited ma-
terial/coating in the electrolyte and (iv) formation of relatively thin deposits/coatings.
For example, tellurium coatings prepared from aqueous solutions including ionic liquids,
were reported to be of inferior quality [11-13]. These coatings, when prepared from a
ternary chloride melt (AlCl3-NaCl-KCl, using TeCly as the functional electrolyte), have
also been observed to suffer from similar inadequacies. The electrochemical behavior of
tellurium in the ternary melt has been reported to be complex in nature [12]. Moreover,
the electrodeposited layers were observed to be non-adherent and dissolved into the melt
immediately after formation [12]. Another example is aluminum-coated steels, prepared
from low temperature chloride melts in the temperature range of 160-180 °C. These coat-
ings were also observed to be of non-adherent type besides not being able to show good
corrosion-resistance abilities. [13,14]. It appears that a relatively elevated temperature may
remove some of the limitations that are inherent to low-temperature coating/deposition
processes. A recent study from our laboratory, has indeed shown the superior features
of the coated components in terms of good adhesion and excellent corrosion-resistance
properties in a simulated marine environment [15]. Several published literatures also
support such a viewpoint wherein elevated temperatures have been shown to promote
formation of smooth, adherent, thick and relatively uniform deposits/coatings [16,17]. One
of the key factors, among others, that contribute to the formation of relatively thicker elec-
trodeposits/coatings can be ascribed to the increased solubility of the functional electrolyte.
Unlike aqueous electrolytes and ionic liquids, molten salts are endowed with this property
as these can operate at elevated temperatures.

The present study describes results from one of our recent experimental research
efforts whereby the focus was to examine the suitability of a platinum group metal (PGM)
for its deployment as an oxygen-evolving electrode during the electrochemical reduction
of used uranium oxide. The specific objective of the research was to study the chemical
interactions of a group of reactive gaseous elements (oxygen, selenium, tellurium and
iodine) that were made to generate electrochemically, on the performance characteristics as
well as mechanical integrity of the PGM. Platinum, as an inert anode, is known to undergo
degradation during the electrochemical reduction of uranium oxide [18]. The specific
objective of the present experiment was to replace platinum with another PGM, namely
iridium, to examine its interaction with tellurium. In situ generated tellurium, via the
electrochemical reduction of tellurium tetrachloride (TeCly), was deposited on the iridium
to examine its chemical interaction with iridium.

2. Experimental

The electrochemical runs were carried out in an argon atmosphere (containing < 0.1 ppm
of moisture and oxygen) by placing the electrochemical cell (Figure 1) in the glove box.
High purity and a combination of ultra-dry LiCl-1.0 wt.% Li,O was used as the supporting
electrolyte. Anhydrous TeCly (equivalent to 0.25 wt.% tellurium) was used as the source of
tellurium (functional electrolytes). A three-electrode setup, consisting of an iridium wire
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(1 mm dia., 99.8% pure), molybdenum coil (made from 1 mm dia., 99.9% pure Mo wire) and
glassy carbon (3 mm dia. and 100 mm long) as working, counter and reference electrodes,
respectively (Figure 2), was used to carry out the electrodeposition test runs. The electrodes
were sheathed with high purity alumina tubes to insulate them (from establishing possible
electrical contacts with the electrochemical cell). A magnesia crucible was used to contain
the molten electrolyte.
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Figure 2. Three-electrode set up (iridium wire as the working electrode; glassy carbon as the pseudo
reference electrode and molybdenum coil as the counter electrode).

The electrochemical cell was assembled, electrodes were placed above the crucible (in
a vertical position) and the furnace was switched on to the heating mode in a controlled
manner. The temperature was set at 650 °C and the measured temperature, during elec-
trodeposition tests, was observed to be 650 & 2 °C. The melt was allowed to homogenize
for about an hour prior to the electrochemical measurements. The electrodes were lowered
into the melt and electrical connections were made via the Biologic potentiostat-galvanostat
to record the experimental data. The electrodeposition runs were carried out, at constant
current mode (0.5-2.0 A) and at 650 °C, using a suite of transient electrochemical techniques.
The coated samples were evaluated and characterized by XRD and ICP-MS measurements.
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3. Results and Discussion
3.1. Cyclic Voltammetric Measurements

A series of cyclic voltammetric (CV) measurements, at different scan rates (0.025-0.15 V s,
were performed to determine the decomposition voltage of the TeCly. The CV data showed
consistency (in the measured values of the decomposition voltage), both during the ca-
thodic deposition of tellurium (on iridium) and anodic stripping of tellurium (back to the
electrolyte). Figure 3 shows a typical CV indicating the deposition of tellurium (during
cathodic sweep) and its dissolution (in the electrolyte) during the reverse (also known as
anodic) sweep. The appearance of a single redox peak indicated that the deposition of
tellurium and its subsequent stripping occurred in one step. The nature of the CV plot
indicated the electrode kinetics to be reversible and diffusion controlled.

Te'— rTe'“—m'[
4 Anodic-sweep-T \4

i Cathodic-sweep-9

4 Te' —Te' g

-1 0.8 -0.6 -0.4 -0.2 0
Voltage, V

Figure 3. Cyclic voltammogram (CV) of TeCly in LiCl-LipO-TeCly electrolyte, [Te**] -0.25 wt.%,
S=05cm? T —650 °C.

The appearance of a single peak, during the square wave (SQV) measurement, fol-
lowed by the CV measurements, further confirmed the fact that the tellurium deposition
and dissolution occurred in just one step (Figure 4).
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Figure 4. Square Wave Voltammogram of the TeCly: Pulse height —25 mV, potential step —10 mV,
Frequency —8 Hz.
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3.2. Galvanostatic Experiment

After experimentally determining the decomposition voltage of TeCly, both by CV
and SQV electrolysis experiments, were performed at constant current to deposit tellurium
onto the iridium cathode. The galvanostatic experiments were carried out both at 0.1 A
and then at 0.2 A for a total duration ranging between 30-120 min. A steady voltage (after
an initial instability) indicated the deposition of tellurium into iridium (Figure 5).
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Figure 5. Voltage vs. time profile: current —0.2 A and duration —120 min.

The deposition run was stopped after 120 min to allow the furnace to cool to room
temperature. The iridium wire was subsequently taken out of the electrochemical cell
for further evaluation and characterization. The iridium wire, after the removal from the
electrochemical cell, was observed to have been coated with a smooth, adherent, uniform
and thick tellurium (surface) coating (Figure 6).

Figure 6. Tellurium-coated iridium wire (before washing/cleaning).

3.3. Inductively Coupled Plasma—Mass Spectrometric (ICP-MS) Analysis of the Deposit

The deposit (Figure 6) was scraped with a knife to analyze its chemical composition
(without washing). As expected, the analysis indicated the presence of two major elements
(tellurium and lithium) (Table 1).

Table 1. ICP-MS analysis of the scraped coating.

Element Amount (wt.%)
Li 75.8
Te 242
Ir 0.1

3.4. XRD Patterns of the Deposits

A small portion of the unwashed deposit was cut and subjected to the XRD to deter-
mine the phase compositions. The XRD pattern indicated the formation of four distinct
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Counts (a.u.)

phases, as follows: elemental tellurium, two lithium telluride phases, LiTes, Li,Te, respec-
tively and elemental iridium. The XRD did not reveal the formation of any iridium telluride
phase(s) (IrxTey). The coated wire was subsequently washed with distilled water to remove
the salt and analyze the integrity of surface tellurium on iridium. The XRD (Figure 7)
indicated the presence of tellurium as the major phase with traces of lithium and iridium
as the minor phase.
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Figure 7. XRD pattern of the washed tellurium-coated iridium substrate/wire.

Although thermodynamics favors the formation of two iridium tellurides (IrTe; and
IrTey 47, respectively) [19], the XRD pattern did not indicate their formation. Perhaps
their formation was inhibited due to kinetic considerations. These results have led to the
following conclusions:

1. Unlike platinum, the mechanical integrity of iridium was not observed to have been
adversely impacted. Iridium and tellurium did not form any brittle telluride phases.
These studies have clearly indicated the superior features of iridium over platinum.

2. The tellurium deposit was observed to be highly pure.

3. The tellurium coating on iridium was observed to be smooth, thick and adherent.
The coating did not undergo any spallation and/or form cracks even after repeated
washing.

4. Iridium can be used as a metal substrate to form tellurium-coated components for
solar energy devices.

4. Conclusions

Present experimental studies have conclusively established the feasibility of preparing
p-block elements, such as tellurium, via an inexpensive molten-salt electrochemical process.
Besides being cost-effective in nature, the electrochemical process shows five tangible
benefits: (i) preparation of pure elements (ii) possibility of the fabrication of in situ coated
components for direct use in a device (iii) easy control of deposition parameters to control
the tellurium thickness on the metallic substrates (iv) generic nature of the molten salt
electrochemical process for the fabrication of other p-block elements/coatings and (v)
superior features of iridium as a potential metallic substrate material.
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Abstract: The surface composition and morphology of FA( gsMAq 15Pb(Ip g5Brg 15)3 films fabricated
by the spin-coating method with different concentrations of NH;,-POSS were investigated with atomic
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), angle-resolved X-ray photoelectron
spectroscopy (AR-XPS), and Fourier transform infrared spectroscopy (FTIR). It was found that the
surface composition of the FA(gsMA( 15Pb(Iy g5Brg 15)3 films was changed regularly through the
interaction between NH,-POSS and the perovskite film. The corresponding surface morphological
changes were also observed. When the concentration of NH,-POSS exceeded 10 mg/mL, a lot of
cracks on the surface of the perovskite film were observed and the surface morphology was damaged.
The surface composition and its distribution can be adjusted by changing the concentration of
NH,-POSS and the proper concentration of NH,-POSS can substantially improve the quality of
perovskite film.

Keywords: perovskite film; NH,-POSS; surface composition; morphology; photoemission spectroscopy

1. Introduction

Hybrid organic-inorganic perovskite (HOIP) semiconductors have attracted a lot of
intensive interest recently owing to their excellent advantages, such as a large absorption
coefficient, long charge carrier diffusion lengths, and distinguished optoelectronic prop-
erties [1-8]. Recently, a power conversion efficiency (PCE) of 25.5% was certified by the
National Renewable Energy Laboratory [9]. It is known that the stability of perovskite
films is poor in wet environments, which leads to a decrease of the efficiency decrease or
even failure of perovskite solar cells (PSCs). In order to obtain high-performance PSCs, a
lot of studies have focused on interface engineering, such as optimizing the transmission
layer material, interface control, and surface modification [10-15]. Among them, surface
modification (e.g., metal ion doping and modification of common chemical additives)
is one of the effective methods to improve the performance of organic-inorganic hybrid
perovskite devices.

Zhou et al. explored an effective approach for simultaneous passivation of cation
and anion vacancy defects in perovskite materials by adding NaF and achieved a power
conversion efficiency of 21.46% [16]. Liu et al. found that a power conversion efficiency of
20.13% was realized by doping different proportions of Cs* in the (CH3NH3);.xCsxPbls
perovskite film [17]. Seok et al. demonstrated that the introduction of additional iodide
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ions into the organic cation solution can reduce the concentration of deep defects and
achieved a power conversion efficiency of 22.1% [18]. Marco et al. reported that the carrier
lifetimes and open circuit voltages in hybrid perovskite solar cells can be enhanced via
introducing guanidinium-based additives [19]. Snaith et al. reported that treating the
crystal surfaces with the Lewis bases thiophene and pyridine can reduce nonradiative
electron-hole recombination in the CH3NH3Pbl3 «Cly perovskite film [20]. Park et al. found
that adding a tiny amount of potassium iodide to perovskite materials can greatly reduce
current-voltage hysteresis and the potassium ion was best for preventing Frenkel defects
as compared to other alkali metal cations [21].

Here, we introduce a new chemical additive, namely, polyhedral oligomeric silsesquiox-
ane (POSS), which is non-toxic and tasteless, and has good biocompatibility, stability, and
other characteristics. The POSS molecules have a rigid cage-like stereo structures with
nanometer sizes and it can be used to prepare new organic-inorganic hybrid materials [22-25].
For example, the aminopropyllsobutyl POSS (NH,-POSS) has been used to passivate the
surface of perovskite films due to its excellent chemical stability and optical properties [26].
Because the FA(gsMA( 15Pb(Ig85Brg 15)3 polycrystalline film has obvious defects at the
grain boundaries, Chen et al. reported that the NH,-POSS passivation at the surface
and grain boundaries of perovskite film can significantly reduce the trap density and
trap state energy level, which in turn enhances the PCE from 18.1% to 20.5% [27]. Some
fundamental problems are still unclear, such as the change of the surface composition
and the distribution of chemical components in perovskite films modified by different
NH;,-POSS concentrations.

In this study, surface modification of the FAjgsMA( 15Pb(Ip 5Brp 15)3 films was car-
ried out by introducing the chemical additive NH,-POSS. X-ray, angle-resolved X-ray
photoelectron spectroscopy (XPS, AR-XPS), atomic force microscopy (AFM), and Fourier
transformed infrared spectroscopy (FTIR) were used to study the effects of NH,-POSS on
the surface composition, component distribution, and surface morphology of perovskite
films. It was found that NH,-POSS not only changes the surface composition and its
distribution, but also modifies the surface morphology of the perovskite films due to the
interaction between NH,-POSS and the perovskite. The quality of the perovskite film can
be improved by using a proper concentration of NH,-POSS. The surface uniformity of the
perovskite film is damaged when the concentration of NH,-POSS is above 10 mg/mL.

2. Experimental

The FA( gsMA( 15Pb (Ips5Br( 15)3 films and NH;,-POSS were prepared according to
the reported procedure [27]. The Pbl, solution was deposited by spin coating at 2000 rpm
for 30 s and dried at 70 °C for 30 min. After the Pbl,-coated substrate was cooled to
room temperature (25 °C) in a nitrogen glovebox, a solution composed of HC(NH>),I,
CH;3;NH;I, CH3NH;3Br, and CH3NH;3Cl was deposited by spin coating at 3000 rpm for 30 s
in a nitrogen glovebox and dried at 150 °C for 15 min in air. The NH;-POSS solution in
chlorobenzene was dropped onto the perovskite substrate, immediately followed by spin
coating at 3000 rpm for 30 s, and then annealing at 100 °C for 5 min to completely remove
the solvent.

The FA( 8sMAq 15Pb(Ip g5Br( 15)3 films modified by different concentrations of NH,-POSS
were sent into the characterization chamber for photoelectron spectroscopy measure-
ments. The XPS was measured with a monochromatic Microfocus X-ray Source (Al K,
hv = 1486.7 eV). For XPS, a resolution of 0.65 eV of the spectrometer was chosen with a
pass energy of 40 eV. The binding energies of all XPS were calibrated and referenced to
the Femi level (Eg) of the sample [28-31]. The morphology of the perovskite films was
measured ex situ using an Agilent 5500AFM/SPM system. The structures of perovskites
with/without NH,-POSS were characterized by a Fourier transform infrared spectropho-
tometer (NicoletTM iS™ 50 FTIR Spectrometer; Thermo Fisher, Waltham, MA, USA) using
the KBr wafer technique. All measurements were taken at room temperature.
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3. Results and Discussion

The chemical structure of NH,-POSS is shown in Figure 1a, where the Si, O, H, C, and
N atoms are represented by brownish-red, cyan, white, gray, and red balls, respectively.
The NH,-POSS was introduced into perovskite films through a spin-coating method and
the XPS full scan spectra of the perovskite films fabricated with different concentrations
of NH,-POSS are shown in Figure 1b,c. The Si 2p peak appeared at about 103.81 eV
when the concentration of NH,-POSS was 3 mg/mL, and the intensity of Si 2p changed
consistently as the concentration of NH,-POSS was increased. In addition, the FTIR
spectrum shows that the peak located at about 1103 cm ™! corresponds to the asymmetric
stretching vibration of Si-O-5i [32] (see the Supplementary Materials Figure S1). This
indicates that the NH,-POSS was successfully introduced into the surface of the perovskite
films. It is also remarkable that a slight presence of the oxygen component was detected in
the XPS full-scan spectra of the perovskite film without NH,-POSS modification, which
can be attributed to contamination from the ex situ preparation of the sample [33].
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Figure 1. (a) The chemical structure of NH,-POSS. The presence of Si features is from NH,-POSS.
(b) The schematic scheme of the surface modification process with NH,-POSS. (c) The XPS full-scan
spectra of the perovskite films fabricated with different concentrations of NH,-POSS.

We further analyzed the element compositions of perovskite films before and after
modification by NH,-POSS. In Figure 2, the I 3ds5,,, Pb 4f;,5, and N 1s core level of the
perovskite films fabricated with different concentrations of NH,-POSS are presented. For
visual clarity, all the spectra were normalized to the same height. As shown in Figure 2a,
the I 3ds,, core level is located at about 619.55 eV (I1) for the as-grown perovskite film,
corresponding to the I component in the perovskite film. After modification by NH,-POSS,
we observed that a new peak at about 620.74 eV (I2) appeared at the high binding energy.
As the concentration of NH,-POSS increased from 3 to 20 mg/mL, the position of the I1
and 12 peak was unchanged. Similar to the I element, the Pb 4f; /,-related peaks located at
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about 138.78 eV (Pb1) can be attributed to the Pb component in the perovskite film, and a
new peak located at about 140.23 eV (Pb2) was observed after modification by NH,-POSS,
as shown in Figure 2b. Comparing Figure 2a with Figure 2b, it is found that the intensity
of the I2 and Pb2 peaks increased with the increase of the NH,-POSS concentration. This
indicates that NH,-POSS is attached to the perovskite film surface via the interaction
between the amino anchoring group and the Pb-I lattice [20,34]. In Figure 2c, the N 1s
core level includes more than one peak before and after modification by NH,-POSS for
all perovskite films. For the as-grown perovskite film, the N 1s core level located at about
400.94 (N1) and 402.77 eV (N2) can be assigned to the N element in FA and MA, respectively.
It is found that the intensity of N2 increases after modification by NH,-POSS, which can be
attributed to the introduction of the N element in NH,-POSS. In addition, the full width at
half maxima (FWHM) of N1 remained basically unchanged as the NH,-POSS concentration
was increased from 0 to 20 mg/mL, while the FWHM of N2 increased from 1.14 to 2.84 eV
(see the Supplementary Materials Table S1). This could be due to the interaction between
NH,-POSS molecules and perovskite films.
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Figure 2. XPS spectra of (a) I 3ds/,, (b) Pb 4f; 5, and (c) N 1s for perovskite films fabricated with different concentrations of
NH,-POSS. (d) The ratio of 12/11 and Pb2/Pb1 with different concentrations of NH,-POSS.

As shown in Figure 2d, the ratio of 12/11 and Pb2/Pb1 increases as the concentration
of NH,-POSS increased and it can be divided into two different stages. In the first stage,
the ratio of 12/I1 and Pb2/Pb1 increases linearly and slowly before the concentration
of NH,-POSS reaches 10 mg/mL. The same trend of the 12/1I1 ratio and Pb2/Pb1 ratio
indicated an interaction between NH,-POSS and perovskite film during the first stage,
which agrees with previously reported results [27,34]. In the second stage, the ratio of 12/11
and Pb2/Pb1 increases quickly with further increasing of the concentration of NH,-POSS,
indicating that the interaction between NH,-POSS and perovskite film was changed. It is
further proven that the compositions of the perovskite films can be affected by NH,-POSS.

As shown in Figure 3, the atomic concentrations of all components were plotted as a
function of the concentration of NH,-POSS. It is observed that the atomic concentration
of I1, Pb1, N1, and C3 decreases as the concentration of NH,-POSS increases, which can
be attributed to the surface modification with NH,-POSS. As shown in Figure 3a,b, the
atomic concentration of I1 is about 12% and 6% at 0° and 60° (take-off angle), respectively,
when the concentration of NH-POSS is 3 mg/mL. It is the same for the components Pb1,
N1, and C3, which come from the perovskite film. In Figure 3b, the atomic concentration
of Si is about 23% at 3 mg/mL NH,-POSS. It increases to about 25% at 5 mg/mL and
then slightly increases as the concentration of NH,-POSS increases, which is the same for
C1, Si, and O from NH;-POSS. Otherwise, the content of 12 and Pb2 increases slowly as
the concentration of NH»-POSS increases, as shown in Figure 3a,b. It indicates that there

82



Crystals 2021, 11, 1544

is interaction between NH,-POSS and the perovskite film, mostly on the surface of the
perovskite film.
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Figure 3. Atomic concentration of all components in the perovskite films as a function of the
concentration of NH,-POSS. (a) The take-off angle is 0°; (b) the take-off angle is 60°.

The relative depth plot of the chemical components of perovskite films fabricated with
different concentrations of NH,-POSS is shown in Figure 4. For the as-grown perovskite
film, it is observed that the C3 component has a smaller relative depth, the I1 component
has a grater relative depth, and the N1 and Pb1 components have a moderate relative depth,
as shown in Figure 4a. After modification by NH,-POSS, the Si, O, and C1 components
have a smaller relative depth; and the Pb2 component has a greater relative depth when
the concentration of NH»-POSS is 3 or 5 mg/mL, as shown in Figure 4b,c. With a further

increase of the concentration of NH,-POSS, the Pb2, Si, C1, and O components have a
smaller relative depth. When the concentration of NH;,-POSS reaches 10 mg/mL, the
relative depth of Pb2 changes significantly, as shown in Figure 4d. This indicates that
the interfacial reaction between NH,-POSS and superficial perovskite is complete and
the Pb2 is mostly on the surface. As the take-off angle reaches 60°, the content of Pb2
remains basically unchanged and that of Pb1 decreases, so Pb2 has a smaller relative depth.
The relative depth of Pb1, 12, N1, and I1 remains almost unchanged at the concentration

of 10 mg/mL. This can be attributed to the interaction between the perovskite film and
NH,-POSS, which has an influence on the surface composition and its structure.

Figure 5 shows the surface morphologies of the perovskite films fabricated with differ-
ent concentrations of NH,-POSS investigated using AFM. The height profiles correspond
to the height variation of the blue line in the AFM images. It can be clearly observed
that the surface morphologies of the perovskite films are changed by NH,-POSS. The
morphology of the as-grown perovskite film is shown in Figure 5a. Crystalline particles
are found on the surface, and the corresponding root mean square (RMS) is 24.87 nm.

After the modification by NH,-POSS, the surface morphologies of the perovskite films
were changed significantly and no crystalline particle was observed on the surface, as
shown in Figure 5b—f. When the concentration of NH,-POSS is 10 mg/mL, the RMS is
about 12.43 nm, which is the lowest value of all modified perovskite films. It is noticeable
that there are a lot of cracks on the surface of the perovskite films, and the height profile is
obviously concave downward when the concentration of NH,-POSS exceeds 10 mg/mL, as
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shown in Figure 5e f. It suggests that the NH,-POSS can damage the surface morphology
when the concentration of NH,-POSS is 15 and 20 mg/mL, which will lead to a decrease of
the device’s performance. As a matter of fact, the best device performance was obtained
after modification with 10 mg/mL NH,-POSS in a previous study [27].
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Figure 5. AFM images of perovskite films fabricated with different concentrations of NH,-POSS. The height profiles
correspond to the height variation of the blue line in the AFM images.
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Figure 6 shows the device performances of perovskite films modified with a NH,-POSS
concentration of 0, 3, 5, 10, 15, and 20 mg/mL. It is well known that the most important
parameters for the PSCs are open-circuit (Vo), short-circuit (Js.), fill factor (FF), and power
conversion efficiency (PCE). As shown in Figure 6d, we found that the best PCE of the
perovskite solar cells is about 17.40% when the NH,-POSS concentration is 10 mg/mL.
According to the box distribution of these parameters, we found that V. increases as the
concentration of NH,-POSS increases from 0 to 10 mg/mL, which reduces the recombina-
tion of the carrier at the interface and improves the corresponding Js.. Thus, the perovskite
film modified with 10 mg/mL NH;-POSS shows the best device performance. This in-
dicates that the changes of the surface morphology and composition of the perovskite
films are closely related to the device’s performance. Similarly, the PCE of the perovskite
solar cell increases to 15.6% from 13.3% by introducing an appropriate POSS passivation
layer between the perovskite and hole transporting layers, which is useful to significantly
increase the grain size of the perovskite film and also increase the short-circuit current
and open-circuit voltage [35]. Otherwise, the electronic structure and surface composi-
tion of perovskite films can be adjusted by the incorporation of CsPbBr; nanocrystals,
and the photovoltaic performance of the perovskite solar cell is enhanced [36]. Thus, a
good way to improve the device performance is by adjusting the surface properties of the
perovskite film.
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Figure 6. Photovoltaic metric for perovskite solar cells fabricated with different concentrations of
NH,-POSS. (a) open-circuit (Voc), (b) short-circuit (Jsc), (c) fill factor (FF), and (d) power conversion
efficiency (PCE).

4. Conclusions

In summary, we investigated the surface morphology, surface composition, and distri-
bution of FAg gsMA 15Pb(Ip g5Bro 15)3 films after modification by different concentrations of
NH,-POSS using AFM, XPS, AR-XPS, and FTIR. It was found that the surface composition
and morphology of perovskite films can be influenced by NH,-POSS. The surface compo-
sition and its distribution can be adjusted by changing the concentration of NH,-POSS.
The surface morphology of the perovskite film was damaged when the concentration of
NH,-POSS exceeded 10 mg/mL. Thus, the proper concentration of NH,-POSS would
improve the quality of perovskite film. Our analysis provides insight for the underlining
mechanisms of controlling the properties of perovskite films by adjusting the concentra-
tions of the modified materials, which will be useful for improving the performances of
perovskite solar cells.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cryst11121544/s1, Figure S1: FTIR spectrum of perovskite with/without NH,-POSS; Table S1:
XPS fitting data for perovskite films fabricated with different concentration of NH,-POSS.
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Abstract: Chalcones belong to the flavonoids family and are natural compounds which show promis-
ing larvicidal property against Aedes aegypti larvae. Aiming to obtain a synthetic chalcone derivative
with high larvicidal activity, herein, a bromochalcone derivative, namely (E)-3-(4-butylphenyl)-1-(4-
bromophenyl)-prop-2-en-1-one (BBP), was designed, synthesized and extensively characterized by
TH- and 13C- nuclear magnetic resonance (NMR), infrared (IR), Raman spectroscopy, mass spectrom-
etry (MS), ultraviolet-visible spectroscopy (UV-Vis), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and X-ray diffraction. Further, the quantum mechanics calculations
implemented at the B3LYP/6-311+G(d)* level of the theory indicate that the supramolecular ar-
rangement was stabilized by C-H- - - O and edge-to-face C-H- - - 7w interactions. The EGAP calculated
(3.97 eV) indicates a good reactivity value compared with other similar chalcone derivatives. Further-
more, the synthesized bromochalcone derivative shows promising larvicidal activity (mortality up to
80% at 57.6 mg-L ™) against Ae. aegypti larvae.

Keywords: bromochalcone; X-ray diffraction; BBLYP/6-311+G(d); larvicide; A. aegypti larvae

1. Introduction

Chalcones are open-chain flavonoid compounds with an «,3-unsaturated, carbonyl
group consisting of two aromatic rings with a range of substituents [1,2]. These molecules
can be isolated from pigments commonly found in plants or synthesized by the classic
Claisen-Schmidt method [3-5]. This class is a privileged structure with biological activities
such as anti-inflammatory [6], anticancer [7,8], antifungal [9,10], antibacterial [2], antioxi-
dant [11], and antiparasitary [12,13]. Likewise, substituting groups on the aromatic rings
of chalcone can modulate its larvicidal activity. In this context, the understanding of the
structure—activity relationship of chalcones and their larvicidal activity is still a challenge.

Yellow fever, chikungunya, dengue fever, and Zika are infectious diseases transmitted
by the bite of the Aedes aegypti mosquito [14]. It is calculated that more than 2.5 billion people
live in transmission risk areas (e.g., Brazil, some African countries) [15]. Due to the absence
of a prophylactic vaccine, these infectious diseases can only be contained by combating the
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vector insect [16]. Nowadays, one of the most accepted methods for controlling infectious
diseases transmitted by Ae. aegypti is through the application of chemical larvicides.
Organophosphate, organochlorine, and synthetic pyrethroid insecticides are used in public
health control measures [17]. Nevertheless, these larvicides still show some issues e.g.,
(i) low selectivity, (ii) environment damage, and (iii) toxicity for humans. In this regard,
chalcones (a natural product) have been tested as a potential larvicide, showing promising
results [18-21].

To obtain a chalcone derivative with larvicidal activity, herein, we reported the design,
synthesis, and structural description of a chalcone, namely (E)-3-(4-butylphenyl)-1-(4-
bromophenyl)-prop-2-en-1-one (BBP) (Figure 1), using the density functional theory (DFT)
implemented at the B3LYP/6-311+G(d)* level of the theory [22-24]. Moreover, this work de-
scribes the full characterization of BBP by nuclear magnetic resonance (NMR), infrared (IR),
Raman spectroscopy, mass spectrometry (MS), ultraviolet—visible spectroscopy (UV-Vis),
thermogravimetric analysis (TG), and differential scanning calorimetry (DSC). Addition-
ally, the supramolecular arrangements were analyzed by X-ray diffraction and Hirshfeld
surfaces (HS) to understand the electrophilic and nucleophilic reactions, and hydrogen
bond interactions’ connectivity [22,25] was observed, which may influence its larvicidal
activity. Furthermore, the larvicidal activity (mortality) of BBP against Ae. aegypti larvae
(L3) were evaluated.

0
>

Br
Figure 1. Molecular structure of 3-(4-butylphenyl)-1-(4-bromophenyl)-prop-2-en-1-one (BBP).

2. Materials and Methods
2.1. Synthesis and Crystallization

Chemicals and solvents required for BBP synthesis were obtained from commercial
sources and used without further purification. 4-Butylbenzaldehyde (1 mmol; 162.3 mg)
and 4’-bromo-acetophenone (1 mmol; 199.0 mg) were added in ethanol (0.5 mL). Then,
pulverized KOH (1 mmol; 56.1 mg) was added, and the reaction mixture was kept under
manual shaking for 3 min at 25 °C. The reaction’s progress was monitored by thin-layer
chromatography (TLC) (silica gel 60 UV254 plate), using CH,Cl, as an eluent. Then,
crystals were obtained and collected by vacuum filtration, followed by a crystallization
process using ethanol as a solvent. BBP was obtained in 95% yield (0.95 mmol; 326.0 mg).
C19H19BrO (342.06 g/mol); white solid, and m.p. 109.8 °C. To grow BBP crystals, the finely
powdered sample was added to a conical flask with a known volume of dichloromethane,
then the solution was recrystallized by the diffusion of pentane vapor in a dichloromethane
solution and kept at room temperature for slow evaporation for 72 h until crystal formation.

2.2. Spectroscopic and Thermal Characterization

A Bruker Avance 500MHZ NMR spectrometer was used to obtain 'H- and '3C-NMR
spectra using TMS as the internal standard and CDCl3 as the solvent. The corresponding
shifts reveal the purity of the compound.

The IR spectrum was recorded using a Perkin Elmer (8400S FT-IR) spectrometer in
the wavenumber range 400-4000 cm ™! by the KBr technique. Raman measurements were
performed on a WITec Alpha 300 RAS microscope (WITec, Ulm, Germany). The excitation
wavelength was 785 nm, the detection range was 100-4000 cm™ !, with the resolution
of 1 ecm~1. The spectra were collected with a 20x magnification objective (Zeiss, Jena,
Germany). Spectra were recorded with the integration time of 30 s and 2 accumulations.
Obtained spectra were processed using WITec Project FOUR and Origin 2016 software.
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Gas chromatogram and mass spectrum (GC-MS) were recorded in Shimadzu (QP2010
Ultra) equipped with capillary column CBP-5 (30 x 0.25 x 0.25); the injection volume
was 1.0 pL in split mode and helium as drag gas with 1.0 mL.min-1 flow. The injector
temperature was 280 °C, and the detector was 310 °C. The initial oven temperature was
100 °C (for 2 min), followed by a heating ramp of 30 °C.min ! till 300 °C, then 300 °C
for 10 min. Solid-state UV-vis spectra were obtained using a Cary 5000 UV-Vis-NIR spec-
trometer. IR (KBr): 1659 v(C=0); 1599 v(C=C); 1419 v(C=C) aromatic ring; 987 v(CH=CH);
571 v(C-Br) cm~!; FT-Raman: 1659 v(C=0); 1599 v(C=C); 1421 v(C=C) aromatic ring; 989
v(CH=CH); 699 v(C-Br) cm~1; MS (i /z): 342, 344, 287, 285, 263 and 57; UV-vis (DMSO):
A =213, 336 nm.

TGA was performed in the Perkin Elmer Pyris (ITGA model) equipment. The evalua-
tion was carried out with a 2.131 mg sample mass in an alumina crucible. The TGA was
performed on the BBP compound at an initial temperature ranging from 25 °C to 600 °C,
with a heating rate of 10 °C-min~! under nitrogen purge gases with 20 mL-min~"' flow.
DSC (214 Polyma, Netzsch) measurements were carried out in platinum crucibles with
the crucibles sealed without drilling the lid. A sample weighing 1.91 mg was used in the
crucibles. The temperature range was 20-200 °C applied at a heating rate of 10 °C-min !,
under a dynamic 5.0 N, atmosphere of 40 mL-min~!. For these analyses, a correction was
performed to eliminate the background.

2.3. X-ray Diffraction Analysis

A suitable crystal of BPP was selected, kept at 119.99 K, and the X-ray diffraction
was collected on a Bruker APEX-II CCD diffractometer with wavelength radiation MoKo
A =0.71073 A. The size of the crystal used was 0.226 x 0.197 x 0.044 mm?>. The structure
was solved by direct methods with the intrinsic phasing method (SHELXT) [26] using Olex2
1.3 version [27] and refined by least-squares minimization with SHELXL [28]. All hydrogen
atoms were fixed at the calculated position, and potential hydrogen-bond interactions
were verified through Platon [29]. The structure data were deposited in the Cambridge
Crystallography Data Center (CCDC) under code 2069836.

The HS was generated using a standard (high) surface resolution with the three-
dimensional dnorm surfaces mapped over a red to blue [30] fixed-color scale, which is
shorter than the white surface that indicates contacts with distances equal to the sum of van
der Waals [31]. HS is a tool to assess observed intermolecular interactions and is defined by
the weight function w(r) [32]. It is calculated for each atom in a crystal by Equation (1) and
can be determined using Crystal Explorer software [33,34].

Zmolecule p_at (I‘)
— Zmoeie L\ / 1
W(r) Zcrystal piat(r) ( )

The p(r) is the average density, the numerator is a sum over the atoms in the molecule,
and the denominator is the sum over the crystal [33].

2.4. Theoretical Analysis

Electronic calculations were undertaken from experimentally determined atom co-
ordinates. The geometry optimization and vibrational modes were carried out using the
Gaussian 09 [35] packages, through DFT applying B3LYP/6-311+G(d)* as the functional and
basis set to confirm the stability associated with optimized geometries of molecules [36-38],
and a scale factor of 0.9686 was used to mitigate the effects of overestimation in the vi-
bration values calculated via DFT, obtaining better convergence with the experimental
values [39-42]. To check that the optimized geometry was found in a local minimum,
analytic harmonic frequency calculations were undertaken at the identical level of theory.
The absence of imaginary frequencies reveals that the optimized structure is truly at a local
minimum. The highest occupied molecular orbital (HOMO), the lowest unoccupied molec-
ular orbital (LUMO), and the molecular electrostatic potential (MEP) map were graphically
represented by Gaussview 6.0 software (Wallingford, Connecticute, USA) [43].
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2.5. Larvicidal Assays

Aedes aegypti (Rockefeller strain) eggs were provided by Prof. Alex Martins Machado
from the Laboratory of Virology and Cell Culture at the Federal University of Mato Grosso
do Sul, MS, Brazil. These eggs were hatched in a plastic tray containing 1.5 L of dechlo-
rinated water and kept in an incubator under controlled conditions (at 27 + 2 °C under
12:12 h light/dark photoperiod with 73.0 £ 0.4% relative humidity). Once a day, the larvae
were fed with a blend of powdered fish food AlconBASIC® MEP 200 Complex (Alcon,
Camborit, SC, Brazil) and dry yeast, in a 3:1 proportion. Larvae were collected at the third
stage (L3) to be used in the larvicidal assays.

Larvicidal activity assays were performed according to Targanski et al. (2021) [18].
Each bioassay consisted of incubating 10 larvae (L3) in distilled water (20 mL), containing
different concentrations of chalcone (7.2-57.6 mg-L~1). An equivalent volume to the highest
concentration tested (57.6 mg~L*1) was used as a negative control. Larval mortality (%)
was recorded after 48 h. All experiments were carried out in triplicate. The LC25, LC50,
and LC75 values of Ae. aegypti larvae were estimated by non-linear regression, calculated
using Origin 2020 software (OriginLab Corp. 9.7).

3. Results
3.1. Synthesis and Crystallization

BBP chalcone was synthesized by the Claisen-Schmidt condensation protocol. In this
procedure, 4-butylbenzaldehyde, 4’-bromo-acetophenone, and KOH were added in ethanol
and were reacted by manual shaking for 3 min, at 25 °C (Scheme 1). BBP was obtained
in 95% yield (0.95 mmol; 326.0 mg). High-quality crystals of BBP were obtained, and the
molecular modeling analysis was performed.

(e}
v\/©/§0 EtOH/KOH
CH . i
/©)L > R.T.; 3 min Br

4'-putylbenzaldehyde (E)-1-(4-bromophenyl)-3-(4-butylphenyl)-prop-2-en-1-one (BBP)
Scheme 1. Synthesis of 3-(4-butylphenyl)-1-(4-bromophenyl)-prop-2-en-1-one (BBP).

3.2. Structural Analysis

The BBP compound was characterized by IR, Raman, TH- and 13C NMR, MS, TGA,
DSC, UV-Vis, and X-ray diffraction. The characteristic peaks were observed in the FI-
infrared spectroscopy (IR) overlaying the FI-theoretical vibrational frequencies Figure 2.
FT-Raman Figure 3 was carried out on the prior fully optimized geometry at B3LYP/6-
311+G(d). The frequencies are presented in Table 1 and are consistent with the functional
groups present in the BBP. Moreover, Figures 4 and 5 show 'H- and 3C-NMR spectra of
BBP, respectively. These spectra were used to identify the sample purity and structural
conformation of BBP. From the analysis of the spectra, the following chemical shifts are
present: 'H-NMR (500 MHz, CDCl3) § 7.87 (d, ] = 8.6 Hz, 1H), 7.79 (d, ] = 15.7 Hz, 1H), 7.63
(d,J=8.6Hz 1H),7.55(d,] =8.1Hz, 1H), 742 (d, ] = 15.6 Hz, 1H), 7.23 (d, ] = 8.1 Hz, 1H),
2.65(d, ] = 7.7 Hz, 1H), 1.62 (dq, ] = 12.9, 7.6 Hz, 1H), 1.43-1.31 (m, 1H), 0.93 (t, ] = 7.4 Hz,
2H); '3C-NMR (126 MHz, CDCl3): § 195.37, 144.42, 136.81, 133.86, 133.52, 132.27, 132.24,
131.88, 130.46, 129.86, 128.52, 127.60, 127.49, 127.30, 126.58, 125.60, 125.04, 124.53.
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Figure 2. IR Overlay for FT-infrared spectrum of BBP in black and FI-theoretical vibrational frequen-
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Figure 3. FT-Raman spectrum of BBP.
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Table 1. Assignments of FI-IR; theoretical FT-IR and FT-Raman spectral bands for BBP.

Infrared Bands (cm—1)

Theoretical Infrared Bands
(em~1)

Raman Bands (cm~—1)

Assignment

2953 3051.14-3107.11 2993 v(C-H) aromatic

2924 2914.51-2992.48 - v(C-H)

2853 3051.14 - v(=C-H)

1659 1662.49 1661 v(C=0)

1599 1582.93 1599 v(C=C)

1419 1547.44-1603.37 1421 v(C=C) aromatic ring

1330 1302.72 1328 5(-C-H)

- - 1299 5(C-H)

1219 1297, 1327, 1421, 1437 5(C-C)

1185 1113.46-1172.86 1180 5(C-H) aromatic in plane

1068 1039.37 1069 v(C-0) alicyclic, aliphatic

chain vibrations

987 990.73 989 v(CH=CH)
832,810, 773 816.92 898 5(C=0) in plane

571 - 699 v(C-Br)

703,716,738, 776, 813, 836, . . .
- 871,898, 990 5(C-C) aliphatic chains
v: stretching vibrations. 5: bending vibrations.
838 3B333nMMas
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Figure 4. '"H-NMR spectrum of BBP.
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Figure 5. 13C-NMR spectrum of BBP.

The results of the theoretical FI-IR show that the aromatic C—H stretching band occurs
in the range of 3052-3107 cm~!; experimentally, this vibration is observed at 2953 cm~".
The C—H stretching vibrations emerge at the range of 2914-2992 cm™~!; experimentally,
this vibration is observed at 2924 cm~!. Regarding the C-H stretching vibrations in the
vinyl group, these were observed at 3051 cm~!, while experimentally they were observed
at 2853 cm¢. The theoretical bands observed at 1662 cm ™! are assigned to stretching
of the C=0 group, while the experimental band is observed at 1659 cm~!. In terms of
C=C stretching, this is assigned a calculated band at 1582 cm~; this value is closer to that
obtained experimentally: 1599 cm L. Furthermore, the calculated -C-H bending vibration
modes were found at 1302 cm ™!, while experimentally they arise at 1330 cm~!. Moreover,
for aromatic C-H in plane mode, the theoretical value is 1113-1172 cm L experimentally, it
occurs at 1185 cm-1. The alicyclic C—-C and CH=CH theoretical stretching vibrations are
observed at 1039 and 990 cm !, respectively. Meanwhile, experimental bands are assigned
at 1068 and 987 cm ™!, respectively. Finally, the C=0 in-plane bending vibrations arise at
816 cm !, while the experimental values are in the 832, 810, and 773 cm ! regions. All
these values are listed in Table 1.

The theoretical IR band data were supported by analyses from the animation option
of Gaussview 6 [43]. The observed differences between the theoretical and the experi-
mental findings could be explained by the fact that experiments were performed on a
crystalline conformation of the sample, while the theoretical calculations were made for
a free molecule, thus being systematically overestimated for vibrational frequencies [22].
Raman spectroscopy was also used to characterize and determine the quality /purity of
the crystals of BBP. Spectra for each crystal type were normalized to a certain peak (the
exact position of the peak is indicated by arrows on the graphs and in the figure legends).
For the Raman spectrum, the C-H stretching vibrations were observed at 1300-1000 cm ™1,
showing a strong Raman intensity. The C-H out-of-plane deformations were observed at
703, 716, 738, 776, 813, 836, 871, 898, and 990 cm~!. Moreover, peaks at 1297, 1327, 1421,
and 1437 cm ! crystal were observed and assigned to C-C stretching vibrations. A sharp
band at 1599 cm ™! was also observed and assigned to ethylenic bridge vibrations. The C=O
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vibrations were also observed as a weak Raman band at 1661 cm~!. The C=O stretching
vibration is further influenced by the intermolecular hydrogen bonding between the C=O
group and phenyl ring, which may explain the weak Raman band observed. A Raman
peak at 1070 cm ! was used to normalize the spectrum. The characteristic curve and peaks
observed in the TGA and DTG, respectively, are shown in Figure 6.
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Figure 6. TGA and DTG of BBP.

Through the TGA curve, the decomposition of the BBP compound was observed as
a well-defined event, represented by a single DTG peak. The DTG allowed us to see the
temperatures corresponding to the beginning and end of the thermal event. The compound
maintained its mass at temperatures close to 210 °C; then, after this point, one interval of
great mass loss occurred until 300 °C, reaching almost 0% of the weight. Figure 7 displays
the DSC traces and indicates a sharp exothermic peak at 109.8 °C for the heating of the
chalcone crystal. The DSC thermogram indicates direct melting of the crystal phase to the
isotropic liquid phase since the thermogram showed a single endotherm during the heating
cycles. The enthalpy change (AH) was 31.71 kJ.mol .

DSC/(mW/mg) Temp. /°C

4.0—{ yexo 200
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255—

20— Area: 92.69 J/g
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Figure 7. DSC measurement of BBP.
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The UV-Vis absorption spectrum of BBP, Figure 8, clearly shows an absorption band
at 336 nm, which can be attributed to the functional group —C=C—CO and phenyl ring
chromophore and shows a similarity with the chalcone-type molecules.
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Figure 8. UV-vis spectrum of BBP in DMSO.

BBP shows a butyl group and a bromine atom ortho-bonded to aromatic rings A
and B, respectively. It crystallizes into the Pbca space group with a single molecule in
the asymmetric unit. The ortep representation, Figure 9, shows atomic ellipsoids with
similar size and absence of disorder problem [39]. Comprehensive statistical analyses by
Mogul software [44] confirmed the absence of any unusual bond distances, bond angles,
and torsions on observed conformation. The main crystallographic refinement data are
presented in Table 2.

Figure 9. Ortep diagram showing BBP molecule in the asymmetric unit drawing with 50% probabil-
ity ellipsoid.
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Table 2. Crystallographic parameters for BBP.

Crystal Data
Chemical formula C19H19BrO
Mr 343.25
Crystal system, space group Orthorhombic, Pbca
Temperature (K) 120
a,b,c(A) 11.3065 (12), 8.1831 (9), 33.892 (4)
V (A3) 3135.8 (6)
Z 8
Radiation type Mo Ko
u (mm—1) 2.62
Crystal size (mm) 0.23 x 0.20 x 0.04
Data Collection
Diffractometer Bruker APEX-II CCD

Multi-scan SADABS2016/2 (Bruker,2016/2)
was used for absorption correction. wR2(int)
was 0.0455 before and 0.0414 after correction.
The Ratio of minimum to maximum
transmission is 0.7126. The A/2 correction
factor is not present.

Tmin, Tmax 0.662,0.929

No. of measured, independent and observed [I

Absorption correction

> 20(I)] reflections 42,969, 3878, 2966
Rint 0.062
(sin 8/A\)max (A~1) 0.666
Refinement
R[F2 > 20(F2)], wR(F2), S 0.032, 0.068, 1.03
No. of reflections 3878
No. of parameters 191
H-atom treatment H-atom parameters constrained
Apmax, Apmin (e A~3) 0.39, —0.39

Computer programs:Olex2.solve 1.3 [45] SHELXL 2018/3 [46], Olex2 1.3 [27].

Molecular planarity is an important parameter; the higher the number of donor-
receptor interactions in a molecule, the better the electron transfer and nonlinearity. The
planarity in the chalcones is related to donor—acceptor interactions across the main chain
of chalcones, to m-conjugation throughout charge transfer [47,48]. The angle between the
aromatic rings from BBP is 47.05° (Figure 10), being non-planar, decreasing the crystal
packing energy and melting point, thus improving the aqueous solubility. In a search on
CCDC version 5.41 (November 2019) the (E)-1-(4-bromophenyl)-3-phenylprop-2-en-1-one
(BRCHAL) [49] was found, which has the chalcone moiety without the butyl group. It has
two independent molecules in asymmetric unity with similar planarity (angles between
their aromatic rings are 49.70° and 49.98° (Figure 11)); this structure was tested before with
Ae. aegypti, and the results are presented in Table 3.

Figure 10. Illustration of the angles between rings for BBP.
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Figure 11. Illustration of the angles between rings for BRCHAL.

Table 3. Larvicidal activity of BBP on A. aegypti larvae (L3) after 48 h.

LC25-48 h (mg~L*1) * LC50-48 h (mg-L*l) * LC75-48 h (mg-L*l) *
37.7 46.0 54.2
(36.6-38.9) (45.0-46.9) (52.9-55.7)

* LC50, lethal concentration 50% mortality; LC25, lethal concentration 25% mortality; LC75, lethal concentration
75% mortality. Lethal concentrations in 48 h were calculated by non-linear regression of the respective dose—
response curve, with a confidence interval of 95%. Values in parentheses represent lower and upper confidence
limits of the interval.

The supramolecular arrangement of BPP is stabilized by C-H- - - O and the C-H: - - 7.
interactions, with donor—acceptor distances being shorter than the sum of the van der Waals
radii (2.7 A for O and H) [50]. The BPP crystal packing molecules in a layer along the a-axis
are presented in Figure 8 and were responsible for joining the crystal by the C5-H5- - - O1
interaction (d/A, 0/°:2.67 A, 148°), symmetry code, (i) x — 1/2, =y +1/2, —z + 1, and was
also stabilized by edge-to-face C12-H12- - - 7 interaction involving aromatic ring B, shown
in Figure 12 [29]. This was confirmed by the shape index (I) that provides information
regarding 7t- - - m and C-H- - - 7, and dnorm surface(Il), with C-H- - - O observed by the
concave red region over aromatic ring B. Such interactions also explain the observed
conformation of the molecular structure at BBP [25,27].

HS indicates the partition of crystal electron density into molecular fragments from
the three-dimensional space occupied by a molecule, representing the regions of space in
which molecules are in contact with each other [33]. Both donor and acceptor regions are
considered by the dnorm surface, which is based on the normalized function of di (distance
to the nearest nucleus internal to the surface) and de (distance from the point to the nearest
nucleus external to the surface) [51]. The combination of di and de on a two-dimensional
plot (fingerprint) in Figure 13 indicates the nature of intermolecular interaction [51]. The
major interaction lies in H-H (50.04%) and C-H (21.6%), while the halogen Br gives (12.4%)
of interaction with H, and C-H (21.6%). The H-H contacts are the closest contacts for
HS [52].
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Figure 12. Present the packing stabilized by C-H:--O and the C-H--- 7. Interactions that are
confirmed by Hirshfeld surface shape index (I) showing the edge-to-face C-H- - - 7 interactions and
the Hirshfeld surface dnorm map (II) showing C-H- - - O interactions for BBP.
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Figure 13. Hirshfeld surface diagram and two-dimensional fingerprint plots of the nearest internal
distance (di) versus the nearest external distance (de) for major interactions in BBP.

The MEP map can be visualized reflecting the boundaries of the molecule, and it
is useful to identify sites such as hydrogen bonds and regions where electrophilic and
also nucleophilic attacks occur. This information can be used by electrostatic forces acting
over long distances, exploring drug-receptor and enzyme-substrate interactions [53]. The
molecular electrostatic potential V(r) at a point r is defined as Equation (1):

Ve = E i | () @
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where Z; is the charge at nucleus I located at R, and p(r') is the molecular electron density
at a point t near the molecule [54]. Figure 14 shows the calculated MEP of BBP, showing
regions that are well distinguished. Regions with negative electrostatic potential, i.e., C=O
groups, are shown in red; regions with positive electrostatic potential are shown in blue,
which means the region around the hydrogen atoms of the «,3-unsaturated ketone. This
site tends to attract chemical species that are rich in electrons, while species poor in electrons
will be attracted to the C=O region [37,40].

~00s2 [N S T o0

Figure 14. Molecular electrostatic potential map of BBP. The red region is rich in electrons, and the
blue is electron depleted.

The frontier molecular orbitals (FMO) also play an important role in understanding
chemical reaction mechanisms [42]. The LUMO and HOMO of other reactants interact
with each other during the chemical process [53]. They are as follows: ELUMO = —2.57¢V;
EHOMO = —6.54eV. Their representations are presented in Figure 15.

Egap=3.97 eV

Figure 15. Graphical representation of the LUMO and HOMO and the calculated energy gap for BBP.

The energy gap between HOMO and LUMO is an important index for the stability
of molecules, and a small gap automatically means small excitation energies for the man-
ifold of excited states. Therefore, soft molecules, with a small gap, are more polarizable
than hard molecules [55]. The energy values for these properties are: EGAP = 3.97 eV,
hardness n = 1.78 eV, and softness o = 0.56 eV. Comparing EGAP from BBP with other
chalcone publications, ((E)-3-(4-ethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one) has
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EGAP = 6.4007 eV, and ((E)-1-(4-methoxyphenyl)-3-(3,4,5-trimethoxyphenyl) prop-2-en-1-
one) EGAP = 6.2611 eV [56] as well as (E)-1-(2-aminophenyl)-3-(4-nitrophenyl)prop-2-en-1-
one, with EGAP=4.70 eV [57], but BBP presents a smaller EGAP value of 3.97 eV, so it is
more reactive than these other chalcones.

3.3. Larvicidal Activity

According to The World Health Organization, larvicidal compounds should be active
at concentrations value below 100 mg-L~! [18,20,21]. Table 3 presents the larvicidal activity
(LC25, LC50, and LC75) of BBP after 48 h. According to these results, BBP was effective
against third-instar larvae (L3) of A. aegypti, showing LC50-48h = 46 mg-L 1.

Recent studies have identified chalcone derivatives as anti-juvenile compounds (antag-
onists of the juvenile insect hormone) [19]. These natural product derivatives are important
interferences in the physiological processes of insects, such as interference in ecdysis,
metamorphosis, and reproduction, among others [19]. In addition, our results showed
that, as well as lethality among larvae of Ae. aegypti, there was abnormal larval devel-
opment (inhibition of ecdysis) when larvae were exposed to BBP concentrations below
20 mg.L~1. Although there is no lethality at these concentrations, the larvae exposed to
BBP for 48 h showed a gradual reduction in their mobility and lethargy compared to the
control. Figure 16 shows larval mortality (%) as a function of BBP concentration.

—am— Treatment 48h

100 —e— DMSO control
*

80 - {
<
o~
< 60 *
>
=
©
T 40
o
=

20

*
. !/
T T T T T T
0 10 20 30 40 50 60

Concentration (mg.L™")

Figure 16. Ae. aegypti larvae mortality (%) as a function of BBP concentration (mg-L~1). The symbol
(*) indicates statistical significance with the DMSO group (ANOVA /Tukey; p < 0.05).

A mortality rate depends on the concentration of BBP used was observed, presenting
a rate up to 80% at 57.6 mg L 1, in48h (Figure 15). In comparison to the literature, the bro-
mochalcone derivative (BBP) showed greater larvicidal activity than other bromochalcone
derivatives evaluated by Kalirajan et al. (2015) on Culex sp. and Anopheles sp. [58]. Eight
of these molecules showed LC50-24 h values greater than 50 mg-L~!. Table 4 presents the
structure-activity relationship of bromochalcone derivatives concerning Ae. aegypti larvae
mortality (%).
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Table 4. Structure-activity relationship of bromochalcone derivatives concerning A. aegypti larvae
mortality (%).

O
DAA®
Br &
Concentration s o

Entry R (mg L-1) Mortality (%) Ref

1 H 100 70 [18]

2 NO, 100 0 [18]

3 OMe 100 0 [18]

4 (CH;)3CH3 54.2 75 This work

From the analysis of Table 4, there is a significant relationship between the molecular
structure and the larvicidal activity of bromochalcone derivatives. Our results compared to
the literature demonstrated that the presence of withdrawing groups e.g., (R = NO;) and
donating groups e.g., (R = OMe) decreased the larvicidal efficiency when compared to the
unsubstituted chalcone (R = H). Additionally, that study revealed that the insertion of the
butyl group at position 4 (R = (CH,)3CH3) significantly increased the larvicidal activity of
bromochalcone derivatives. This increase in the larvicidal activity of BBP may be related to
the increase in its lipophilicity and interaction with biological membranes. The obtained
results are promising, and bromochalcone derivatives may be a potential arsenal against
Ae. aegypti larvae.

4. Conclusions

A bromochalcone derivative (BBP) was obtained in excellent yield and fully char-
acterized by 'H- and '3C-NMR, IR, FT-Raman, MS, UV-Vis, TGA, and DSC. Moreover,
according to the literature and our study, the substitution pattern of chalcone derivative
influenced its larvicidal activity. In this regard, BBP (a bromo chalcone derivative), which
presents a butyl group at position 4 (R = (CH,)3CHj, significantly showed promising
larvicidal activity (mortality up to 80% at 57.6 mg-L™!) against Ae. aegypti larvae. BBP
showed a non-planar molecular conformation with 2.9° of difference to BRCHAL(R=H)
that presents 5% less mortality than BBP against Ae. aegypti larvae at 100 mg-L~, this
difference between the planarity indicated a small improvement in the solubility in BBP
compared with BRCHAL. The solid-state of BBP was stabilized by intermolecular inter-
actions C-H- - - O and C-H- - - 7, with theoretical calculations indicating electrophilic sites
near oxygen atoms and depleted electrons around the hydrogen of the «,3-unsaturated
ketone. The bandgap was 3.79, which is more polarizable than similar reported structures.
Overall, we presented the synthesis, structural characterization, computational analysis,
and full spectroscopy/thermal characterization of the BBP as well as its larvicidal activity
against Ae. aegypti larvae.
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Abstract: 4,6-Diacetylresorcinol (1) and 3-O-methylellagic acid dihydrate (2), both biologically signif-
icant compounds, were extracted from Bixa orellana and studied using IR, 1H, and 13C NMR, and
UV-vis spectroscopic techniques. X-ray crystallographic techniques were also used to establish the
molecular structure of the isolated compounds 1 and 2. Geometric parameters, vibrational frequen-
cies, and gauge including atomic orbital (GIAO) 'H and '*C NMR of 1 and 2 in the ground state
were computed by the density functional theory (DFT) using B3LYP/6-311G(d,p) basis set backing
up experimental studies and established the correct structure of isolated compounds. The parameters
obtained from the combined DFT, and X-ray diffraction studies are mutually agreed to establish
correct structures of 1 and 2. In addition, an electrostatic potential map and HOMO—LUMO energy
gap were made using the DFT calculation to determine the distribution of energy and the chemical
reactivity region of the isolated compounds. The current study also provides further insights into
the interaction of compound 2 with ct-DNA using numerous biophysical and in silico techniques.
Moreover, in silico studies indicate that compound 2 binds to the DNA in the minor groove. Lipinski’s
rule of five revealed a higher tendency of compound 2 towards drug-likeness. The bioavailability
and synthetic accessibility score for compound 2 was found to be 0.55 and 3.21, suggesting that
compound 2 could serve as an effective therapeutic candidate.

Keywords: Bixa orellana (Family: Bixaceae); 4,6-diacetylresorcinol; 3-O-methylellagic acid dihydrate;
X-ray diffraction; DFT; NMR; frontier molecular orbitals

1. Introduction

The Bixaceae family includes Bixa orellana L., also known as annatto. It is a Central
and South American shrub that grows 3-6 m tall and is one of the oldest plants to produce
natural colors. Originally, the herb was used as body paint, a treatment for heartburn,
an insect repellant, a sunscreen, and to fight off evil. It was named after Francisco de
Orellana, a Spanish conquistador [1]. Constipation, fevers, heartburn, asthma, scabies,
ulcers, diarrhea, stomach upset, skin diseases, measles, anecdotal treatment of diabetes,
allergy, leprosy, infectious diseases, burns, measles, gonorrhea, diarrhea, asthma, angina,
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tumors, skin problems, and urinary infections have all been treated with Bixa orellana in
different areas of the globe (oral and topic) [2,3] for centuries. Indigenous people have
conventionally utilized the pulp from this plant’s seeds externally to increase lips radiance,
which is how Bixa orellana obtained its moniker, “lipstick tree” [4]. Bixa orellana is widely
used in dairy food coloring and bleaching, specifically bakery products, cream desserts,
buttermilk deserts, rice flour, and corn starch [5-7]. In recent decades, several distinct
groups of phytoconstituents, including aliphatic compounds, carotenoids, apocarotenoids,
sterols, volatile oils, monoterpenes, sesquiterpenes, triterpenoids, and other miscellaneous
substances, have been isolated from all parts of this plant [8-10].

In continuance of our ongoing research [11], we herein report the extraction, isolation,
spectroscopic, X-ray crystallographic techniques of two compounds [4-acetylresorcinol (1),
3-O-methylellagic acid dihydrate (2)], derived from the Bixa Orellana leaves. Physiochemical
spectral data (FTIR, UV, 'H NMR, 13C NMR, and MS spectral analysis), including Single
Crystal X-ray Diffraction was used to establish the chemical structure of two isolated
phytoconstituents. Compound 1 has not yet been isolated out of this plant source, to our
knowledge. The structure of 2, which crystallized as white crystals, was validated by X-ray
crystallography. Quantum chemical calculations using the DFT (B3LYP) theory have yet
to be performed on these molecules 1 and 2. The B3LYP functional was adopted because
to its significance in quantum chemistry as well as its precision Geometry calculation, IR,
NMR spectra, and a variety of other molecular properties for compounds were investigated
in this study at the B3LYP/6-311(d,p) level of theory. The FTIR vibrational bands are
interpreted using harmonic force field calculation without scaling, which has a lower
computational cost and is sometimes important in extremely large chemical substances.
Gauge independent atomic orbital (GIAO) approach is used to analyze NMR spectra (‘H
and '3C) in gaseous and solvent phases at the same level of theory. Theoretical results were
compared to experimental data and found to be in good agreement.

2. Materials and Methods
2.1. Reagents and Apparatus

Silica gel (60-120 mesh) used for various chromatographic procedures was supplied
by Merck (India) and Merck (Germany). The various solvents systems employed for thin
layer chromatography were benzene-chloroform (8:2) and petroleum ether (60-80 °C)-
benzene (1:1). A Kofler block was used to record melting points of compounds and were
uncorrected. Carlo Erba analyzer model 1108 was used for elemental analysis (C, H, N).
The IR spectra on KBr pellets were obtained using Interspec-2020 (FTIR) and Shimadzu
IR-408 Perkin-Elmer 1800 (FTIR). UV-Vis recordings in methanolic solution were made
with a Shimadzu UV-1800 UV-Vis spectrophotometer (Shimadzu, Japan). 'H NMR and '3C
NMR spectra were performed in CDClz /DMSO-dg with TMS as an internal standard on
Bruker Avance II 400 MHz spectrometers. Chemical shifts were expressed in ppm (3). In
the MS (EI) mode, mass spectra were recorded on JEOL D—300 mass spectrometer. Iodine
vapor was used to verify purity for the compounds by observing spots on TLC.

2.2. Plant Material

Dr. Athar Ali Khan, Taxonomist, Department of Botany, Aligarh Muslim University,
Aligarh, identified a specimen plant of Bixa orellana L. (Family: Bixaceae) taken from
Allahabad University in Allahabad, India. A specimen with voucher number 243 was
registered at the Botany Department, AMU, Aligarh.

2.3. Extraction and Isolation

The leaves of Bixa orellana (Family: Bixaceae) were shade-dried and ground into pow-
der (2 kg). A dark green gummy mass was obtained after extracting the air-dried powdered
leaves 3 times with 95% ethanol at reflux temperature and evaporating the solvent under
reduced pressure. Petroleum ether (60-80), benzene, ethyl acetate, acetone, and methanol
were applied to extract the dark green gummy mass. Distillation was used to extract the
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solvent. Under reduced pressure, the petroleum ether and benzene extracts were concen-
trated, yielding a greenish sticky substance. The TLC study revealed that petroleum ether
and benzene extracts acted the same way in different solvents, thus extracts were mixed.
To elute the mixed petroleum ether-benzene extract from a silica gel column, a gradient
of increasing solvents was used, including petroleum ether, petroleum ether-benzene,
benzene, ethyl acetate, and eventually methanol. Those fractions with similar TLC char-
acteristics and similar IR spectra were grouped. To obtain pure compounds 1 and 2, they
were purified using repeated column chromatography followed by fractional crystallization
and obtained 4,6-diacetylresorcinol (compound 1) and 3-O-methylalgeic acid dihydrate
(Compound 2) was identified by comparison of m.p., TLC, Co-TLC and spectral data (IR,
TH NMR, '3C NMR and Mass) of authentic samples.

2.4. Spectral Analysis of Isolated Compounds

(1) 4,6-diacetylresorcinol: Colorless shining crystals (40 mg), m.p. 164-166 °C (lit. [12]
164-166 °C). Anal. Calc. for C;9H19Oy4; C, 61.85; H, 5.19; found: C, 61.83; H, 5.21. UV
(MeOH) Amax: 212, 275 and 312 nm. IR (KBr, Vinax cm™1): 1589, 1490 (C=C), 1658 (C=0),
3430 (OH). 'H NMR (400 MHz, DMSO-d, ppm) &: 2.79 (s, 6H, 2 x COCH3), 6.43 (s, 1H,
H-2), 8.21 (s, 1H, H-5), 12.91 (s, 2H, 2 x OH); 1*C NMR (100 MHz, DMSO-dg, ppm) &: 26.12
(2 x CH3), 104.99 (C-5), 113.66 (C-3), 136.31 (C-2), 168.93 (C-4, C-6), 202.52 (C-1); MS (ESI)
(m/z): 194.06 [M+] (C]QH1004).

(2) 3-O-methylellagic acid dihydrate: Ethyl acetate fraction yielded compound 2.
Crystallization from chloroform and methanol gave greenish white crystals (60 mg), m.p.
350-352 °C (lit. [11]). Anal. Calc. for Cy5H12049; C, 51.14; H, 3.41; found: C, 51.13; H,
3.43. UV (MeOH) Amay: 245-400 nm. IR (KBr) v em~1: 3310 (OH), 1721 (C=0), 1450 (C=C),
1171 (C-O). 'H NMR (400 MHz, DMSO-dg, ppm) &: 10.59 (s, 2H, C-4 OH, C-4' OH), 8.72
(s, 1H, C-3' OH), 7.51 (s, 1H, H-5), 7.46 (s, 1H, H-5'), 4.15 (s, 3H, OCHj3). 3C NMR (100
MHz, DMSO-dg) §: 159.02-159.03 (C-7 and C-7’), 154.10-154.14 (C-4 and C-4"), 143.24 (C-3/),
142.02-142.04 (C-2 and C-2'), 141.35 (C-3), 113.20-113.22 (C-6 and C-6'), 112.02-112.04 (C-1
and C-1), 111.10-111.12 (C-5 and C-5'), 62.56 (3'-OCH3). MS (EI): (m/z) 352.41 [M**]
(C15H12010)-

2.5. Crystallographic Analysis

A Bruker Kappa APEXII CCD X-ray diffractometer was used for X-ray diffraction
of single crystals of compounds 1 and 2 at ambient temperature using graphite-based
Mo-K radiation of monochromatic wavelength (A = 0.71073 A). SADABS [13] was used to
make absorption adjustments. The direct technique of SHELXL—97 was used to identify
the expected structure of compounds 1 and 2 and anisotropically refined (non-H atoms)
using SHELXL—97’s complete matrix least-squares on F2 [14]. The hydrogen atoms in the
structures were placed in a superlative location and refined using isotropic displacement
parameters. PLATON [15,16] and ORTEP—3 [17] were used to analyze the layout of the
figures of the structures. The experimental parameters related to the monocrystalline X-ray
examination of 1 and 2 are described in Table S1 (Supplementary Material).

2.6. Computational Procedure

The isolated compounds (1 and 2) from Bixa orellana in their ground electronic states
were subjected to density functional theory (DFT) calculations using density functional
B3LYP-GD3 (Becke’s 3 parameter hybrid functional for the exchange part, the Lee—Yang—
Parr (LYP) correlation function, and Empirical D3 Dispersion [18]) and 6-311G(d,p) basis set
by Gaussian package [19] using WebMO interface [20]. Under a strict convergence criterion,
the isolated compound geometries in Cartesian representation were completely optimized
in the ground electronic state. The ground state optimized geometry of the molecule was
used to detect harmonic vibrational frequencies at the same level of theory. As a result,
no imaginary frequencies were found, leading to the discovery of a true minima on the
potential energy surface. The visualization programs GaussView [21], ChemCraft [22],

108



Crystals 2022, 12, 380

and GaussSum [23] were used to construct realistic images, electronic transitions and
vibrational assignments using animated modes. In the solution phase (CHCl;3 for com-
pound 1 and DMSO for compound 2), the GIAO-B3LYP/6-311G(d,p) level of theory was
employed to measure NMR spectra of compounds applying gauge independent atomic
orbital (GIAO) approach. In addition, UV-Vis spectra of the isolated compounds 1 and 2
were simulated using polarizable continuum model (PCM). Excitation energy, oscillatory
power, wavelength and HOMO-LUMO energy differences were obtained at the basis set
of TD-B3LYP-D3/6-311G (d,p). Molecular electrostatic potential (MEP) diagrams of both
isolated compounds were generated using same level theory applied for optimization of
the isolated compounds in order to predict interactions with neighboring molecules in term
of electrophilic and nucleophilic sites.

2.7. ct-DNA Binding Studies
2.7.1. Sample Preparation for DNA Binding Experiments

To make a 4 mM stock solution, compound 2 was dissolved in ethanol. The compound
working solutions were formed in accordance with the requirements. To dissolve calf
thymus DNA, 10 mM Tris HCI (pH 7.4) was added to the buffer (ct-DNA). The DNA was
kept at 4 °C. To achieve a homogeneous solution, the solution was occasionally stirred. To
evaluate dissolved calf thymus DNA purity, the (Ayq0/A2gp) absorbance ratio was utilized.
The absorbance ratio of solution was 1.81, indicating that it is clean and does not require
to be purified further. DNA content was calculated using the extinction value of molar
6600 M~Tem~! at 260 nm for a single nucleotide.

2.7.2. UV-Visible Absorption Spectroscopy

UV-visible absorption spectrum of compound 2 was measured using a Shimadzu
UV-1800 spectrophotometer. At a fixed concentration of 200 M compound 2, the reaction
mixture was titrated with sequential concentrations of ct-DNA (0-50 M). A 10 mM Tris HC1
buffer was used to adjust the baseline (pH 7.4).

2.7.3. Steady State Fluorescence

An RF-6000 Shimadzu spectrofluorometer was used to obtain steady-state fluorescence
spectra of compound 2. Spectra were obtained by adding ct-DNA (0-125 M) to a constant
concentration of compound 2 (200 M). Compound 2 has a 273 nm excitation wavelength.
The emission wavelength was adjusted accordingly, but the widths of the excitation and
emission slits remained at 5 nm. Stern—Volmer constant (Ksy), binding constant (Kp) and
constant (Kq) of bimolecular enhancement were all calculated using the data.

2.7.4. Circular Dichroism (CD)

A JASCO J-1500 circular dichroism spectrophotometer was used to collect and analyze
the structural changes in ct-DNA produced by compound 2 interaction. The samples,
which contained 200 uM of ct-DNA alone and 200 uM of compound 2 complexed with
ct-DNA (1:1), were photographed at 200 nm/min in 190-340 nm wavelength range. In
each batch of the experiment, a 10 mM Tris HCl (pH 7.4) buffer was utilized, as well as any
necessary background adjustments. An average of 2 scans was used to produce the results.

2.7.5. Docking Studies

Docking analysis of 3-O-methylellagic (2) acid dihydrate was performed using Auto-
dock 4.0 to describe the binding mode of compound 2 to DNA. The crystallographic
information file (cif) of compound 2 was converted to PDB format using Mercury (Cam-
bridge Crystallographic Data Centre). The RCSB database was used to retrieve the crystal
structure of the synthetic DNA dodecamer d(CpGpCpGpApApTpTpCpGpCpG) with Pdb
ID:1BNA. Avogadro was used to minimize the energy of the structures. Before docking,
water molecules were stripped from the structures, Kollman charges were introduced,
and polar hydrogen was supplied. Docking consisted of 10 runs using the Lamarckian
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genetic approach. The default settings for all other parameters were used. The x, y, and
z-axis dimensions of the grid box for compound 2 were set to 26, 30, and 48 A, respectively.
The docking was conducted with a grid spacing of 0.375. UCSF Chimera 1.01, PyMOL
and Accelrys Discovery Studio 4.5 were used to investigate the docked pose in the lowest
configuration in order to determine the likely binding mode of compound 2 with DNA.

2.7.6. Prediction of Drug-Likeness (Lipinski’s Rule of Five)

A rule of thumb (Lipinski’s rule) can be used to analyze the drug-likeness qualities of
chemical compounds and aid in the differentiation of drug-like and non-drug molecules.
The drug-likeness of compound 2 was determined by calculating physiochemical charac-
teristics such as the octanol-water partition coefficient (log P), molecular weight (MW),
molar refractivity, polar surface area, hydrogen bond donors and acceptors. The following
requirements apply: (i) less than 500 Da molecular mass, (ii) less than 5 hydrogen bond
donors, (iii) strong lipophilicity, (iv) fewer than 10 acceptors for hydrogen bonds, and (v) a
molar refractivity of 40 to 130. A tested compound that meets 2 or more of these rules is
referred to as a drug-like molecule. Using online software tools [24], Lipinski’s rule of five
was employed to profile molecules at pH 7.

2.7.7. Synthetic Accessibility and Bioavailability Score Prediction

The SwissADME web tool was used to predict the bioavailability and synthetic acces-
sibility score of the isolated molecule 2. A compound can only be an effective drug [25]
if it has a high bioavailability score and a low synthetic accessibility score (1 = easy to
synthesize; 10 = difficult to synthesize).

3. Results and Discussion
3.1. Crystal Structure, Molecular Geometry and IR Spectral Analysis of 1 and 2

The isolated compounds (Figure 1) have four molecules per unit cell (Z =4)ina P
21/c crystal structure. From single crystal X-ray diffraction data, it is found that the crystal
of both compounds (Figure 2A,B belongs to monoclinic crystal structure with the following
dimensions; a = 7.095(12) A, b = 11.374(19) A, ¢ = 11.66(2) A and the angle of & = 90°,
100.46(3) ° and y = 90° for compound 1 that was reported synthetically in literature [11]
and a = 10.1687(6) A, b = 6.9037(5) A, ¢ = 21.3367(13) A with the angle of = 107.668(3), and
a =7y =90° for compound 2 that was documented elsewhere [26,27]. In the Supplementary
Data (Table S1), full information on crystal structures of compounds 1 and 2 was provided.
Optimization of isolated compounds 1 and 2 were performed using B3LYP-GD3 with
theory level 6-311G (d,p) and optimized structure of both were displayed in Figure 2B and
Figure 3B with numbering pattern of the investigated compounds. Geometric variables
such as bond lengths, bond angle, and torsional angle obtained from optimized structures
(1 and 2) by quantum chemical approach are shown in Table 1. The energy of optimized
structures 1 and 2 has the energy of —1178.55087987 and —688.22154646 au, respectively.
Compound 2 has lower energy (plus the negative) compared to compound 1. It can also
be assumed that compound 2 is more stable than compound 1. In the optimized structure
of 4,6-diacetylresorcinol (1), the bond lengths of C=0, C-O- and -OH were observed as
1.23,1.24 and 1.05 A, respectively, as given in Table 1 and these values were correlated to
bond lengths obtained from X-ray single crystallography experiment (Table 1). Similarly, in
the optimized of 3-O-methylellagic acid (2), the bond lengths of C12-O1, C13-02, C17-O4,
C24=018, C24-011, C25-011, O2-H3, and C13-O1 were noticed as 1.34, 1.35, 1.19, 1.20,
1.39. 1.37, 0.96, and 1.43 A, respectively, which displayed the presence of carboxylic, ester,
and hydroxyl group in the structure of compound 2. These bond length values were
found to correspond with the values obtained as shown in Table 1. from a single X-ray
study. Bond lengths and angles of certain atoms were found to marginally deviate from
the corresponding experimental data. The deviation between certain atoms of the isolated
compounds was found to be slightly large in the case of dihedral angles (°). Due to the
non-covalent intermolecular interaction present in the crystal, these deviations may result
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from the fact that the theoretical calculations were performed under vacuum for a single
isolated compound. The molecular geometries of the isolated compounds 1 and 2 obtained
using XRD and DFT computation with basis set BBLYP/6-311G(d,p) were superimposed
atom by atom (Figure 2C and Figure 3C), and RMSE values of both compounds were found
to be 0.1345 and 0.1063 A, respectively. These low values indicated that theoretical and
experimental structural parameters agreed well.

C

HO

4,6-Diacetylresorcinol (Compound 1)

OH

3-O-methyl ellagic acid dihydrate (Compound 2)

Figure 1. Isolated compounds (1 and 2) from Bixa orellana. leaves.

Figure 2. (A) Optimized geometry, (B) XRD of 4,6-diacetylresorcinol (1) and (C) superposition of the
optimized structure on the experimental structure atom by atom.

M AP PN
. C A TR K

Figure 3. (A) Optimized geometry (B) XRD of 3-O-methylellagic acid dihydrate (2) and (C) superpo-
sition of the optimized structure on the experimental structure atom by atom.
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Table 1. Comparison of important bond lengths [A] bond angles [°] and dihedral angles [°] obtained
by X-ray study and DFT/B3LYP/6-311G(d,p) for molecules 1 and 2.

Bonds ( A) Expt. DFT Angles (°) Expt. DFT Dihedral Angles (°) Expt. DFT
4,6-Diacetylresorcinol (1)
C1-C2 1.38 1.39 C2-C1-Co6 121.0 120.2 C6-C1-C2-H15 —175.2 —179.9
C1-C6 1.41 1.43 C2-C1-014 117.9 118.1 014-C1-C2-C3 179.0 180.0
C1-014 1.34 1.33 C6-C1-014 121.0 121.6 014-C1-C6-C5 -179.5 —180.0
C2-C3 1.37 1.39 C1-C2-C3 119.8 120.8 014-C1-C6-C7 —0.916 —0.004
C2-H15 0.99 1.08 C1-C2-H15 116.9 119.5 C1-C2-C3-013 —178.7 —179.9
C3-C4 1.42 143 C3-C2-H15 122.8 119.5 C15-C2-C3-013 —5.6 —0.0143
C3-013 1.34 1.33 C3-C4-C4 117.9 120.2 C2-C3-013-H23 174.6 179.9
C4-C5 1.38 1.39 C2-C3-013 118.1 118.1 C4-C3-013-H23 —5.0 —0.0051
C4-C10 1.46 1.46 C4-C3-013 120.9 121.6 C3-C4-C10-012 1.3 0.00076
C5-C6 1.39 1.39 C3-C4-C10 120.0 119.7 C5-C4-C10-012 —178.2 179.9
C5-H16 0.99 1.08 C5-C6-C7 121.7 122.4 C5-C6-C7-09 176.9 179.9
C6-C7 1.46 1.46 C6-C7-C8 120.9 120.0 09-C7-C8-H17 10.5 0.0172
C7-C8 1.48 1.51 C6-C7-09 119.8 121.0 09-C7-C8-H18 —106.3 —120.0
C7-09 1.23 1.23 C8-C7-09 119.1 118.8 09-C7-C8-H19 135.7 120.0
0O14-H24 1.05 0.99 C1-C14-024 101.6 106.9 012-C10-C11-H20 —125.3 -119.9
3-O-Methylellagic acid (2)
01-C12 1.35 1.34 C12-01-C28 1159 120.4 C28-01-C12-C13 115.1 146.0
01-C28 1.44 143 H3-02-C13 109.5 108.9 C28-01-C12-C25 —68.7 —36.5
0O2-H3 0.82 0.96 C17-05-C18 122.1 122.7 C12-01-C28-H29 —53.0 —42.5
02-C13 1.34 1.35 H7-06-C19 109.4 108.0 H3-02-C13-C12 172.8 179.2
04-C17 1.20 1.19 C24-011-C25 1224 123.6 H3-02-C13-C14 -73 -11
05-C17 137 1.39 01-C12-C13 118.7 116.0 C18-05-C17-04 —178.0 179.5
05-C18 1.38 1.36 01-C12-C25 122.0 126.0 C18-05-C17-C16 1.9 —0.4
06-H7 0.81 0.96 C13-C12-C25 119.0 117.7 C17-05-C18-C19 178.1 -179.3
06-C19 1.33 1.34 02-C13-C12 114.8 115.7 H7-06-C19-C18 —170.3 179.8
C18-C27 1.38 1.39 02-C13-C14 124.3 122.9 H7-06-C19-C20 10.2 -0.1
C23-C24 1.45 1.46 C13-C14-H15 120.4 120.8 010-C24-011-C25 178.9 —178.8
C19-C20 1.40 1.41 C13-C14-C16 119.1 120.0 010-C24-C23-C21 0.9 —-0.4
C28-H31 0.95 1.09 08-C20-C19 113.9 113.6 H15-C14-C16-C17 —0.04 0.2
C21-H22 0.93 1.08 C19-C18-O5 118.3 118.4 H15-C14-C16-C26 179.4 —179.6
C16-C25 1.39 1.40 C18-C27-C26 118.7 118.5 C18-C27-C23-C24 178.5 179.6

The IR frequencies of the optimized geometry of the isolated compounds 1 and 2 were
computed at the same basis set using a double harmonic approximation. Experimental
and simulated IR spectra of compounds 1 and 2 are demonstrated in Figures 4 and 5.
Table 2 displays the positions of some significant infrared (FTIR) vibrational bands of both
compounds as well as their theoretical values (in cm 1), intensities, and assignments. In
general, harmonic frequencies overestimate the experimental frequency due to systematic
errors triggered by basis set incompleteness error, different approximations, and lack of
vibrational anharmonicity used in both compounds in the current DFT calculations. The
IR data of both compounds 1 and 2 obtained from theoretical and experimental were
compared with the literature [11].
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Figure 4. Theoretical and experimental IR spectra of compound 1.
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Figure 5. Theoretical and experimental IR spectra of compound 2.
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Table 2. Experimental and theoretical IR frequencies (in cm 1) along with IR intensity (in km/mol)
and vibrational assignments of compound 1 and 2.

FTIR Wharmonic Assignments FTIR Wharmonic Assignments
. 3295 vOH 3433 3848-3778 vOH
3291 VasyOH 3159 3184-3179 vCH (ar)
3146, 3119,
3212 vCH (ar) 2927 3035 vasyCH, vCH
3082 3207 vCH (ar) 1723 1820, 1813 vC=0
3147 vCH (ar) 1659 vCC, BHOC
1600
1650,1634,
3146 VCH (ar) 1612, 1560, el
1549, 1526 v
BCOC,
2925 3097 vCH 1518 1504 BHCH,
2851 THCOC
3036 vCH 142 1489 BHCH,THCOC
1696 VasyC=0 1450 vCC, BHOC
1652 1694 vC=0 1361 1382 vO-C,
—_ vasyC-O
VasyC=0, g VasyCC,
~ 1661 o ring 2 1340 1372, 1322 SHoC
=) VCC, VasyCC, < VasyO-C,
= 1627 y 131 Y
S 1588 6 BHOC 2 1293 319 BHCC
o o
£ vO-C, YHOC,
g 1527 BHOC % 1297 SHCC
(]
g s BHOC,
— HCH o
2 1482 PHCH, & 1190 1221 BHCH,
g 1486 tHCCC = THCOC
A BHCH, = BHOC,
2 1472 THCCC g 175 BHCC
: BHCH,
1425 1398 BHCH 3 1060 1167 coc
vO-Cand «®
1290 BHCC (ar) 966 1053, 1000 vO-C
vCC, BHOC
1266 g ’ 921 cce
pCCC 912 7
1214 vO-C, PHCC 867 861 THCCC
(ar)
BCCC,
1092 Thcce 859 outCCCC
v HCH, L. .
964 HCCC 300 807 mix vibration
914 THCCC 759 outOCOC
BCOC,
762 pcce 699 omocce
BCOC,
725 outCCCC 640 BOCC.
BCOC,
674 pcce 575 614 BOCC
556 BCCC, BCCO 539 vCC, BCCC,

v-stretching, vasy asymmetric stretching, B-in plane bending, y-out of plane bending vibrations, t-torsional vibration.

Both compounds 1 and 2 have groups of C-H, aromatic, OH, and C=0 in their structure.
Simulated IR spectra using B3LYP/6-311G(d,p) basis set were compared with experimen-
tal IR spectra to explain vibrations of functional groups, as shown in Figures 4 and 5.
All assignments set out in Table 2 are in accordance with the literature [28]. The bands
due to stretching C-H, C=0, C=C, C-C, ring, C-O as well as in-plane and out-of-plane
deformation vibrations are shown in Table 2. The bands that appeared in the region of
the lower wavenumber were mainly due to mixed vibrations of torsion and out-of-plane
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deformation of the rings. In general, the IR bands vibrate in the range of 3700-2700 cm
due to OH groups (IR Spectrum Table and Chart available on Sigma Aldrich website),
with different intensities showing the nature of -OH groups such as free, inter, or in-
tramolecular bonding in chemical compounds. The IR bands displayed in a broad peak
in compound 1 and 2 at 3427 and 3433 cm ™!, respectively in IR spectra, assigning OH
groups to hydrogen bonding interactions. In the theoretical spectra of 4,6-Diacetylresorcinol
(1) and 3-O-methylellagic acid dihydrate (2), phenolic hydroxyl groups were vibrated at
3295-3291cm ! and 3848-3778 cm ™!, respectively, without applying the scale factor. In
the aromatic structure, the characteristic region for C-H stretching bands usually falls just
above 3000 cm~!. The stretching bands occurred in multiple weak and narrow peaks
at 3082 cm ™! for 1 and 3159 cm~! for compound 2 of the FTIR spectra while theoretical
values of aromatic C-H were observed at 3212-3146 cm™~! and 3184-3179 cm ™!, respectively.
In-plane and out-of-plane C-H bending vibrations exhibit their characteristic bands in the
region 1100-1500, 800-1000, and 650-1000 cm L In present compounds 1 and 2 in-plane
deformation vibrations were observed mixing with vibrations of C-C, C-O-C stretching
bands at 1482, 1472, 1290, and 1214 cm ™~ for 1 and at 1489, 1319, 1297, 1221, 1175, and
1167 cm™! for compound 2, while out of plane bending vibration were noticed mixing with
torsional and out vibration as shown in table. The asymmetric and symmetric stretching
bands of the methyl group (C-H) of chemical compounds in FTIR have been documented
below 3000 cm ! in the 3000-2840 cm ™! range. FTIR spectra of both compounds exhibited
bands at 2925, 2851, and 2927 cm ™!, representing asymmetric and symmetric stretching
bands suggested -CHjz groups in both compounds 1 and 2, while the calculated values at
3097, 3146, 3119, and 3035 cm~! (without scaling factor) were assigned to methyl groups in
the present compounds. In general, the stretching vibration of the normal carbonyl group
referred to without hindrance environment appears with a high intensity peak of about
1700 cm ™. Strong bands visualized at 1652 and 1721 cm ™! with overlapping shoulders
were assigned to C=0 stretching vibrations while calculated bands of carbonyl groups
using B3LYP/6-311G(d,p) basis set in IR spectra were identified at 1696, 1694, 1661 cm !
for 1 and 1820, 1813 cm™! for 2. In most cases, the C-O stretching vibration of the aromatic
ether, alkyl aryl ether, tertiary alcohol, ester, aliphatic ether, secondary alcohol, and primary
alcohol attached to the heterocyclic moiety can cause a strong to medium intensity band in
the 1310-850 cm ™! region. In the present study, stretching vibration bands at 1425, 1361,
and 1293 cm~! were observed in FTIR spectra of compounds (1 and 2). Bands at 1290,
1214, 1382, 1319, 1297, 1053, and 100 cm ! may be due to the various nature C-O stretching
vibrations with mixing of other vibrations in the theoretical study, as shown in table. The
carbon-carbon stretching vibrations of aromatic ring crop up in the region 1625-1430 cm ™.
The C=C stretching vibration of aromatic ring present in compounds (1 and 2) display
their characteristics bands at 1588 and 1425 for 1, 1600, 1422 and 1293 for 2 in FTIR while
calculated bands at 1627 and 1266 for 1, 1659, 1450 and 1297 for 2 were noted with mixing
of other vibrations of various intensity in IR spectra of the isolated compounds.

3.2. Frontier Molecular Orbital and UV-Visible Spectral Analysis

Frontier molecular orbitals (FMOs) referred to HOMO and LUMO involved in chem-
ical reactions. Figure 6 displays the highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbital (LUMO) for compounds 1 and 2 isolated from plant.
HOMO is the orbital, which primarily acts as an electron donor, and LUMO is the orbital,
which primarily acts as an electron acceptor, and molecular chemical stability is defined
by the difference between HOMO and LUMO. It has been noted that the highest occupied
molecular orbitals (HOMOs) are largely distributed over aromatic rings, including C=O
and —OH functional groups excluding C2H15, C5H16 and methyls in compound 1 and O5
in compound 2 whereas LUMOs is completely delocalized on all of the molecules except
OH groups in compound 1 and two OH groups in compound 2 as seen in Figure 6. The
energy gap (Eg) between HOMO and LUMO is a critical parameter to study the nature of
chemical reactivity because it is a parameter of electron transfer from HOMO to LUMO.
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The large value of the gap specifies the most stability and the least reactivity and vice versa.
The energy gaps of compounds 1 and 2 were found to be 4.73 and 3.97 eV, respectively. The
low energy gaps of the two compounds provide an indication of the efficient electronic
transition as well as their high reactivity. The HOMO energy describes the susceptibil-
ity of the molecule towards electrophilic attacks, while the LUMO energy represents the
susceptibility of the molecule to nucleophilic attacks. The lowest singlet to singlet spin
allowed transitions, oscillator strengths, absorption wavelengths, and excitation energies
for 4,6-diacetylresorcinol (1) and 3-O-methylellagic acid dihydrate (2) in solution phase and
comparison of experimental and theoretical UV-vis absorption spectra of both compounds
1 and 2 are presented in Table 3 and Figures 7 and 8. The UV-vis bands observed at 272
and 323 for compound 1 and 255 and 365 nm for compound 2 in solution were assigned
toH—L+1,H-1-L+1, H->L, and H-1-L + 1, H—L, H-3—L + 1, H-2—L transitions
for 1 and H-3—L, H-5—L, H-4—L and H—L, H-1-L, H—=L + 1 transitions for compound
2 as shown in Table 3. The corresponding calculated wavelengths were observed to be
268.5, 251.9, 302.6, and 300.1 nm for compound 1 and 259.7, 252.9, 351.7, and 313.6 nm
for compound 2 in solution. The alteration of the predicted wavelengths was due to the
solvent effect as observed in the two compounds (1 and 2).

3 HOMO

(b)

ELumo =-209¢V ’ ELumo =-222¢V
——— ——

J 9
LUMO LUMO

Eg = 4.73eV Eg = 3.97¢V

9

s 4L
9 Egomo =619 ¢V

EoMO =-682 ¢V

9

HOMO

Figure 6. Energy levels, gaps and localization distribution of HOMO and LUMO (frontier molecular
orbitals) of the (a,b) for compounds 1 and 2, (energies are given in eV).

Table 3. UV/Vis spectral characteristic of compounds 1 and 2 in the solution phase.

4,6-Diacetylresorcinol

Aexp Atheo  E(eV) f Composition (%) Aexp Atheo  E(eV) f Composition (%)
=
on —
2685 4.6167 0.191 H-L+1(99 < 259.7 477  0.049 H-3—L
g 2085 46167 01915 —L+1(99) %§ sy B 0.0498 3—1L(30)
~ H-1-L+1(69), 273 H-5—L (25),
3 2519 49212 0.7777 HSL (25) g Z 2529 490  0.0366 H4 L. (50)
H-1—-L + 1 (26), L g
. | . o 7 . .
3y 3026 40968 01209 HoL (73) Q% 3653 351 352 0.2290 H—L(94)
3001 41314 00366 o 2L+109) 3136 395  0.0269 H-15L (51),

H-2—L (79) HoL+1(4)

Abbreviation used: H-HOMO, L-LUMO, A-wavelength (in nm), E-excitation energy, f-oscillator strength.
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Figure 7. Experimental (a) and calculated (b) UV-vis absorption spectra of the 4,6-Diacetylresorcinol.
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Figure 8. Experimental (a) and calculated (b) UV-vis absorption spectra of the 3-O-methylellagic
acid dihydrate.

3.3. NMR Spectral Analysis

The 'H and 13C-NMR spectra of compounds (1 and 2) and their chemical shifts were
given in ppm downfield form of tetramethylsilane (TMS) and illustrated in Figures 9-12.
Figure 9 & Figures 10 and 11 & Figure 12 depict the 'H and '3C NMR spectra of com-
pounds 1 and 2, respectively. Theoretical calculations were performed to validate the
accuracy of the experimental data collected. Prior to calculating the theoretical chemical
shifts in term of NMR, the molecular geometry of the compounds was optimized using
GIAO-B3LYP with 6-311G(d,p) level of theory. Deuterium exchangeable proton of the -OH
group in 1 showed a chemical shift at 129 ppm based on its integration of two protons as a
singlet peak in 'H-NMR spectrum of compound 1. Its corresponding calculated chemical
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shift was observed at 12.87 ppm. Other singlets resonated at 8.2 and 6.4 ppm showed
aromatic protons flanked by methyl ketone and hydroxyl groups, respectively, whereas
theoretical singlets of aromatic protons were resonated at 8.1 and 6.3 ppm in solution
phase suggesting that chemical shifts were quite similar to experimental values leading
to the identification of exact structure of compound 1. Chemical shifts at 2.1 and 1.6 ppm
may contribute to the methyls attached to the ketone groups, corresponding singlets at 2.7
and 1.9 ppm in theoretical calculations were very close to experimental studies as shown
in Figure 9. As shown in Figure 11 of compound 2, singlets refer to methyl hydrogens
divided into three and observed in the theoretical spectrum at 3.5, 4.1 and 4.8 ppm, which
were observed as a peak at 4.2 ppm in experimental spectrum because the methyl protons
experienced the same chemical environment that caused their overlaps. At7.4 and 7.6 ppm,
aromatic protons were noted as singlets of two aromatic ring protons and corresponding
peaks observed in the theoretical spectrum at 7.60 and 7.63 ppm were very close to the
experimental spectrum. The deuterium exchangeable proton of the three -OH groups in
compound 2 displayed chemical shifts at 4.8, 5.0, and 6.0 ppm as three singlet peaks in
theoretical 'H NMR spectrum of the compound 2. However phenolic groups attached to
various chemical environments on aromatic rings were observed at 8.7 ppm for one proton
and 10.5 ppm assigned to two protons. The theoretical values of NMR displayed good
correlation with experimental values for compounds 1 and 2 except discrepancy was noted
for phenolic protons because of lability of the hydroxyl proton and proximity of another
phenolic group for compound 2.
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Figure 9. Calculated (a) and experimental (b) TH-NMR spectra of the isolated compound 1.

The signals characterized in the 1*C NMR spectra of molecules 1and 2 (Figures 10 and 12)
showed resonance at 206 and 175 for 1 and 162, 162, 159, 154.4, and 144.1 ppm for compound
2, indicating the presence of carbonyl carbons and carbons attached -OH groups present in
aromatic rings in various chemical environments with different chemical shifts in isolated
compounds 1 and 2. Corresponding signals in experimental '3C NMR of compounds 1 and
2 were observed at 202 and 168.9 ppm for 1 and 159, 154, and 143.2 ppm for 2 are closed
to theoretical 1>C NMR spectra of both compounds. Other important signals observed in
the theoretical 3CNMR spectrum at 106.4, 115.3, and 141 ppm were attributed to carbon
flanked by —OH groups, carbons attached to carbonyl groups, and carbon flanked by
carbonyl groups for compound 1 were found to correlate with the signals at 105, 113.6,
and 136.2 ppm in experimental '*C NMR of compound 1. Signals resonated at 26 ppm
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was attributable to carbon atom of the methyl groups bonded to the oxygen atom in
experimental spectrum of compound 1. The estimated theoretical value of 26.4 ppm of
methyl carbon is in accordance with the experimental results. Some other 3C NMR signals
of aromatic carbons directly influenced by functional groups and substituted carbon atoms
including methyl carbon were observed in theoretical spectrum at 140 (-OH-C-C18-O-), 146
(-C12-O-CH3) and 149 ppm (C25-O-C=0), 112.3 (H-C21), 114.2 ppm (H-C14) and 61.2 ppm
(O-C28-) that were resonated in similar pattern with slightly deviation in experiment 13¢
NMR of compound 2.
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Figure 10. Calculated (a) and experimental (b) 13C-NMR spectra of the isolated compound 1.
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Figure 11. Calculated (a) and experimental (b) 'H-NMR spectra of the isolated compound 2.
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Figure 12. Calculated (a) and experimental (b) '*C-NMR spectra of the isolated compound 2.

3.4. Molecular Electrostatic Potential (MEP)

In the study of biological recognition processes and hydrogen bonding interactions,
the MEP map is a useful tool for qualitatively interpreting electrophilic and nucleophilic
reactions [29-31]. Molecular electrostatic potential of 4,6-diacetylresorcinol (1) and 3-
O-methylellagic acid dihydrate (2) are calculated using the optimized structures of both
compounds applying at B3LYP/6-311G(d,p) basis set, and their plots are shown in Figure 13.
Colored figures of compounds 1 and 2 were a significant sign of inter- and intramolecular
interactions and reactivity of molecules. The red to blue color of the graphs reflects the
electron-rich to electron-poor regions. Carbonyl oxygen and hydroxyl oxygen atoms (013,
014, for 1 and 02, 06, O8 with ionizable protons) at the bottom of the reddish region have
an electron rich area of 1 and 2, potentially the most aggressive nucleophilic attack region.
On the other hand, an electron poor region with a bluish color overlying a phenolic proton
of the isolated compounds that may demonstrate an electrophilic behavior.

-4.37 x 107 ’

14.37 x 102][-8.25 x 10-2mmmmss |

(h)

W

Figure 13. Molecular electrostatic potential surface of the compound 1 (a) and compound 2 (b) having
regions rich and poor in electrons, as indicated by the colors red and blue.
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3.5. UV-Visible Absorption Spectroscopy

UV-Visible absorption spectroscopy is one of the most fundamental and extensively
used experimental techniques for evaluating the stability of ct-DNA and interactions with
small ligand molecules [32]. Complex formation is usually accompanied by changes in
the intensity and position of the absorption spectra [33]. The absorption maximum of
compound 2 was centered on 273 nm. The maximum absorption band of compound
2 increased with increasing ct-DNA concentrations, accompanied by a shift of 11 nm,
indicating the formation of a complex, as illustrated in Figure 14. Intercalation as a possible
method of binding was discarded because it typically involves hypochromic or isosbestic
points [32].
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Figure 14. UV-absorption spectra of compound 2 (200 uM) in the presence of increasing concentration
of ct-DNA (0-50 uM).

3.6. Steady-State Fluorescence

Fluorescence spectroscopy is undoubtedly one of the extensively used techniques
for studying the interactions between small ligand molecules and DNA. High sensitivity,
large linear concentration range, and selectivity are its advantages over other techniques.
It can also be used to determine the pattern of compound binding to ct-DNA, as well
as providing a variety of other details about the binding mode, strength, and number of
binding sites in ct-DNA [34]. Compound 2 (200 M) was excited at 273 nm and showed
emission maxima at 367 nm. As demonstrated in Figure 15a, after consecutive additions
of ct-DNA (0-125 uM), the intensity of compound 2 emission grew dramatically. This
suggests the possibility of a complex-forming between them [35].

The Stern—Volmer equation [36] was used to estimate the enhancing mechanism
involved in the process of binding between ct-DNA and compound 2:

Fo

T 1—Ksv[Q] €]
K
Kq = Tiov @
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Figure 15. (a) Steady-state fluorescence spectra of compound 2 in the presence of increasing con-
centration of ct-DNA (0-125 uM). (b) Stern—Volmer plot of compound 2 complexed with ct-DNA to
calculate Kgy and Kg. (¢) Double logarithmic regression plot to calculate the binding constant (Ky,).

The fluorescence intensities in the absence and presence of the quencher (ct-DNA) are
represented by Fy and F, respectively. The Stern—Volmer and the bimolecular enhancement
constant are represented as Ksy and Kg, respectively. In the absence of the quencher, 1y is
the fluorophore’s average lifespan (19 =~ 108 s) [37].

The binding process can be improved in one of two ways: by using a static or dynamic
method. Static enhancement involves the formation of a ground state complex [38], while
dynamic enhancement is largely associated with molecular diffusion.

The slope of the Stern-Volmer plot was used to obtain the K, value for compound
2 in Figure 15b. Equation (2) was used to calculate Kq using the value of Ky, and both
results are given in Table 1. Since the values of K, exceeds the threshold value for dynamic
enhancement 2 x 10" M~ s71, this suggests that rather than a dynamic approach [32], a
static improvement technique should be used.

The binding constant (K},) and interaction stoichiometry (n) were calculated using a
double logarithmic regression plot. [32]:

log(F — Fo)

. o)

=logKp + nlog[DNA]
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where Kj, is the binding constant, and n is the number of binding sites of compound 2 in
ct-DNA double helix. As shown in Figure 15¢, the log [(F — Fy)/F] vs. log [ct-DNA] plot’s
slope and intercept were calculated using Equation (3).

The value of n was discovered to be 1 when compound 2 was complexed with the
ct-DNA interaction. As a result, compound 2 appears to have only one binding site in
ct-DNA. The values of K}, for compound 2 were also determined and are presented in
Table 4.

Table 4. From fluorescence measurements, values of Stern—Vomer, bimolecular enhancement constant,
binding site number and binding constant achieved.

System Ky M) KqM-1s71) n K, M1
Compound 2 1.9 x 10* 1.9 x 1012 1.0 3.8 x 10°

3.7. Circular Dichroism (CD)

Modifications in the secondary structure of ct-DNA [35] can be tracked using a useful
tool, CD spectroscopy. By monitoring variations in the CD spectra of ct-DNA, binding
mechanism of compound 2 to ct-DNA was also confirmed. Base stacking interactions cause
a negative peak at 245 nm, and helicity induces a positive peak at 275 nm in the CD spectra
of ct-DNA [39]. Intercalation entails the creation of an intercalation cavity in which the
compounds can bind, as well as the development of new molecular connections that anchor
the complex. Groove binding, on the other hand, does not require such conformational
changes [37]. Intercalative molecules impair the ct-DNA interaction with base stacking,
altering the negative peak as a result. Groove binders have no effect on the structure of
ct-DNA; hence no such modifications are apparent [35]. No substantial change in the CD
spectra of ct-DNA (200 uM) was found when compound 2 (200 1M) was added, indicating
a groove binding interaction as seen in Figure 16.
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Figure 16. The CD spectra of ct-DNA (200 1M) alone and ct-DNA complexed with compound 2 in
the molar ratio 1:1.

3.8. Docking

Molecular docking is a scoring function-based technique for predicting the interaction
mechanism of a small molecule in a protein’s binding site with the optimal orientation
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and affinity [36]. It is also utilized to back up the findings obtained through spectroscopy
and fluorescence-based experiments. Compound 2 was docked against B-DNA dodecamer
d(CGCGAATTCGCG)2 (PDB ID:1BNA). Docking studies reveal that molecule 2 binds in
DNA’s minor grooves with a binding energy of —8.7 kcal mol !, as illustrated in Figure 17a.
Compound 2 engages with DNA via two hydrogen bonds (DG) with bond lengths of 2.34
and 2.31 A, which help compound 2 binding to DNA to be stable.
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Figure 17. (a) Docked pose of compound 2 binding with DNA. (b) 2D-plot of the interaction.

3.9. Prediction of DRUG-likeness (Lipinski’s Rule of Five)

The early preclinical analysis is greatly assisted by drug-likeness filters, which help
to avoid costly late-stage preclinical and clinical failure. The drug-likeness properties of
the compound were studied by using the Lipinski rule of five. It is a preliminary criterion
for assessing its structural resemblance to an ideal drug [40,41]. Compound 2 under
investigation follows all of the parameters under the ‘Rule of Five’, with no violations
calculated via an online server, and revealed a higher tendency of compound 2 towards
drug-likeness.

3.10. Bioavailability Score and Synthetic Accessibility

Bioavailability difficulties linked with a compound might slow down the therapeutic
development process. For a compound to exhibit its pharmacological action on the body
and be effective as a drug, it must be available in sufficient concentration in the systemic
circulation for a specific duration [42]. To avoid unfavorable outcomes in the future, it is
important to evaluate the compound’s bioavailability early in the therapeutic development
process. Therefore, the bioavailability of compound 2 was determined with the SwissADME
web tool [25]. This web tool determines the bioavailability of the compound based on
the molecular properties and lipophilicity by applying through different principles such
as Lipinski’s rule of five, Ghose filter, Veber filter, Egan filter, and Muegge filter. The
bioavailability score of the isolated molecule (2) was found to be 0.55, which implies that
there is a 55% probability of being bioavailable.

To identify a promising lead compound during the process of virtual screening, it is
preferred to filter out a non-toxic, physiologically active compound with good bioavail-
ability. In addition, the degree of complexity in synthesizing a compound is a factor that
should be considered while choosing the most promising compound [43]. The SwissADME
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web tool was also used to measure the degree of difficulty in synthesizing compound 2.
Synthetic accessibility is a fingerprint-based computational approach for determining how
difficult it is to synthesize a compound. A synthetic accessibility value of 1 indicates that
the compound is relatively easy to synthesize, while the synthetic accessibility score of 10
indicates that the compound is extremely difficult to synthesize. Compound 2 was found
to have a synthetic accessibility score of 3.21, indicating that it will be easier to synthesize.

4. Conclusions

In this paper, two compounds named as 4,6-Diacetylresorcinol (1) and 3-O-methylellagic
acid dihydrate (2), were isolated from the leaves of Bixa orellana, although they have previ-
ously been described in other sources and synthetic methods. The density functional theory
was performed to calculate the electronic structure in support of experimental results. In or-
der to compare spectral data of experimental studies (IR, 'H, 1*C NMR, UV and parameters
obtained from single X-ray diffraction) with theoretical exploration, B3LYP/6-311G(d,p)
was used to optimize geometric parameters in the gas phase, while the NMR and UV-Vis
studies of the optimized compounds performed by GIAO-B3LYP/6-311G(d,p) and PCM-
B3LYP/6-311G(d,p) level theory were applied in the respected solution phase, respectively.
The theoretical and experimental observations of the isolated compound were in good
agreement with the establishment of the chemical structures of both molecules. In addition,
energy of HOMO, LUMO and its gap including the MEP for compound 1 was calculated
that were found to be —6.82 eV, 2.09 eV, and 4.73 eV, respectively, while compound 2 was
—6.19 eV, 2.22 eV, and 3.97 eV respectively, these energy gaps of 4,6-diacetylresorcinol and
3-O-methylellagic acid dihydrate, including MEP, were an indicator of successful electronic
transition and their high reactivity including chemical nature of molecules having various
functional groups for the future course of the drug development response. Using multiple
biophysical and in-silico approaches, the present study adds to our understanding of the in-
teraction of molecule 2 with ct-DNA. UV-absorption and fluorescence spectroscopy confirm
the complex formation between compound 2 with ct-DNA. The value of binding constant
(Kp) obtained was in the order of 10° M. Circular dichroism results of ct-DNA complexed
with compound 2 suggest groove binding mode. Furthermore, in silico studies also suggest
that the binding of compound 2 occurs in the minor groove of the DNA. Lipinski’s rule of
five revealed a higher tendency of compound 2 towards drug-likeness. The bioavailability
score and synthetic accessibility score of compound (2) was found to be 0.55 and 3.21,
suggesting that compound 2 could serve as effective therapeutic candidate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12030380/s1. Table S1. The experimental parameters related
to the monocrystalline X-ray examination of 1 and 2.
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Abstract: Four new gadolinium(III) metal-organic frameworks containing 2,2’-bipyridyl (bpy) or
1,10-phenanthroline (phen) chelate ligands and trans-1,4-cyclohexanedicarboxylate (chdc?~) were
synthesized. Their crystal structures were determined by single-crystal X-ray diffraction analysis.
All four coordination frameworks are based on the binuclear carboxylate building units. In the
compounds [Gd;(bpy)2(chdc)3]-H,O (1) and [Gdj(phen);(chdc)3]-0.5DMEF (2), the six-connected
{Lny(L)2(OOCR)e} blocks form a 3D network with the primitive cubic (pcu) topology. In the com-
pounds [Gd,(NO3),(phen),(chdc),]-2DMF (3) and [Gd,Cly(phen);(chdc),]-0.3DME-2.2dioxane (4),
the four-connected {Lny(L)(X)2OOCR)4} units (where X = NO3 ™~ for 3 or C1~ for 4) form a 2D square-
grid (sql) network. The solid-state luminescent properties were investigated for the synthesized
frameworks. Bpy-containing compound 1 shows no luminescence, possibly due to the paramagnetic
quenching by Gd>* cation. In contrast, the phenathroline-containing MOFs 24 possess yellow
emission under visible excitation (Aex = 460 nm) with the tuning of the characteristic wavelength by
the coordination environment of the metal center.

Keywords: metal-organic frameworks; coordination polymers; rare earth elements; gadolinium;
luminescence

1. Introduction

Metal-organic frameworks (MOFs) are an important class of coordination compounds
extensively studied in recent years. Their porosity as well as a wide variability of metal
centers and organic ligands unveil a route to design materials with highly tunable adsorp-
tion, catalytic, optical and other physico-chemical properties. In particular, lanthanide(III)
MOFs deserve a great interest due to the unique f™ electron configuration of the metal
center and subsequent applications in magnetic and luminescent materials [1-9].

Gadolinium(1II), having a half-filled f” sublevel, takes a special place in the lanthanide
row. This is a most relevant paramagnetic center in the development of contrast agents for
magnetic-resonance tomography and visualization [10-14]. The most intensive electron
transitions in Gd®* occur in the ultraviolet region of 290-318 nm with the narrow-banded
emission and have been applied in common lasers. Under a soft UV and visible excitation,
Gd(III) is a non-emissive center and the luminescence of its coordination compounds is
ligand-centered [15-23].

Trans-1,4-cyclohexanedicarboxylate is quite rare, but is still a commercially available
example of an aliphatic ligand, which saturated backbone is known to have extremely low
UV /vis absorbance and no luminescent activity. Several examples of the distribution of such
unusual optical properties to the coordination frameworks using aliphatic ligands have been
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reported in the literature to date [24-27]. In this work, four new gadolinium(III) trans-1,4-
cyclohexanedicarboxyalte metal-organic frameworks based on the binuclear carboxylate blocks
with the additionally coordinated N-donor chelate ligands were synthesized and characterized.
The determined crystallographic formulas of the compounds are [Gd, (bpy)2(chdc);]-H,O
(1, bpy = 2,2-bipyridyl), [Gd(phen),(chdc);]-0.5DMF (2, phen = 1,10-phenanthroline),
[Gd2(NO3),(phen);(chdc),]-2DMEF (3) and [Gd,Cl, (phen);(chdc);]-0.3DMF-2.2dioxane (4).
A new molecular complex [Gd(DMF),(phen)]Cl; (5) not containing trans-1,4-
cyclohexanedicarboxylate bridge (see Figure Al in Appendix A) was crystallized dur-
ing this work. The successful synthesis of such a series with a non-photoactive bridging
ligand and a non-emissive paramagnetic metal center makes it possible to investigate
the impact of the metal ion coordination environment on the N-donor ligand-centered
luminescence in the corresponding coordination networks.

2. Materials and Methods
2.1. Materials

Trans-1,4-cyclohexanedicarboxylic acid (Hachdc, >97.0%), 2,2'-bipyridyl (bpy, >99.0%) and
1,10-phenanthroline monohydrate (phen-H,O, >98.0%) were received from TCI. Gd(NO3)3-6H,O
(99.9% REO) was received from Dalchem. GdCl3-6H,O (high-purity grade) was received from
Krystall. N,N-dimethylformamide (DMEF, reagent grade) and dioxane were received from Vekton.

2.2. Instruments

IR spectra in KBr pellets were recorded in the range 4000—400 cm ! on a Bruker Scim-
itar FTS 2000 spectrometer. Elemental analysis was conducted with a VarioMICROcube
analyzer. Powder X-ray diffraction (PXRD) analysis was performed at room temperature on
a Shimadzu XRD-7000 diffractometer (Cu-Ka radiation, A = 1.54178 A, or Co-Ka radiation,
A =1.78897 A). Thermogravimetric analysis was carried out using a Netzsch TG 209 F1 Iris
instrument under Ar flow (30 cm®-min~') at a 10 K-min~! heating rate. Photoluminescence
spectra were recorded with a spectrofluorometer Horiba Jobin Yvon Fluorolog 3 equipped
with ozone-free Xe-lamp 450W power, cooled photon detector R928/1860 PFR technologies
with refrigerated chamber PC177CE-010 and double grating monochromators. The spectra
were corrected for source intensity and detector spectral response by standard correction
curves. The absolute quantum yield was measured using a G8 (GMP SA, Switzerland)
spectralon-coated integrating sphere, which was connected to a Fluorolog 3 spectrofluorom-
eter. Diffraction data for single crystals of 1 were obtained on the ‘Belok” beamline [28,29]
(A = 0.74539 A) of the National Research Center ‘Kurchatov Institute’ (Moscow, Russian
Federation) using a Rayonix SX165 CCD detector. The data were indexed, integrated
and scaled, and absorption correction was applied using the XDS program package [30].
Diffraction data for single crystals of 2-5 were collected on an automated Agilent Xcal-
ibur diffractometer equipped with an area AtlasS2 detector (graphite monochromator,
AMMoK) = 0.71073 A). Integration, absorption correction and determination of unit cell
parameters were performed using the CrysAlisPro program package [31]. The structures
were solved by the dual-space algorithm (SHELXT [32]) and refined by the full-matrix
least squares technique (SHELXL [33]) in the anisotropic approximation (except hydrogen
atoms). Positions of hydrogen atoms of organic ligands were calculated geometrically
and refined in the riding model. The crystallographic data and details of the structure
refinements are summarized in Appendix Table A1.

2.3. Synthetic Procedures

Synthesis of [Gda(bpy)2(chdc)s]-HyO (1): 90.4 mg (0.20 mmol) of GA(NO3)3-6H,0,
62.4 mg (0.40 mmol) of bpy, 68.8 mg (0.40 mmol) of Hychdc and 44.8 mg (0.80 mmol) of
KOH were mixed in a 30 mL Teflon-lined stainless-steel autoclave and dispersed in 20 mL
of HyO. The obtained suspension was heated at 180 °C for 12 h. After cooling to room
temperature, the obtained white precipitate was filtered off, washed with H,O and dried in
air. Yield: 79.2 mg (84%). IR spectrum main bands (KBr, cm~!; see Figure S5): 3452 (s., br.,
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vO—H); 3115 and 3088 (w., vCsp?—H); 2927 and 2858 (m., vCsp>—H); 1541 (s., vCOO,s);
1417 (s., vCOQs). Elemental analysis data, calculated for [Gd(bpy)2(chdc)s]-(%): C, 46.5;
H, 4.1; N, 4.9. Found (%): C, 46.4; H, 4.0; N, 4.8. PXRD data: Figure S1.

Synthesis of [Gd,(phen);(chdc)3]-0.5DMF (2): 148.8 mg (0.40 mmol) of GdCl3-6H,0O,
72.0 mg (0.40 mmol) of phen-H,O and 137 mg (0.80 mmol) of Hychdc were mixed in a
20 mL glass vial and dissolved in 10 mL of DMFE. The obtained solution was heated at
110 °C for 72 h. After cooling to room temperature, the obtained white precipitate was
filtered off, washed with DMF and dried in air. Yield: 90.5 mg (37%). IR spectrum main
bands (KBr, cm™1): 3446 (w., br., vO—H); 3078 and 3062 (m., vCsp?—H); 3010 and 2997 (w.,
vCsp?—H); 2927 and 2856 (m., vCsp®—H); 1685 (m., vVCO,mige); 1598 and 1587 (s., vCOO,s);
1409 (s.,vCOOQ:s). Elemental analysis data, calculated for [Gd;(phen),(chdc)3]-0.5DMF-H,O
(%): C,47.9;H,4.1; N, 5.1. Found (%): C,47.9; H, 4.1; N, 5.4. TG data: 4% weight loss before
300 °C; calculated for 0.5DMF + H,O: 4%. PXRD data: Figure S2.

Synthesis of [Gd,(NO3),(phen)y(chdc),]-2DMF (3): 45.1 mg (0.10 mmol) of GA(NO3)-6H,0,
18.0 mg (0.10 mmol) of phen-H,O and 17.2 mg (0.10 mmol) of Hychdc were mixed in a 5 mL
glass vial and dissolved in 3.50 mL of DMF. Then, a 10 uL drop of HNO; (65%) was
added. The obtained solution was heated at 110 °C for 36 h. After cooling to room
temperature, the obtained white precipitate was filtered off, washed with DMF and dried
in air. Yield: 43.7 mg (96%). IR spectrum main bands (KBr, cm™1): 3420 (w., br., vO—H);
3078 and 3062 (m., vCsp?—H); 2936 and 2858 (m., vCsp®—H); 1681 (m., vCO,mige); 1587
(s., vCOOygs); 1426 (s., vCOOs); 1292 (m., vNO). Elemental analysis data, calculated for
[Gd(NO3),(phen),(chdc),]-2DMEF-2H,0 (%): C, 41.8; H, 4.1; N, 8.5. Found (%): C, 41.9;
H,4.0; N, 7.6. TG data: 13% weight loss at 120 °C; calculated for 2DMF + 2H,0: 14%.
PXRD data: Figure S3.

Synthesis of [Gd,Cly(phen),(chdc),]-0.3DMF-2.2dioxane (4): 74.3 mg (0.20 mmol) of
GdCl3-6H,0, 36.0 mg (0.20 mmol) of phen-H,O and 34.4 mg (0.20 mmol) of Hychdc were
mixed in a 3 mL glass vial and dissolved in the mixture of 1 mL of DMF and 1.50 mL of
1,4-dioxane. Then, 25 pL of HCI (36%) was added. The obtained solution was heated at
100 °C for 36 h. After cooling to room temperature, the obtained white precipitate was
filtered off, washed with DMF, then with dioxane, and dried in air. Yield: 54.0 mg (43%).
IR spectrum main bands (KBr, cm~1): 3392 (m., br., vO—H); 3080 and 3049 (w., stpz—H);
2935 and 2856 (m., vCsp®—H); 1654 (w., vCO,miqe); 1598 and 1587 (s., vCOO,s); 1425 (s.,
vCOOs). Elemental analysis data, calculated for [Gd,Cl(phen),(chdc),]-0.3DME-3H,O
(%): C,42.3; H,3.8; N, 5.2. Found (%): C, 41.8; H, 3.5; N, 5.4. TG data: 6% weight loss at
130 °C; calculated for 0.3DMF + 3H,0: 6%. PXRD data: Figure S4.

3. Results and Discussion
3.1. Synthesis and Crystal Structure Description

Compounds [Gdy(bpy)a2(chdc);]-H,O (1), [Gda(phen)y(chdc);]-0.5DMF (2) and
[Gd2(NO3)a(phen)y(chdc),]-2DMF (3) crystallize in the monoclinic crystal system with
P21 /n space group and are isostructural to the series previously reported by our group:
[Lny(bpy)a(chde)z]-xH, O (x = 0 ... 1), [Lny(phen)y(chdc)3]-0.5DMF [34] and
[Lny(NO3)s(phen), (chdc),]-2DMF [35] (Ln®* = Y3+, Eu®* or Tb%*), respectively. Highly
effective luminescence with quantum yields up to 63% was revealed for these structures,
including [Y,(bpy)2(chdc)z] based on the non-emissive and diamagnetic Y3+, Unlike the
yttrium(IT), Gd>* is paramagnetic but still non-emissive in the soft UV and visible region;
therefore, the investigation of isostructural Gd(III)-based compounds 1-3 and the cognate
new metal-organic framework 4 could provide significantly new information concerning
the luminescent properties of such type series of coordination networks.

Compounds 2 and 3 were obtained in quite similar solvothermal conditions at 110 °C,
using N,N-dimethylformamide (DMF) as a solvent. The main difference between their syn-
thetic methods is the starting GA(III) salt (chloride for 2 or nitrate for 3) to be used. Thus, it
was shown that the anion plays a main structure-forming role in this system, as the presence
of NO3 ™ leads to the crystallization of nitrate-containing layered MOF 3. On the contrary,
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poorly coordinated C1~ cannot compete with the carboxylate in such conditions and affords
a three-dimensional framework 2, which contains the only RCOO™ fragments additionally
coordinated to the {Gd(phen)}** moiety. Interestingly, the replacement of pure DMF by
the mixture of DMF and dioxane (2:3) leads to the formation of the chloride-containing
structure [Gd,Cly(phen),(chdc),]-0.3DMEF-2.2dioxane (4) instead of the carboxylate 2. A
significant dilution of DMF by dioxane apparently weakens the solvation of Cl~ and,
therefore, strengthens its coordination ability compared to the carboxylate. Thus, the crys-
tallization of two-dimensional framework 4 seems to be anion/solvent-controlled again
and suggests a simple route for the synthesis of lanthanide(III) networks with coordinated
halogenides, since only one example of the compound containing {Ln(CI);(L)2(OOCR)4}
building units (L = any 2,2’-bipyridyl derivative) has been reported to date [36].

In all the structures 1-3, GA(IIl) adopts a similar capped square-antiprismatic envi-
ronment consisting of two N atoms of diimine chelate ligand and seven O atoms, which
belong to the carboxylic groups in 1 and 2 or to carboxylic groups and terminal nitrate
in 3 (Figure la—c). The selected coordination bond lengths are listed in Table 1. Two
symmetry-equivalent Gd(III) ions form binuclear carboxylate blocks {Gd,(bpy)2(RCOO-
k2)2(L-RCOO-k!, k1), (1-RCOO-k!,k2),} (1), {Gda(phen)y(RCOO-K2),(1-RCOO-k! k1) (-
RCOO-k!,k2),} (2) and {Gdy(phen)(ONO2-k2)o(1-RCOO-k!, k! )o (1-RCOO-k!,k2),} (3). The
coordination frameworks in 1 and 2, consisting of six-connected building units and trans-
1,4-cyclohexanedicarboxylate bridges, adopt a very distorted three-dimensional primitive
cubic topology (pcu) and contain small voids (Figure 2a,b) interconnected by very narrow
(2 x 2 A?) windows with 5% calculated total void volume. In the coordination framework
in 3, four-connected binuclear blocks are interconnected by cyclohexane moieties into a
two-dimensional square-grid network (sql) (Figure 2c). The layers in 3 are packed in a
one-layer (AA) manner to form channels with 26% general void volume. These channels
are occupied by the localized DMF solvent molecules.

Table 1. Selected bond lengths in the structures 1-4.

Bond 1 2 3 4
o 2.566(2),
Gd—N, A 2.60003) 2.499(19)—2.59(3) 2.553(2), 2.591(3) 2.564(7), 2.579(5)

Gd— O(Coochelate )r A

2.3482(19)-2.514(2)  2.334(3)-2.539(3) 2.330(2)-2.573(2) 2.294(5)-2.513(5)

Gd-O (Coonon-chelate )/ A
or .
Gd-O(NO3 mon-chelate)s A

2.429(2)-2.4800(19)  2.463(3)-2.465(3) - -
_ - 2.458(2)-2.529(2) -

(a) (b) (c) (d)

Figure 1. Secondary building units in 1 (a), 2 (b), 3 (c) and 4 (d). Gd atoms are green, N atoms are
blue, O atoms are red, Cl atoms are yellow. H atoms are not shown.
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Compound [Gd,Cl(phen)z(chdc),]-0.3DME-2.2dioxane (4) crystallizes in the mono-
clinic crystal system with the P2 /n space group. The coordination environment of Gd(III)
consists of two N atoms of diimine chelate ligand, five O atoms of the carboxylic groups
and one Cl atom. The Gd—N and Gd—O bond lengths are close to those in 1-3 (see Table 1)
and the Gd—Cl distance is 2.649(2) A (Figures 1 and 2). The structure of a binuclear car-
boxylate block {Gdy(phen), (C1)s (1-RCOO-k!, k1), (u1-RCOO-k1,k2),} in 4 is analogous to the
nitrate-containing unit in 3, except for the reduction of the coordination number to 8 due to
the substitution of the bidentate nitrate anion with the larger chloride (Figure 1d), which
acts as a monodentate ligand. Four-connected binuclear blocks in 4 are interconnected
by cyclohexane moieties (Figure 2d) in a similar AA manner to 3, with the channels of
32% general void volume. These channels are occupied by solvent molecules. Only one
dioxane molecule per formula unit was localized directly, while the non-ordered residual
electron density was analyzed by the PLATON/SQUEEZE [37] procedure (69 e~ in 265 A
per formula unit) and assigned to 0.3DMF + 1.2dioxane (69.6 e~ and ca. 209 A volume
estimated from the liquid densities).

Figure 2. Fragments of three-dimensional coordination frameworks in 1 (a) and 2 (b). Coordination
layers in 3 (c) and 4 (d), Atom colors are similar to those in Figure 1.

3.2. Thermal Properties

Thermogravimetric analyses for the compounds 1-4 were performed (Figure 3). For
1, the stepwise decomposition starts at ca. 350 °C. Only 1% weight loss before 300 °C
corresponds well to the low content of guest solvent molecules (calculated as 1.5%) deter-
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mined by X-ray crystallography, and 33% residual weight at 600 °C matches well to the
gadolinium(III) oxide (calculated as 32%).

2 slowly losses solvent molecules at the temperature up to 300 °C, much higher than
the boiling points of both DMF and water. Such feature is apparently attributed to the
low size of the windows (~2 A) in the coordination framework of 2 and the resulting
kinetic hindrance of the guest diffusion. The first step of lattice decomposition occurs in
the range 340-440 °C and corresponds well to the loss of phen molecules (66% residue
at 440 °C; calculated for Gdy(chdc)s: 66.5%). Further weight loss starting at ca. 460 °C
corresponds to the decomposition of the bridging ligand and leads to the Gd,O3 (34%
residue at 600 °C, calculated: 29%) being apparently contaminated by carbon admixture
due to the incomplete evaporation of the organic moieties.

100
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40

30 T T T T T T T T T T T 1
100 200 300 400 500 600
T,°C
Figure 3. TG plots for compounds 1-4.

Compound 3 loses solvents at ca. 120 °C. The first step of coordination lattice de-
composition occurs in the range 350—400 °C and corresponds well to the loss of phen
molecules (58% residue at 440 °C; calculated for Gda(NOg3)a(chdc)y: 59%). Further weight
loss, corresponding to the decomposition of the nitrate and chdc?~ ligands, starts at ca.
430 °C. The TG profile of 4 is close to 3 and includes solvent loss at ca. 130 °C and two
steps of the lattice decomposition occurring in the range 320-410 °C and above 490 °C.
In summary, thermal stability characteristics of the coordination framework in 14 are
high [38-41] and quite similar to each other. However, their stability is limited by the
evaporation of the neutral N-donor chelate, occurring below 400 °C.

3.3. Luminescence Spectrocopy

Solid-state luminescence measurements were performed for the synthesized com-
pounds. The bpy-containing 1 appeared to possess no luminescent activity, possibly due to
the paramagnetic quenching of the emission by the Gd(III) cation. In contrast, the phen-
containing compounds 2-4 demonstrate yellow wide-banded emission under a visible light
excitation at Aex = 460 nm. The corresponding emission spectra are shown in Figure 4a.
The maxima of the spectra appear at A = 537 nm for three-dimensional 2 based on the
six-connected carboxylate units, A = 522 nm for the nitrate-containing 3 and A = 556 nm for
the chloride-containing 4. The observed red-shift of both the maxima and the characteristic
wavelengths in the row nitrate < carboxylate < chloride apparently correlates to the electron
donor properties of the corresponding ligands. The calculated (x,y) coordinates on the CIE
1931 chromaticity diagram and characteristic wavelength values are shown in Figure 4b
and visualize the integral yellow color of the wide-banded emission of 2—4.

133



Crystals 2021, 11, 1375

520

Aenar(2) = 563 nm
Tenar(3) = 565 nm
henar() = 571 N
580

0.2

T T T T T T
500 550 600 650 700 750 800

0.0 460 W= . . : : - )
A, nm 00 01 02 03 04 05 06 07 08

(@) (b)

Figure 4. Emission spectra for 2-4 at Aex = 460 nm (a), CIE 1931 chromaticity diagram for 24 (b).

4. Conclusions

To summarize, four new gadolinium(III) metal-organic frameworks were synthe-
sized and characterized. Compounds 1 and 2 containing six-connected binuclear metal-
carboxylate blocks adopt a distorted primitive cubic topology with narrow pores. A partial
substitution of carboxylate by nitrate or chloride in the Gd(III) coordination sphere leads to
two-dimensional square-layered networks 3 and 4. Thermal and luminescent properties of
the synthesized compounds were investigated. Phenanthroline-based structures 2—4 emit
in the yellow region under a visible blue excitation at 460 nm. The observed red-shift in the
row of coordinated ligands, nitrate < carboxylate < chloride was attributed to the donor
ability of the corresponding ligands.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11111375/s1: Figure S1: Experimental PXRD pattern for 1 compared to the theoretical one;
Figure S2: Experimental PXRD pattern for 2 compared to the theoretical one; Figure S3: Experimental
PXRD pattern for 3 compared to the theoretical one; Figure S4: Experimental PXRD pattern for 4
compared to the theoretical one; Figure S5: IR spectra for 1-5.
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Appendix A. Crystal Structure of a New Complex [Gd(DMF)2(phen)]CI3 (5)

Single crystals of 5 were obtained during the screening syntheses: 37.2 mg (0.10 mmol)
of GdCl3-6H,0, 18.0 mg (0.10 mmol) of phen-HO and 34.4 mg (0.20 mmol) of Hychdc
were mixed in a 3 mL glass vial and dissolved in the mixture of 1 mL of DMF and 1.50 mL
of acetone. The obtained solution was heated at 45 °C for 72 h. After cooling to room
temperature, the obtained white precipitate was filtered off, washed with DMF and dried
in air. IR spectrum main bands (KBr, cm~1): 3375 (s., br., vO—H); 2937 and 2858 (w.,
vCsp®—H); 1654 (s., VCOamide)-
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A molecular complex [Gd(DMF),(phen)]Cl; (5) crystallizes in the triclinic crystal sys-
tem with the P-1 space group with one independent Gd atom and Z = 2. The coordination
environment of GA(III) consists of two N atoms of phenanthroline, two O atoms of the
coordinated solvent and three Cl atoms. The Gd—N bond length is 2.584(2) A, the Gd—0
bond lengths are 2.334(2) A and 2.374(2) A and the Gd—Cl bond lengths are 2.6408(8) A,
2.6694(8) A and 2.6921(7) A, which are close to the distance in the structure of 4: 2.649(2) A.

Figure Al. A molecular complex [Gd(DMF),(phen)]Cl;. Gd atoms are green, N atoms are blue, O
atoms are red, Cl atoms are yellow. H atoms are not shown.

Appendix B. The Crystallographic Data for 1-5

Table Al. Crystallographic data and refinement details for the structures 1-5.

1 2 3 4 5
Chemical formula CyHygGdaNyO13 Cao5Hp95GdaNy 500125  CasHs0GdaNgO16 Cy77H517ClGdaNg 30117 CisHpClsGANL O,
M;, g/mol 1155.36 1221.93 1285.44 1257.83 589.99
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P2, /n P2, /n P2y /n P2y /n P11
Temperature, K 100 140 140 140 140
a0 A 10.422(2) 10.4479(4) 12.3986(6) 13.2219(5) 9.2772(4)
b, A 17.551(4) 17.9554(7) 16.8287(6) 13.3512(7) 9.6641(4)
o A 12.294(3) 12.8866(7) 12.7182(5) 15.5831(7) 12.2954(5)
«, ° 90 90 90 90 102.460(4)
b, ° 103.90(3) 99.104(4) 112.863(5) 109.100(5) 94.032(3)
v, ° 90 90 90 90 92.587(3)
v, A3 2183.0(8) 2387.02(19) 2445.20(19) 2599.4(2) 1071.67(8)
Z 2 2 2 2 2
F(000) 1144 1212 1276 1247 578
D(calc.), g/cm3 1.758 1.700 1.746 1.607 1.828
m, mm ! 3.462 2.82 2.77 2.69 349
Crystal size, mm 0.20 x 0.04 x 0.04 0.30 x 0.14 x 0.10 0.30 x 0.21 x 0.11 0.25 x 0.17 x 0.14 0.65 x 0.25 x 0.20
0 range for data 242 <0 <2668 23<0<254 20<0<254 21<0<254 22<0<253

collection, °©
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Table A1. Cont.

1 2 3 4 5
0 range for data 242 <0 <2668 23<0<254 20<0<254 21<0<254 22<0<253
collection,
No. of reflections: mea-
sured/independent/  14,396/3987/3615 10,535/4383/3520 11,222/4487/3921 11,529/4755/3827 9676/3919/3637
observed [I > 20(])]
Rint 0.0356 0.0249 0.0251 0.0231 0.0368
—12<h<12 —12<h<12 —14<h<12 —11<h<15 —11<h<9
Index ranges —21<k<20 —21<k<19 —15<k<20 —-16<k<14 —11<k<11
—14<1<14 —15<1<15 —12<1<15 —18<1<18 —14<1<14
Final R indices Ry = 0.0205 Ry =0.0286 Ry =0.0227 Ry = 0.0475 Ry = 0.0231
[I>20(I)] wR;, = 0.0482 wR, = 0.0630 wR, =0.0480 wR;, =0.1365 wR; = 0.0459
o Ry = 0.0240 Ry = 0.0437 Ry = 0.0296 Ry = 0.0572 Ry = 0.0261
R indices (all data) WR, = 0.0496 wR, = 0.0673 wR, = 0.0502 WR, = 0.1443 wWR, = 0.0470
Goodness-of-fit on F2 1.026 1.043 1.061 1.070 1.049
Largest diff 0.525, —0.601 0.73, —0.80 0.66, —0.78 2.36, —0.86 0.63, —0.68

peak/hole, e/ A3
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Abstract: Clays are very important from an economic and application point of view, as they are
suitable hosts for organic compounds. In order to diversify the fields of application, they are struc-
turally modified by physical or chemical methods with cationic species, and/or different bifunctional
compounds, such as organosilanes. In this study, palygorskite was modified with (3-Aminopropyl) tri-
ethoxysilane, which was subsequently modified at the amino group by grafting an acetate residue. By
using this strategy, two types of host hybrid materials were obtained on which curcumin derivatives
were deposited. The composites obtained were structurally characterized and their photophysical
properties were investigated in relation to the structure of the host matrices and interactions with
curcumin-type visiting species. The hybrid composites have different colors (orange, yellow, pink),
depending on the polarity of the inorganic matrices modulated by different organic groups grafted
at the surface. Fluorescence emission in the visible range is characterized by the presence of two
emission maxima, one belonging to the chromophore and the other influenced by the physical interac-
tions between auxochromes and host matrices. These hybrid materials, compared to other composite
structures, are obtained by a simple adsorption process. They are temperature stable in aggressive
environments (acid /base) and render the fluorescent properties of dyes redundant, with improved
luminescent performance compared to them.

Keywords: hybrid materials; palygorskite; curcumin derivatives; X-ray diffraction; fluorescence emission

1. Introduction

Hybrid materials, consisting of carrier matrices of inorganic origin and an active
compound of organic/inorganic type, are more and more common in current studies,
especially in fields such as medicine, environmental protection or catalysis [1-5]. Inorganic
matrices, such as clays, are very often used due to availability, low price, structural diversity
and the possibility of recycling [6,7]. These are found as support matrices for two categories
of materials, some that act as a collection vehicle and others as a transport and/or release of
organic compounds. Of these, the former acts as an adsorbent and is usually used in water
purification processes. In this case, the clays are conditioned by different methods so that the
adsorption processes of organic/inorganic compounds that pollute the water are as efficient
as possible [1,6]. These types of supports have been modified according to the nature of the
active substances transported, the structure of clay-based matrices becoming much more
complex. In this sense, the clays were modified with layer swelling compounds or organic
substances with high affinity for bio-active compounds, so as to increase their adsorption
capacity [7-10]. In some studies, palygorskite (attapulgite, (Mg, Al),Si4O19 (OH) 4 (H,0)),
a magnesium aluminum phyllosilicate with a fibrillar structure, in monoclinic crystalline
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systems [11-13], is preferred for such applications. At the same time, palygorskite is known
to be one of the oldest clays used to make hybrid materials (Maya blue pigment) obtained
by the adsorption of natural indigo [14,15].

Palygorskite is currently treated with cationic substances [16,17], hydroxylamine
derivatives [18] or silanes [19-22] to promote the adsorption of naturally occurring or
synthesized organic compounds. Most often, these are essential oils [23], dyes [24-26] or en-
zymes [27] loaded on the inorganic matrices, resulting in hybrid materials that preserve their
original properties in different environments, in which factors, such as light, temperature,
or pH, can degrade organic compounds. The processes of loading inorganic matrices with
bioactive compounds take place through ion exchange processes, adsorption at microwaves
or ultrasound-assisted processes [20,28,29]. Such hybrid materials usually have antioxidant
or antimicrobial properties and are used in the food and pharmaceutical industry [30-33].

One of the most sought after natural sources of antioxidant compounds is turmeric
(Curcuma longa), whose main compounds are curcumin, demethoxy and bisdemethoxy
derivatives. These phenolic compounds are found in studies that confirm their antioxidant,
anti-inflammatory or antimicrobial properties [34-37]. Given these properties, we are
currently trying to develop new and modern applications in areas related to human health.
Thus, through various methods of conditioning with nanoparticles, natural polymers
or clays, curcumin derivatives have found applications in the form of hybrid materials,
in areas, such as food packaging, food additives, sensors, bioactive coatings and skin
cosmetic products [38].

The aim of this study was to obtain hybrid materials made by depositing curcumin
(CC) and a curcumin derivative (CCN) obtained by synthesis, on two types of silane-
modified palygorskite. The hybrid materials obtained were structurally analyzed and
the optical properties were evaluated. The influence of the structure of the modified
inorganic support with different organic molecules having different polarities on the optical
properties of the curcuminoids deposited on them was analyzed.

2. Materials and Methods
2.1. Materials
2.1.1. The Host Inorganic Matrix

The Palygorskite (PAL) clay used in this study was obtained from SERVA (Germany)
with the chemical compositions presented in Table 1 (by X-ray fluorescence, XRF). The
clay was activated in hydrochloric acid (5 N, HCl, Chimreactiv, Bucharest, Romania) and
modified with (3-Aminopropyl)triethoxysilane (99%, APTES, Aldrich, St. Louis, MO, USA)
and sodium chloroacetate 98%, ACD, Aldrich, St. Louis, MO, USA) using ethanol (96%,
EtOH, Chimreactiv, Bucharest, Romania) as solvent.

Table 1. Elemental analysis of the palygorskite raw.

Element Si Al Fe Mg K Ca Ti L.E.
Raw (wt%) 25.79 3.65 4.19 3.7 0.48 4.02 0.63 56.74
© (+0.48) (£0.21) (£0.09) (£1.2) (£0.02) (£0.07) (£0.05) (£0.9)

L.E.—light elements (not detectable by XRF).

2.1.2. Curcumin Dyes

The curcumin dye (Figure 1) was synthesized at microwaves and purified using a
method already published by our group [39]. Briefly, a mixture of boron trioxide (4 mmol),
acetylacetone (8 mmol) and tributyl borate (3.2 mmol) was introduced in a porcelain capsule
and was irradiated in a microwave oven at 300 W for 10 min. After the formation of the
boron complex of acetylacetone, vanillin or 4-N,N-diethyl-benzaldehyde (7 mmol) and
dodecylamine (0.162 mmol) were added, and the mixture was irradiated for another 20 min
at 100 W. An aqueous solution of acetic acid (10% by weight) was added to the reaction
mixture, the obtained suspension was filtered off, and the solid product was washed with
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keto form:

cold water, and then dried. The obtained product was purified by recrystallization from a
mixture of ethyl-acetate:methanol = 3:2 (v/v).

/\@\ HiC—CHy, Q/\ /\@\ e

HO
OCH, H;C— CHZ L “CH,;—CH
Obk/
enol form: e, @/\ /\@\ e
HO OH
OCHj; H3C— CHZ “CH,—CH;
CC :(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione CCN : (1E,6E)-1,7-bis(4- N, N-diethylphenyl)-1,6-heptadiene-3,5-dione

Figure 1. Keto-enol tautomeric forms of curcumin derivatives.

2.2. Methods
2.2.1. Obtaining the Palygorskite Functionalization

The clay was activated in a 5 M HCl solution at 100 °C for 4 h. The gelled composition
was centrifuged, filtered, and then washed with water until neutral pH. Afterwards, the
crude product was dried at 110 °C for 5 h in order to obtain activated PALs, which was
dispersed into anhydrous ethanol, and the silane (APTES) was added to the mixture
(1:1 mass/volume ratio) with vigorous stirring for 2 h at 45 °C. The product was filtered,
washed with ethanol and dried at 110 °C. The modified clay with APTES (S1) was further
treated with the sodium salt of chloroacetic acid (1:1 mass ratio) at 70 °C, for 4 h, then
product (S2) was filtered, washed with ethanol and dried at 110 °C.

2.2.2. Obtaining the Colored Hybrid Materials

Onto every modified substrate (S1, S2) the curcuminoid dye was deposited (CC or CCN),
obtaining hybrid materials. Thus, 1 g of clay was suspended in 50 mL dye alcoholic solution
0.54 g/L for 4 h at room temperature. It was the optimal concentration used to obtain
colored composite materials whose optical properties do not vary significantly, compared
to the use of higher concentrations of dye. The dispersion was filtered and the composite
material dried at 105 °C.

2.2.3. Characterization

The elemental analysis of the material was performed using a Vanta C series handheld
XRF (Olympus, Waltham, MA, USA), equipped with 40 kV X-ray tube with rhodium anode,
Silicon Drift Detector, in the pre-calibrated GeoChem mode, and acquisition time 60 s for
each beam. The equipment uses two different energy beams for the quantification of the
elements: beam 2 (10 kV) for light elements (Mg, Al, Si, P, S, K, Ca, Ti, Mn) and beam 1
(40 kV) for the rest of the detectable elements.

XRD analyses were performed using a Rigaku SmartLab equipment (Rigaku Corpo-
ration, Tokyo, Japan), in 26/6 configuration, XRD diffractograms being recorded in the
260 range 2-90°. The collected data were interpreted using the PDXL software (ver. 2.7.2.0,
Rigaku Corporation, Tokyo, Japan), provided by Rigaku, and the identification of the
phases present was performed by comparison with the ICDD (International Centre for
Diffraction Data) database entries.

The structural differences of the host matrices were analyzed by FTIR measurements,
recorded with a JASCO FT-IR 6300 instrument (Jasco Int. Co. Ltd., Tokyo, Japan), equipped
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with a Specac ATR Golden Gate (Specac Ltd., Orpington, UK) with KRS5 lens, in the range
of 400 to 4000 cm ! (128 accumulations at a resolution of 4 cm™1).

Characterization of porous materials by surface area, pore volume and size measure-
ments was performed using Nova 2200e Quantachrome (Quantachrome Instruments Cor-
porate Drive, Boynton Beach, FL, USA) automated gas adsorption system. All the samples
were out gassed at 110 °C for 4 h, after N adsorption—desorption isotherms were measured
at —196 °C. The specific surface areas (Sggr) and total pore volumes (Viyt,1) of the samples
were determined by BET (Brunauer—-Emmett-Teller) and BJH (Barrett-Joyner-Halenda)
methods, respectively.

The obtained results were interpreted and graphically presented using OriginPro
2018 data analysis software (ver. 9.50, OriginLab corporation, Northampton, MA, USA).

Thermogravimetric analysis (TGA) of the hybrid materials obtained was performed
with a TGA Q5000IR instrument (TA Instruments, New Castle, DE, USA). The 5-9 mg
samples were analyzed in platinum pans under the following conditions: heating ramp
10 °C/min up to 700 °C, Nitrogen 5.0 (99.999%), used as purge gas ata 50 mL/min flow rate.

Total color differences in CIELAB system, using a 10° standard observer and illu-
minant D65, and diffuse reflectance spectra, were measured with a V570 UV-VIS-NIR
(Jasco Int. Co. Ltd., Tokyo, Japan) spectrophotometer equipped with a JASCO ILN-472
(150 mm) integrating sphere, using Spectralon as reference.

Evaluation of the fluorescence properties of hybrid materials was analyzed by recording
steady-state fluorescence spectra on a JASCO FP 6500 spectrofluorimeter (Jasco Int. Co. Ltd.,
Tokyo, Japan) at 25 °C.

2.2.4. Evaluation of Resistance to Low Temperature, Acid, Alkali and Saline Solution

To evaluate the resistance of the hybrid materials to low temperature, the samples used
to measure the specific surface area (cooled with liquid nitrogen, approximately 9 h) were
investigated by recording their diffuse reflectance spectra using a UV-Vis spectrophotometer.
For the other tests, 0.5 g of each hybrid material was placed in a paper cartridge and
immersed in 25 mL 1.0 mol/L HCI or 1.0 mol/L NaOH or 1.0 mol/L NaCl solutions at
room temperature for 24 h. The cartridges were then dried at 110 °C, and the diffuse
reflectance spectra were measured for each hybrid material.

3. Results and Discussion

Following the adsorption process of curcumin derivatives on the inorganic matrix,
decorated only with amino groups or with glycine residues, four types of hybrid materials
of palygorskite-curcumin, were obtained. The degree of dye sorption on the two types of
modified inorganic matrices was calculated using formula (1):

Sorption degree (%) = [(Cy — C1)-100]/Cy 1)

where Cy, represent the initial and C; final concentrations (mg/L), respectively.

Depending on the design of the fibrous surface of the attapulgite clay, the optical
properties of the hybrid materials obtained by the deposition of curcumin derivatives were
investigated. For this purpose, the clay was decorated with amino groups, by treatment
with (3-aminopropyl)triethoxysilanes. The treatment of S1 with sodium chloroacetate was
performed in order to graft amphionic groups onto the structure of palygorskite (S2). Thus,
the creation of the amphoteric character of the inorganic matrix aimed at improving the
adsorption capacity of curcumin derivatives (Figure 2).
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Figure 2. The sorption rate of curcumin dyes on palygorskite type hosting matrices.

3.1. Analytical Characterization of the Materials
3.1.1. XRD Analysis of Hybrid Materials

The X-ray diffractograms of the modified palygorskite, with organic molecules and
composite materials obtained by depositing curcumin derivatives on the modified clays,
are presented in Figures 3 and 4, respectively. The identification peaks corresponding to
the palygorskite structure (ICCD 21-0958) are presented in the Supplementary Materials in
the Table S1, as observed in other studies [7,9].

In the XRD pattern of palygorskite (PAL), the peak characteristic of the stratified
structure can be found at a value of 2 6 = 8.58°. By reacting with APTS, the substrate is
silanized and functionalized with aminopropyl groups (S1). These groups intercalate in
the interstitial space and cause a displacement of the peak at a value of 2 0 = 8.38°. The
reaction of the amino group with sodium chloroacetate leads to functionalization with a
glycine residue (S2), in this case, the displacement of the peak taking place up to the value
2 0 =8.20°. The disappearance of this peak in the case of adsorption of CC and CCN dyes,
which have larger molecules, indicates exfoliation, confirmed by the appearance of a wide
band characteristic of amorphous phase, centered at 2 6 = 22°.

This case is supported by the measurements of the curcumin molecule size, which is
situated around the values 0.89-1.16 nm, depending on the conformation (cis-cis, cis-trans
or trans-trans), with the highest most probable size of 1.05 nm, as already reported [9,40].
The values are around the distance d = 1.04 nm obtained from the characteristic (110)
reflection of S1 and d = 1.02 nm in the case of S2.

Upon grafting, the X-ray diffractograms suffer some alterations (Figure 3), the most
visible being for the APTES grafting, the decrease in intensity of peaks at 39.46° and 60.56°
(2 8), peaks associated with the presence of quartz and, to a lesser extent, to those at 29.44°,
30.86°(2 0), the increase in intensity of the peaks at 21.32° and 25.72° (2 0), as well as the
appearance of a supplemental peak at 22.28°(2 0), most probably due to an increase in
the relative concentration of some minor phase upon purification. After the treatment of
the APTES grafted sample with sodium chloroacetate, some minor changes in the X-ray
diffractogram can be noticed, respectively, the increase in intensity of peaks at 8.58°, 27.52°,
57.34°, as well as the appearance of supplementary peaks at 31.75°, 33.18°, 45.56° and
56.62° (2 0), which could be assigned to the presence of acetate group.

After, the deposition of curcumin on the obtained samples, some changes can be
observed on the X-ray diffractograms. Figure 4 presents the X-ray diffractograms obtained
for the deposition of curcumin (S1-CC) and curcumin derivative (51-CCN) on modified
clay, respectively (Figure 4a). The major changes observed are the disappearance of some
minor peaks associated with the palygorskite phase (i.e., at 2 6 29.44, 30.86, 57.34°), asso-
ciated with the increase/apparition of some peaks corresponding to the curcumin phase:
(S1-CC)-13.82°~(1,1,0), 20.83°-(2,1,—2), 26.63°~(5,1,—1), 36.48°-(6,1,—3), 50.13°-(6,3,—2),
81.54°-(5,2,9), (S1-CCN)-13.82°-(1,1,0), 17.77°-(4,0,0), 20.83°-(2,1,—2), 25.70°-(5,1,—1),
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26.63°-(5,1,—1), 36.48°-(6,1,—3), 50.13°-(6,3,—2), 81.54°~(5,2,9). Major differences are recorded
upon the deposition of dye on support S3 (Figure 4b). It can be observed that the intensity
of some peaks associated with the presence of curcumin has increased, i.e., at 26.62°-(2,1,3),
60.09°-(10,0,—6), 68.25°-(5,0,—9), 79.93°-(1,6,0) and 81.46°-(17,1,0). However, the major
change visible from the diffractogram is the apparition of a specific broad “hump”, cen-
tered around 22° (2 6), which suggests the apparition of an amorphous phase at the surface
of the material, following the interaction curcumin/support material.
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Figure 4. XRD patterns of the hybrid materials modified with aminopropyl groups (a) and

glycine residue (b).
3.1.2. N2 Adsorption Isotherms

Nitrogen adsorption-desorption isotherms of modified clay and colored nanocom-
posites at 77 K are type II in concordance IUPAC classification. These isotherms show
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hysteresis with large loops, characteristic to mesoporous materials, thus confirming the
textural change of the clay. The treatment of clay with APTES, leads to the decrease in the
specific surface and the formation of meso- and macroporous surfaces, with an average
pore diameter of 30 nm. After the modification of the composite with sodium chloroacetate,
the characteristics mentioned above become more pronounced. Thus, the hybrid materials
obtained have an even smaller specific surface area, but the pore volume increases (Table 2).
The modification of the amino groups with acetate groups led to the increase in the intersti-
tial volume in the structure of the palygorskite-APTES hybrid, the pore diameter obtained
being in the range of 10-50 nm (Figure 5). The process of adsorbing the dye on the modified
clay is influenced by the texture of the substrate, but at the same time it depends a lot on
the chemical structure of the dye.

This is evident in the deposition of curcumin on the two types of hybrid materials,
through which colored composites were obtained with a smaller pore volume than the
S1 hybrid support, where we assume that the adsorption of the dye took place mainly
in mesopores of the support structure. The adsorption of the CCN dye, which has in its
chemical structure voluminous N-diethyl amine groups, leads to composite materials with
a higher pore volume than that of the support. These results were most likely obtained by
the partial adsorption of the dye in the structure of the hybrid material, confirmed by the
increase in the specific surface area at 97 m2/ g. In the case of S2 support, the chemical and
textural structure increases the affinity for curcumin derivatives. The adsorption process is
favored by the amphoteric character of the support, and the dyes interact more intensely
with it through the physical bonds established with the acetate and amino groups grafted
on the surface. The presence of smaller pores of 3-5 nm in the structure of the S2-CCN
hybrid material is probably due to the aggregation phenomena between the dye molecules.
The structural aggregates of the dyes, deposited on the S2 support, lead to amorphous
structures, confirmed by XRD analyzes.

Table 2. Specific surface area, pore volume and average pore diameter of PAL and organic-inorganic

hybrids.
Sample SpeT (m?/g) Viotal (cm®/g) Dmedpore (nm)
PAL 117 0.327 13
S1 86 0.281 30
S1-CC 81 0.193 10
S1-CCN 97 0.298 13
S2 36 0.319 15
S2-CC 40 0.167 17
S2-CCN 24 0.272 3
0.16 0.53
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Figure 5. Pore-size distribution of the hybrid materials.
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3.1.3. Characterization of Hybrid Materials by ATR-FTIR Spectra

Figure 6 shows the FTIR spectra of organically modified clays and colored composites.
The range 1800-1300 cm ™! is representative for the identification of the vibration bands of
the bonds in the organic compounds grafted onto the hybrid materials. Peaks characteristic
to inorganic matrices in this interval are found around values of 1650 cm ™!, this being
the characteristic to the vibration band of the bending and stretching of water molecules.
The spectra for the modified palygorskite includes the bands at 3610 and 3290 cm ™!,
corresponding to the stretching vibrations of the OH groups related to Al, Mg or Si of
the network. The band in the range 1050-914 cm ™! was assigned to the Si-O stretching
vibration, respectively, and the band at 796 cm 1 to the Si-O-Si vibration.

The presence of organic molecules on the inorganic structure is confirmed by the
bands from 1560 cm ™!, 1490 cm~! and 1430 cm ™! attributed to the stretching vibration of
the -NH, and C-N bonds of APTES, respectively. The wide band at 1650 cm~" is displaced
and is attributed to the C = C bonds in the chemical structure of the dye that overlaps with
the vibration band of the water molecules in the inorganic network (Figure 6a). Curcumin-
colored hybrid materials (S1-CC), due to the low adsorption of the dye, are characterized
by low intensities of the characteristic vibration bands. On the other hand, the molecular
structure of the CCN dye (in the Supplementary Materials, Figure S1) deposited on the S1
support contributes to the intensification of the vibration bands characteristic of amines.
At the same time, the appearance of new peaks at 1590 cm~! and 1520 cm ™! attributed to
secondary amines, respectively, means the NH band confirms the interactions between the
dye and the modified clay.
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Figure 6. FTIR spectra of the hybrid materials modified with aminopropyl groups (a) and glycine
residue (b).
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For hybrid materials treated with sodium chloroacetate, the molecular structures
formed are more complex. The FTIR spectra confirm the grafting of the carboxyl groups by
the presence of bands from 1740 cm ! attributed to the stretching vibration C = O. Due to
the multiple interactions between atoms of the amino groups, acetate and hydroxy, their
characteristic peaks are overlapped. Thus, the hybrid materials are characterized by the
presence of wide bands with obvious displacements of the absorption maxima for the
colored composites compared to the modified clays (Figure 6b).

3.1.4. Thermogravimetric Analysis of Composite Materials

To evaluate the thermal stability and decomposition of hybrid materials, TG curves
were recorded for the inorganic matrix modified with organic groups, and then loaded
with curcumin dyes (Figure 7). At the same time, the decomposition temperatures and
mass losses characteristic to the analyzed hybrid materials are presented in Table 3.
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Figure 7. Thermogravimetric curves of hybrid materials modified with aminopropyl groups and CC
dye (a) and hybrid materials modified with glycine residue and CCN dye (b).
Table 3. Characteristic decomposition temperatures and mass losses of hybrid materials and
curcumin dyes.
RT-140 °C 140-285 °C 285-410 °C 410-700 °C Residue
Sample Wt. Loss Wt. Loss Tmax Wt. Loss Tmax Wt. Loss Tmax 700 °C
(%) (%) (W©) (%) (W©) (%) (W@ (%)
S1 5.89 1.74 248.8 7.05 - 521.10 85.27
S2 3.66 9.63 213.2 15.90 429.2 - 478.30 70.76
S1-CC 5.52 3.77 190.7 412 8.08 452.3 78.51
52-CC 2.82 427 223.2 3.63 9.55 441.2 79.73
CcC 1.53 27.11 271.5 15.96 333.0 7.35 48.04
S1-CCN 5.79 1.87 197.4 2.94 279.1 10.48 400.8 78.93
$2-CCN 3.34 1.90 202.1 5.11 281.7 13.46 436.3 76.18
CCN 0.23 2.44 179.7 46.07 296.9 42.86 405.1 8.39

By comparing the TG curves of composite materials, there can be observed a first
stage of constant mass loss around 5.5% (40.3) for modified materials with APTES (with
and without dye), and 3.3% (£0.3) for those modified with glycine residue, respectively.
This process takes place in the temperature range of 50-140 °C and can be attributed to the
desorption of water adsorbed on the surface and of zeolitic water, existing in the channels
of the inorganic matrix. The second stage of thermal decomposition, which involves mass
loss, takes place differently and depends on the molecular structure of the dye loaded on
the support. It can also be seen that the mass loss differs for the two types of modified
substrate. For 52, the thermal effects are more dynamic, reaching a maximum temperature
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of 213 °C. For this temperature range, the mass loss for S2, around 9.6% is attributed to
the decomposition of the organic residues grafted on PAL, a process that continues up to
429 °C, the stage in which the mass loss is 15.9%. The mass loss, is almost double for S2,
compared to S1 and is due to the additional load on the inorganic matrix with the rest of
glycine, confirmed by XRD and FTIR analyses.

However, when the two types of support matrix are loaded with CC, the mass losses
are comparative (~4%). The maximum decomposition temperature at 119 °C for S1-CC can
be attributed to the weak interactions between the dye and the host matrix. In comparison,
it can be seen that the mass loss for S2-CC occurs at a higher temperature (223 °C) and can
be attributed to the stronger interactions between the amphoteric support and the dye. For
hybrid materials loaded with CCN, the thermal decomposition effects that take place in
the second stage are similar and the mass losses are less than 2%. These thermal events
continue in the next temperature range 285-410 °C. At this stage, S2-CCN has a higher
mass loss than S1-CCN, motivated by the decomposition of the dye bound to the PAL
surface modified with glycine residues, as confirmed by XRD and BET analysis. In the last
temperature range of 410-700 °C, the composite materials have a mass loss between 8-13%.
These thermal effects occur around the temperature of 400 °C and are attributed to the loss
of water due to the aluminol and silanol groups condensation [9,10].

3.2. Photophysical Studies
3.2.1. Spectrophotometric Properties of Hybrid Materials

In order to evaluate the chromatic characteristics of the colored hybrid materials
(Figure 8a), the color coordinates L*, a*, b* were compared. The results of total color
differences in the CIELAB system of materials colored with curcumin dyes showed that
the structure of the inorganic material greatly influences the final color of the composites.
In S1-dye hybrids, dyes interact with the support on which amino groups are grafted, by
predominantly polar bonds (CCN) and less by hydrogen bonds (CC).

Figure 8. Images of hybrid materials exposed to daylight (a) and fluorescence emission during
excitation at 365 nm (b).

The coordinates are comparable, the brightness L* being slightly lower and a* slightly
higher for S1-CC (Figure 9a), this leading to a darker orange shade than S1-CCN (Figure 9¢).
For the inorganic support decorated with both amino and acetate groups, the parameters of
colored hybrid materials differ significantly. The polarity of the inorganic support increases
the polar interactions with the dye. In the case of the S2-CC type hybrid, the polar physical
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bonds between the dye and the support lead to a drastic decrease in its a* value and increase
in the brightness, obtaining a yellow composite (Figure 9b). For the CCN composite, the
presence of acetate groups has the effect of decreasing the value of b*, the shift to red having
the effect of changing the color to pink (Figure 9d).

The resistance of colored composites to low temperature, alkaline, acidic and saline
environments was assessed by color measurements for the exposed samples. By comparing
the color parameters, it can be seen that the hybrid materials have good stability at low
temperatures, and in the case of S1-CC, a more pronounced hypsochromic process takes
place. In an alkaline environment, the bonds between the dye and the substrate are
affected, which leads to the release of the dye from the surface of the modified clay. In
acidic environments, the hybrid materials show stability, but with a color change to yellow
for S1-CC and red for S2-CCN, respectively, most likely determined by the tautomeric
structures of the dye. In the saline environment, the composite materials did not have
essential changes, except for 52-CCN, which had a bathochromic displacement. However,
the evaluation of resistance is done by calculating the total color differences, which in
turn can be broken down into components related to the influence of hue, chroma and
lightness, as it can be seen in Table S2 (in the Supplementary Materials). The stability of
the colored materials was evaluated by measuring color differences (AE*) between the
sample before and after performing tests on various environmental factors. It was observed
by comparing the total color differences, AE*, that the smallest variations were recorded
for the S2-CCN sample, which is further evidence of the strong interactions established
between the curcumin derivative and the host matrix.
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Figure 9. Color parameters in the CIELAB system for colored nanocomposites (S1-CC (a), S2-CC (b),
S1-CCN (c), S2-CCN (d)) and after testing their resistance to low temperature (t), alkaline (a), acid
(H+) and saline (s) solutions.

3.2.2. Fluorescent Properties of Hybrid Materials

The fluorescent properties of the colored hybrid materials are shown in Figure 8b.
All spectra of hybrid materials and solid dyes, respectively, show two emission maxima
(Figure 10). The first maximum of fluorescence emission at 480 nm is characteristic to
the chromophore and is common to the two dyes. The second peak is determined by the
auxochromes attached to the chromophore. Thus, by attaching the hydroxy and methoxy

149



Crystals 2022, 12, 1005

groups (CC), a maximum emission is obtained at 590 nm, with an increased intensity
compared to the peak at 480 nm. The attachment of amino groups (CCN) on aromatic
rings has the effect of extending the conjugation and moving the second maximum of
fluorescence emission to a longer wavelength (685 nm). The explanation for the allure
of the fluorescence emission spectra is related to the presence of the basic aminopropyl
groups in S1, respectively, the amphionic groups of the glycine residue in S2, groups that
interact differently with the terminal groups of curcuminoid dyes, phenolic for CC and
dialkylarylamine for CCN. All these interactions between the dye and the host matrix
lead to the increased fluorescence intensity of hybrid materials compared to that of the
curcumin dyes (Figure 10). From the variation of the basic/acid character of the four
groups, there are interactions through hydrogen bonds that can lead as far as the formation
of ions, as in the case of the S2-CCN system, which has a very intense emission band
displaced hypsochromic at 580 nm. At the same time, for the S2-CC system, the same
emission band is found at 515 nm and the hypsochromic change can be attributed to the
dye that acts as a proton acceptor [41]. Interactions, such as hydrogen bonds between the
dye and the host matrix, also affect the chromophore and a hypsochromic shift at 425 nm
is observed. In the case of CCN, only the intensities of these bands are influenced due to
the surrounding environment of the matrices. In accordance to the results obtained for the
color parameters, the S1-CC hybrid, in whose structure hydrogen bonds are established,
in addition to the polar interactions, has the lowest intensity of fluorescence emission. By
establishing hydrogen bonds, a strong path for quenching fluorescence emission is created,
thus explaining the noted effect.
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Figure 10. Fluorescence emission spectra of colored nanocomposites (a) and curcumin derivative (b).

In the case of hybrids loaded with CCN, the maximum emission characteristic to
the curcumin chromophore is unchanged at 480 nm, while the polar interactions between
the chromophore and the support determined a peak at 565 nm for the modified support
with APTES. The strongly blue shift of 120 nm is probably due to the steric effects that
modify the planarity of the dye molecules and the extended interaction with the support.
Increasing the polarity of the inorganic matrix by grafting acetate groups leads to an
increase in fluorescence intensity for the entire composite system. In particular, the addition
of anionic groups produces, besides the intensification of the fluorescence emission, a
105 nm hypsochromic shift of the long wavelength emission band compared to that of the
bulk dye.

4. Conclusions

In this study, the structural modifications of palygorskite with organic groups were
made in order to obtain hybrid materials compatible with curcumin-derived dyes. The
morphostructural characteristics and optical properties of the colored hybrid materials were
studied in relation to the design of modified clay hosting material. The adsorption capacity
of two curcuminoid dyes on two types of hybrid matrices derived from palygorskite were
studied, noting that the degree of sorption is higher in the case of dye with basic peripheral
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groups and amphionic modifier grafted onto the palygorskite network. According to
XRD data, the introduction of curcuminoid dyes into the palygorskite network leads to
exfoliation, in the case of the host network modified with glycine residues. The presence
of acid or basic groups grafted onto the surface of palygorskite that interact differently
with the terminal residues of curcuminoid dyes leads to large Stokes shifts. Following the
characterization—structure characteristics, dye-loaded composites can be used in various
fields, such as sensor materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst12071005/s1, Figure S1: FTIR spectra of the curcumin dyes [39];
Table S1: The XRD peaks corresponding to the palygorskite structure; Table S2: Color differences for
hybrid colored materials, exposed to various environmental factors.
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