PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Liu Q, Kong X, Li QR, Lan W (2025)
In-depth investigation into the binding
capabilities of palladium-based N-heterocyclic
carbenes towards five heavy metals: Hg, Cd,
Pb, Cr, and As. PLoS One 20(9): e0330984.
https://doi.org/10.1371/journal.pone.0330984

Editor: Yusuf Oloruntoyin Ayipo, Kwara State
University, NIGERIA

Received: November 26, 2024
Accepted: August 8, 2025
Published: September 26, 2025

Copyright: © 2025 Liu et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: All relevant data
are within the paper.

Funding: This research was funded by the
Project of Natural Science Youth Foundation
of Hunan Province [2023JJ40530], Research
Project of the Education Department of
Hunan Province [grant number 23B0778,

RESEARCH ARTICLE

In-depth investigation into the binding
capabilities of palladium-based N-heterocyclic
carbenes towards five heavy metals: Hg, Cd, Pb,
Cr, and As

Qiao Liu@?', Xianghe Kong?, Qian Ru Li**, Wenbo Lan@®?3*

1 School of Chemical Biology and Environmental Engineering, Xiangnan University, Chenzhou, Hunan,

China, 2 School of Chemistry and Chemical Engineering, University of South China, Hengyang, Hunan,
China, 3 School of Public Health, Xiangnan University, Chenzhou, Hunan, China

* lanwb9011@163.com (WL), Igrnanjing@163.com (QRL)

Abstract

Given the severe environmental and health risks posed by heavy metal pollutants
such as mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr), and arsenic (As), the
development of highly efficient and selective capture materials is critically important.
This study explores the molecular structural characteristics of complexes formed by
substituting the central palladium atom in nitrogen-heterocyclic carbene complexes
with mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr), and arsenic (As). For

all the complexes, the simulated infrared and ultraviolet-visible spectra, Wiberg bond
indices, as well as the binding ability of nitrogen-heterocyclic carbene ligands to the
central atom were assessed. The results show that the complexes obtained when the
central atom is replaced by Hg, Cd, Pb, Cr, or As are stable and display unique spec-
tral features. Significantly, nitrogen-heterocyclic carbene has the strongest binding
affinity for Pd. The complexes of chromium substitutes possess relatively high chem-
ical stability. These findings will offer important references for future pollution control
and support the specific capture of the five studied heavy metals, and enrichment of
Cr using nitrogen-heterocyclic carbene ligands.

1. Introduction

Heavy metals and their compounds exhibit stable chemical properties, making them
difficult to decompose in the environment. As a result, they can accumulate over
extended periods, posing significant risks to human health upon exposure [1]. Once
introduced into the human body, these metals often accumulate in tissues to varying
degrees, leading to toxic effects. Mercury (Hg) accumulation primarily inflicts harm
on the nervous system and damages brain function [2—4], resulting in mercury poi-
soning encephalopathy characterized by symptoms such as limb numbness and
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diminished visual and tactile sensations [5]. In severe cases, this condition may lead
to death due to heart failure.The mercury cycle serves as a quintessential example of
a heavy metal ecosystem cycle. Mercury undergoes movement and transformation
within water, soil, atmosphere, and food chains in its elemental state; its compounds
and vapor are predominantly highly toxic [6]. Cadmium (Cd), a non-essential metal
element in the human body, is capable of causing both acute and chronic toxicity
[7,8]. Acute cadmium poisoning is marked by acute gastrointestinal irritation, whereas
chronic cadmium poisoning presents as an inhibition of macrophage phagocytosis
[9]. The accumulation of cadmium within the body can lead to the formation of urinary
calculi and renal impairment [10,11]. Furthermore, cadmium poisoning can result in
cerebral inflammation, metabolic disturbances in the brain, hypertension, and histo-
pathological alterations in the testes and ovaries [12]. Lead (Pb) is the non-radioactive
element with the largest atomic weight, and its accumulation in the human body usu-
ally leads to acute and chronic poisoning. Acute poisoning commonly presents as gas-
trointestinal irritation symptoms, accompanied by a metallic oral taste, abdominal pain,
headache and other phenomena [13]. Chronic lead poisoning may impair renal tubular
reabsorption function, cause micro-artery spasms and thrombosis, cause reproduc-
tive dysfunction, cause liver enlargement, jaundice, cirrhosis, and even liver necrosis.
Cadmium (Cd), which is a non-essential metal element in the human body, can cause
both acute and chronic toxicity [14,15]. Chromium (Cr) accumulates mainly in the liver,
kidneys and lungs, and may lead to liver tissue degeneration, central vascular necro-
sis, renal tubular necrosis and pneumonia [16,17]. Hexavalent chromium (Cr (VI))
compounds are able to cause mutations in the DNA structure and have carcinogenic
and genetic effects. The genetic effects can influence the intellectual development
of infants [18]. In soil, the accumulation of Cr (VI) causes Cr ions to bind to proteins
in plant cells, thus hindering crop growth and leading to a loss of cell activity [19,20].
Arsenic(As) belongs to metalloids and is a Class | carcinogen. It has multiple valence
states in nature and is found in two forms: organic arsenic and inorganic arsenic. lts
toxicity is closely related to the valence state and the form of existence. Normally,
As3+has the strongest toxicity [21]. The toxicity of inorganic arsenic is higher than
that of organic arsenic [22]. Arsenic is associated with the occurrence and develop-
ment of various diseases involving multiple organs and systems throughout the body.
Arsenic exposure is closely related to diseases such as atherosclerosis, cardiovascu-
lar diseases, and cancers. Clinically, acute arsenic (As) poisoning commonly pres-
ents with acute gastrointestinal symptoms [23]. Arsenic can damage gastrointestinal
mucosal cells through related oxidative stress and inflammatory responses, disrupt
the intestinal barrier, and promote the occurrence and development of gastric cancer
[24]. It can also directly trigger inflammatory responses and damage the gastrointesti-
nal epithelium. Arsenic poisoning can cause liver diseases and present a spectrum of
characteristics, including simple liver injury, fatty liver, fibrosis, and even liver cancer
[25]. Arsenic can also indirectly affect the content of trace elements and amino acids in
the human body by affecting the nutrient elements of rice [26].

There are two commonly used methods for detecting lead. One is atomic absorp-
tion spectroscopy (AAS), which is based on the absorption characteristics of lead
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atoms for specific wavelengths of light [27]. It quantifies the lead by digesting the sample and measuring the absorption.
The alternative method is inductively coupled plasma mass spectrometry (ICP-MS) [28,29]. In this approach, the sample
is digested, ionized by an inductively coupled plasma, and then the lead ions are detected by a mass spectrometer based
on the mass-to-charge ratio. Mercury has a low boiling point, and its determination mainly employs cold atomic absorption
spectroscopy and atomic fluorescence spectroscopy (AFS) [30,31]. Cold atom absorption spectroscopy exploits the strong
absorption of light by mercury atoms at specific wavelengths. It measures the absorbance by reducing mercury ions to
mercury atoms with a reducing agent. AFS is commonly used to reduce mercury ions to mercury atoms with potassium
borohydride. The mercury atoms are excited to produce fluorescence and the mercury content is quantified by detecting
the fluorescence intensity. There are two commonly-used atomic absorption methods for cadmium measurement, namely
the flame atomic absorption spectroscopy method and the graphite furnace atomic absorption spectroscopy (GFAAS)
method [32-34]. The flame atom absorption method uses a reducing gas to reduce and atomize a sample at extreme
temperatures and then measures the absorbance at the characteristic wavelength of cadmium to determine its content.
GFAAS atomizes the sample using the elevated temperature in a graphite furnace, which can effectively increase the
atomization efficiency and the detection limit. Arsenic is a metalloid and is one of the so-called “five toxic heavy metals”.
There are two main approaches to its detection. One is the silver salt method [35]. In this method, the arsenide is first
reduced to arsine gas, which reacts with silver nitrate to form a yellow precipitate. Then, it is quantified by the colorimetric
method [36]. Another method is atomic fluorescence spectroscopy. In this method, arsenic ions are first reduced to arsenic
gas using potassium borohydride, and then they are excited to produce fluorescence. The arsenic content was quantified
by detecting the fluorescence intensity.

N-Heterocyclic carbene (NHC) is a neutral two-electron donor capable of bonding with various metals. Its properties are
similar to those of organophosphine ligands, and it is more easily synthesized and functionalized than organophosphine
ligands. When NHC bonds with metals, the resulting C-M bond is stronger than the P-M bond [37]. Metal NHC complexes
are primarily used as catalysts in chemical reactions [38,39]. In recent years, transition metal (silver, gold, rhodium, and
platinum, etc.) NHC complexes have demonstrated promising anti-tumor activity by inhibiting tumor cell proliferation, and
different metal centers often exhibit different mechanisms of action. N-Heterocyclic carbenes (NHCs) are compounds
composed of nitrogen atoms and heterocyclic structures. Nitrogen atoms typically carry one lone pair of electrons, making
NHCs strong nucleophiles and electron donors. The divalent carbon atoms in NHCs are located on top of these ring struc-
tures and are connected by covalent bonds to nitrogen atoms and two different groups, forming a deeply conjugated sys-
tem [40]. When acting as a ligand, NHCs form conjugated systems with rigid planar structures, and NHC metal complexes
can absorb UV light and emit significant fluorescence. Consequently, the characteristics of NHC metal complexes can be
gauged through ultraviolet-visible (UV-Vis) absorption and fluorescence.As a transition metal, palladium (Pd) has been
deeply studied and fully characterized in the field of catalysis due to the excellent stability and well-defined planar geom-
etry of its NHC complexes (Pd-NHC) [41]. This structural feature makes Pd-NHC an ideal benchmark model for investi-
gating the interaction between NHC ligands and metals. NHC ligands have coordination cavities where divalent carbon
and nitrogen atoms at the coordination center can bind to heavy metal ions. When the palladium atom at the NHC center
is substituted by Hg, Cd, Pb, Cr, or As, the UV-Vis (ultraviolet-visible) absorption spectra of the newly formed complexes
are prone to variation. Considering the substantial potential of copper, nickel, and cobalt compounds in catalytic applica-
tions, particularly with respect to sustainability; the regulation and utilization of photophysical properties of cost-effective
complexes; and the significant value of these metal complexes in the fields of biology and medicine, scholars have con-
ducted extensive research on N-heterocyclic carbene (NHC) complexes of copper, nickel, and cobalt, achieving important
advancements [42], However, research on N-heterocyclic carbene complexes associated with heavy metal ions such as
Hg, Cd, Pb, Cr, and As remains relatively limited.Density functional theory (DFT) is commonly employed for the simulation
and prediction of metal complexes [43], and research has indicated that its computational outcomes are extremely in line
with experimental results. Occasionally, DFT calculations can replace traditional experiments [44]. While DFT calculations
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have been used to analyze N-heterocyclic carbenes and their complexes, the use of DFT in studies involving spectro-
scopic analysis of NHC ligands bound to heavy metals is less common, providing a reference for heavy metal detection.

2. Research methods

In this article, all DFT (density functional theory) calculations were carried out with the Gaussian 16 package by means

of the DFT/B3LYP [45] hybrid functional. For Pb (lead), Hg (mercury), Cd (cadmium), Cr (chromium), or As (arsenic),

the small-core relativistic pseudopotential ECP28MDF was utilized, and for C (carbon), O (oxygen), N (nitrogen), and H
(hydrogen), the 6-311G basis set was applied [46,47]. In the gas-phase symmetric case, the optimized complex molecular
structure is calculated at the LanL2MB/6-311G theoretical level without symmetry constraints. After all molecules were
structurally optimized, the vibrational frequencies were calculated for validation. Provided that no imaginary frequencies
were detected in the vibrational frequencies, and under the same groups and conditions, the Mulliken charges and Wiberg
bond indices (WIBs) of the optimized structures were calculated. The time-dependent density functional theory (TD-DFT)
method [48] was utilized to calculate the gas-phase ultraviolet-visible spectra. Moreover, the same TD- DFT method was
used to determine electronic properties, such as the energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). The results were carefully analyzed to elucidate the electronic transitions
responsible for the observed spectral features.

3. Results and analysis
3.1 Molecular structure

Coordination bond is a type of covalent bond formed between an organic ligand and metal atoms or ions. Its bond energy
lies between that of a hydrogen bond and a covalent bond [49]. The length of a coordination bond can directly reflect the
strength of the chemical bond formed between two atoms [50]. However, for certain rigid ligand molecules, because of
differences in the radius of the central atom and the characteristics of the formed complexes, the bond length alone might
not fully reflect the coordination ability. Thus, by combining bond angles with bond lengths, a comprehensive understand-
ing of the coordination ability of rigid ligand molecules with the central atom can be obtained. Specifically, through ana-
lyzing the bond angles of coordination bonds, we can evaluate the strength of the interatomic interactions between the
rigid ligand molecule and the central atom more accurately, thereby making a more precise judgment of the coordination
ability. This comprehensive analysis method takes into account not only the effect of bond length but also incorporates the
important parameter of bond angle, providing us with a deeper understanding of chemical bonding.

As illustrated in Fig 1, complexes formed between N-heterocyclic carbenes and a variety of heavy metal elements dis-
play analogous structural features. Fig 1(a) presents the optimized N-Heterocyclic carbenes, Fig 1(b) shows a schematic
representation in the ChemDraw style of a typical NHC complex.In this structure, the central atom “X” represents the Pd
atom in the N-heterocyclic carbene molecule. In the palladium complexes of heavy metals with N-heterocyclic carbenes,
the Pd atom can be replaced by Pb, Hg, Cr, Cd, or As to form Pb, Hg, Cr, Cd, and As complexes, respectively. Certain
specific atoms in these complexes play critical roles, which is why they have been numbered in Fig 1. After detailed
optimization of these complex structures, we obtained the main structural parameters, including bond lengths and bond
angles, with specific data presented in Table 1. These structural parameters provide key information for a deeper under-
standing of the properties and behaviors of these complexes.

In N-heterocyclic carbene-heavy metal complexes, the bond lengths between the central atom and the ligand atoms
C1 and N2, when the central atom is Pb, Hg, Cd, or As, are all longer than the C-Pd bond length. Specifically, when the
central atom is replaced by Cr, the coordination bonds in the cavity structure elongate. The coordination bonds in other
N-heterocyclic carbene heavy metal complexes are also longer than those in N-heterocyclic carbene palladium, primarily
due to the central atom deviating from the position of Pd. That is to say, the atomic radii of arsenic (As), cadmium (Cd),
mercury (Hg) and lead (Pb) are larger than that of palladium (Pd). When these atoms replace the central Pd atom, the
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Fig 1. The optimized N-heterocyclic carbenes.

https://doi.org/10.1371/journal.pone.0330984.9001

Table 1. The important bond lengths (nm), bond angles (°)of the optimized complexes compared with the N-heterocyclic carbenes.

Complex Complex-Pd Complex-Hg Complex-Cd Complex-Pb Complex-Cr Complex-As
C1-X 2.03026 2.337 2.29687 2.39738 2.03498 2.17079
N2-X 2.12648 2.44605 2.33503 2.43471 1.9817 2.5357
C1-X-N2 179.84691 124.18318 121.88168 101.82753 115.87168 155.78479

https://doi.org/10.1371/journal.pone.0330984.t001

central atom will deviate from the plane where the four coordinating atoms are located. Consequently, the bond lengths
containing nitrogen (N) atoms in the coordination bonds formed by As, Cd, Hg, and Pb are longer than those of N-Pd.
These observations suggest that the atomic radius of the central atom has a significant influence on the length of the
coordination bonds. An increase in the atomic radius results in the elongation of the coordination bonds, thereby affecting
the overall structure and properties of the complex. This finding is of great significance for understanding the chemical
behavior of heavy-metal complexes and designing new catalysts.

3.2 WiIBs

In this article, the calculation of Wibs is based on the results of Natural Bond Orbital (NBO) analysis [51], as shown in
Table 2, where X corresponds to Pd, Pb, Hg, Cr, Cd, or As atoms. In our study of N-heterocyclic carbene palladium, we
discovered that the Wiberg Index value of the C1-Pd bond is 0.4789, whereas that of the N2-Pd bond is 0.3135. For C
bonds formed by other heavy metal central atoms, the Wiberg Index values vary from 0.2805 to 0.8497, and for N bonds,
the values range from 0.3135 to 0.6274. An important finding is that the Wiberg Index values of the N-Cr bond and the
C-Cr bond reach the highest values of 0.6274 and 0.8497 respectively, which indicates that the bonding strength between
Cr atoms and other atoms is particularly remarkable in these systems [52].

This data analysis is based on the measurement of bond length between two atoms in all complexes. Due to the rigid
structure of N-heterocyclic carbene, significant differences are presented in the length of coordination bonds. When the
central atom Pd is replaced by heavy metal toxic atoms, a noticeable increase in bond values can be observed. This
increase may be attributed to the enhanced electron-sharing ability between the coordinated nitrogen and carbon atoms
and the central atom in the newly formed complexes. Meanwhile, this enhancement leads to a decrease in the positive
charge of the central atom and the negative charge of the coordinated nitrogen atom.
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Table 2. Wiberg bond indices of the heavy metal complexes.

Complex Complex-Pd Complex-Hg Complex-Cd Complex-Pb Complex-Cr Complex-As
C1-X 0.4789 0.6673 0.661 0.7086 0.8497 0.2805
N2-X 0.3135 0.3826 0.401 0.4697 0.6274 0.0359

https://doi.org/10.1371/journal.pone.0330984.t002

The improvement of electron-sharing ability can be ascribed to the high electron density and strong electronegativity of
heavy metal atoms. These properties allow the electron clouds to overlap more effectively with the coordinated nitrogen
and carbon atoms, thereby strengthening the chemical bonds. In addition, the introduction of heavy-metal atoms may alter
the electron distribution within the coordination environment, thus optimizing the electronic structure of the coordination
bonds. This adjustment results in a reduction in the positive charge of the central atom and the negative charge of the
coordinated nitrogen atom, ultimately achieving a re-balanced charge distribution.

3.3 Infrared spectrogram

In this study, we carried out a comprehensive simulation analysis of the infrared spectrum (IR) and the vibrational spec-
trum of the optimized complex by using consistent computational strategies and computer clusters. Specifically, the
infrared spectrum data of the complex are presented in Fig 2. The analysis results show that no imaginary frequencies
were detected within the vibration frequency range of all the examined complexes, a finding that strongly confirms that the
structure of the studied complexes has reached the optimal state of stability. Further vibration analysis clearly indicates
that when the central atom of the N-heterocyclic carbenes is substituted by heavy metal atoms such as Pd, Pb, Hg, Cr,
Cd, or As, significant changes occur in the infrared characteristic peaks of the coordination bond. The differential changes
in these infrared absorption peaks will provide crucial reference information for the qualitative analysis of complexes
formed by N-heterocyclic carbenes with different heavy metals in future experiments. For convenience of reference, Table
3 lists in detail the characteristics of the important vibrational absorption peaks shown in Fig 2.

After various atomic substitutions for the central atom, the positive charge of the central metal atom decreases. In
contrast to palladium (Pd), the introduction of heavier central atoms such as mercury (Hg), cadmium (Cd), and lead (Pb)
results in a blue shift in the C=N bond stretching frequency, ranging from 4 to 41 cm'. Conversely, when chromium (Cr) is

complex-Pd
complex-Hg
complex-Cd
complex-Pb
complex-Cr
complex-As

AW 22 it
NN

T%

<9ea
|
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W

4000 3500 3000 2500 2000 1500 1000 500
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Fig 2. Simulated infrared spectra of the heavy-metal complexes.

https://doi.org/10.1371/journal.pone.0330984.9002
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Table 3. The representative IR data (cm™) for the complexes.

Complex vC-H vC=N Vibration absorption peak of the central pyrazole skeleton
Complex-Pd 3545, 3511, 3487 1542, 1506, 1483 1434

Complex-Hg 3540, 3507, 3485 1542, 1502, 1488 1374.5

Complex-Cd 3540, 3507, 3485 1501, 1487 1370

Complex-Pb 3543, 3510. 3483 1542, 1498, 1490 1366

Complex-Cr 3539, 3505, 3487 1636, 1538, 1494 1379

Complex-As 3543, 3511, 3433 1530, 1501 1357

https://doi.org/10.1371/journal.pone.0330984.t003

positioned as the central atom, a red shift ranging from 11 to 94 cm-1 is detected in the C=N bond. It is noteworthy that,
When Pb acts as the central element in the formation of complexes, its vibration peak is conspicuously enhanced, which
is potentially attributed to the stretching vibration of functional groups.

When cadmium, lead or arsenic replaces Pd to occupy the central position in the complex, an obvious blue-shift phe-
nomenon will occur in the C-H stretching vibration absorption peak value. Compared with palladium (Pd), the vibration
absorption peaks related to these substitute central atoms decrease, with the decrease ranging from 3 to 46 cm™ More
importantly, replacing the central atom in N-heterocyclic carbene with various heavy metal atoms will not only affect the
electronic properties but also cause structural changes in the resulting complexes. This structural change is a crucial fac-
tor that must be considered when the overall stability and reactivity of the complexes are taken into account.

3.4 Charge distribution

The natural electrostatic charge distributions between the ligand atoms and the central metal in N-heterocyclic carbene Pd
and other complexes formed by Pd substitution are shown in Table 4.

It can be seen from the electrostatic charge distribution values in Table 4 that, in N-heterocyclic carbenes, unlike palla-
dium, the substitution of the central atom with elements such as Hg, Cd, Pb, Cr, or As increases the absolute value of the
negative charge on the coordinating nitrogen atoms. This change in charge distribution is significant, indicating that after
the central atom is substituted for palladium, the electron density provided by the coordinating atoms to the central metal
atom is reduced.

This result also indicates the crucial role of the central atom in influencing the structure and electronic properties of the
coordination bonds. When other metal ions replace palladium, it directly affects the electron-sharing ability between the
coordinating atoms and the central metal atom, thereby enhancing the overall electron density distribution within the com-
plex. This phenomenon can greatly enhance the understanding of the stability of the complex.

The conclusions reached in this analysis are in agreement with the results acquired via the WIBs method, further con-
firming the reliability of the charge distribution analysis. This consistency in methodology not only verifies the findings but

Table 4. The charge distributions of the heavy-metal complexes.

Complex C N X
Complex-Pd 0.25082 -0.11068 0.04821
Complex-Hg 0.28451 -0.13842 0.28451
Complex-Cd 0.37578 -0.15554 0.37578
Complex-Pb 0.5282 -0.17000 0.5282
Complex-Cr 0.07593 -0.15193 0.07593
Complex-As 0.27397 -0.12665 0.27397

https://doi.org/10.1371/journal.pone.0330984.t004
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also underlines the importance of carefully choosing central metal atoms in N-heterocyclic carbene complexes so as to
optimize their electronic and structural characteristics.

3.5 Ultraviolet-visible absorption spectroscopy

In a vacuum environment, a detailed study was conducted on the ultraviolet-visible absorption spectra of N-heterocyclic
carbene palladium and its related heavy metal complexes, the results of which are shown in Fig 3. The study covered
N-heterocyclic carbene palladium, mercury complexes, cadmium complexes, lead complexes, chromium complexes,
and arsenic complexes. The ultraviolet-visible absorption peaks of these complexes were located at 362.8nm, 240.4nm,
224.2nm, 263.8nm, 357.4nm, and 404.2 nm, respectively.

The research results indicate that when the palladium atom is replaced by mercury, cadmium, or lead atoms, the
ultraviolet-visible absorption peaks of the formed complexes exhibit a blue shift. This phenomenon may be attributed to
the larger positive charge of the mercury, cadmium, and lead atomic nuclei, which produces a stronger electron with-
drawal effect, leading to a blue shift in the ultraviolet absorption spectrum. In contrast, when the central atom is arsenic,
the ultraviolet-visible absorption peaks of the complexes undergo a red shift, and these absorption peaks are all within the
visible spectrum range.

Further analysis shows that the relative absorbance of N-heterocyclic carbene palladium is significantly lower than that
of other heavy metal complexes formed with N-heterocyclic carbene. Notably, although the chromium complex expe-
rienced only a slight red shift (5.4 nm), its ultraviolet absorption range was broader than that of N-heterocyclic carbene
palladium. Therefore, through ultraviolet-visible absorption spectra, it is possible to definitely distinguish the N-heterocyclic
carbene palladium from chromium complexes formed in the experiment. Interestingly, the complexes formed by other
metal ions exhibit almost no absorption peaks within the range of 600-800 nm. However, As and Cr possess distinct and
relatively broad absorption peaks. This could be attributed to the significantly smaller atomic radii of As and Cr compared
to the other three metal ions. During the formation of complexes, the delocalization of the electron cloud is relatively stron-
ger, enhancing the stability of the complex molecules (which is in accordance with the binding energy data presented in
Table 5), and possibly enabling the complexes to display absorption peaks of a certain intensity in the visible light region.
This finding is of significant importance for understanding the spectral characteristics of different heavy metal complexes
and their applications in materials science and chemistry.

—— complex-Pd
— complex-Hg
——— complex-Cd
— complex-Pb

complex-Cr
——— complex-As

A%

200 400 600 800 1000
Wavelength(nm)

Fig 3. Simulated ultraviolet visible absorption spectra for the heavy-metal complexes.

https://doi.org/10.1371/journal.pone.0330984.9003
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Table 5. Binding energies formed between various heavy metal ions and N-heterocyclic carbene ligands (kJ/mol).

Complex Complex-Pd Complex-Hg Complex-Cd Complex-Pb Complex-Cr Complex-As
Binding energy -561.88 -321.85 -352.41 -373.05 -480.61 -409.61

https://doi.org/10.1371/journal.pone.0330984.t005

3.6 Binding energy

The molecular binding energy serves as a critical parameter for evaluating the affinity of ligands toward the central atom
in metal complexes. A higher absolute value of the binding energy indicates a more stable complex and a higher potential
recognition capability of the ligand for the metal ions [53]. The binding energy for complexes involving N-heterocyclic car-
bene palladium, among others, is determined through the application of equation (1); This methodological approach not
only quantifies the strength of the interaction but also provides insights into the structural stability and reactivity of these
complexes.

XYW(R) = WXY(R) - WX(R) - WY(R) (1)

In equation (1), the term XYW(R) denotes the binding energy, while WXY (R) represents the overall energy of the inter-
acting system. The energies of the two separate molecules, X and Y, are represented by WX (R) and WY (R) respectively.
The binding energies associated with N-heterocyclic carbene palladium and various other complexes are detailed in
Table 5. The specific binding energies for N-heterocyclic carbene ligands interacting with Pd, Pb, Hg, Cr, Cd, and As are
quantified as -561.88, —-373.05, —321.85, -480.61, -352.41, and -409.61 kJ/mol respectively. A clear observation from
these data is that the binding affinity of N-heterocyclic carbene ligands with Pb, Hg, Cr, Cd, and As is significantly weaker
compared to their interaction with Pd. Notably, the weakest binding is observed with Hg, while the binding energy with Cr
exceeds that of all other heavy metals, excluding Pd. Compared with Cr, Pd has a higher electron affinity and a greater
ionization energy, enabling Pd to form stronger coordination bonds with NHCs [54]. While compared with the remaining
four heavy metal ions, the atomic radius of Cr is relatively tiny, and the bond length formed with N-heterocyclic carbenes is
also shorter (consistent with the results shown in Table 1).

4. Conclusions

Palladium N-heterocyclic carbenes and their complexes with five hazardous heavy metals, namely Pb, Hg, Cr, Cd, and As,
have been found to be stable entities. Remarkably, the complexes of N-heterocyclic carbenes with these heavy metals are
actually more stable than the carbenes themselves. In terms of infrared and ultraviolet spectral absorption, these heavy
metal-N-heterocyclic carbenes complexes exhibit distinct patterns from those of N-heterocyclic carbene palladium. This
difference in absorption patterns allows for the qualitative differentiation of certain elements within these complexes from
N-heterocyclic carbene palladium. However, the quantitative analysis of N-heterocyclic carbenes bound to Cr or As may
present slightly more difficulties compared to those bound to Hg, Cd, or Pb. One interesting finding is that the complexes
formed by Cr and N-heterocyclic carbenes ligands display the highest ultraviolet absorption intensity and chemical sta-
bility, This phenomenon may be attributed to the nitrogen heterocyclic carbene (NHC)-Cr complex adopting a tetrahedral
geometry with Cr as the central atom. Regarding bond lengths, the C1-Cr bond length is comparable to that of the C1-Pd
bond, whereas the N2-Cr bond length is shorter than the N2-Pd bond. The C1-Cr-N2 bond angle of 115.87168°closely
approximates the ideal tetrahedral angle of 109.5°. By analyzing the Wiberg bond indices derived from Natural Bond
Orbital (NBO) analysis, it is evident that the Wiberg Index values for the N-Cr and C-Cr bonds reach maximum values

of 0.6274 and 0.8497, respectively. These findings collectively indicate that the coordination geometry of the Cr-NHC
complex confers the highest degree of chemical stability. In terms of coordination binding capacity, among all the heavy
metals tested, N-heterocyclic carbenes ligands exhibit the strongest affinity for Pd. These findings will undoubtedly provide
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valuable insights for future research on N-heterocyclic carbenes in the remediation of heavy metals, particularly in the
targeted capture of Cr.

Acknowledgments

This research was funded by the Proiect of Natural Science Youth Foundation of Hunan Province [2023JJ40530],
Research Project of the Education Department of Hunan Province [grant number 23B0778, 21C0717], Chenzhou City
social science project [CZSSKL2016039 and CZSSKL2024147], Teaching Reform Project of Ordinary Higher Education
Institutions in Hunan Province (HNJG-2021-0972), Scientific Research Project of Xiangnan University (2018XJ23), the
Chenzhou City Science and Technology Bureau project [2021JCYJ03], and the Hunan Provincial Special Project Con-
struction of Science and Technology Innovation Service Platform for Industrial Elements in Chenzhou [2022sfg51].Nanling
Characteristic Chinese medicine resources protection and utilization of the key laboratory in Hunan Province, Research
and Development Center for Big Data Simulation Technology in the Prevention and Monitoring of Heavy Metal lon Water
Pollution in Chenzhou. Thanks to the University of South China for providing computational assistance.

Author contributions

Conceptualization: Wenbo Lan.

Data curation: Wenbo Lan.

Formal analysis: Qiao Liu.

Funding acquisition: Qiao Liu, Xianghe Kong, Wenbo Lan.
Software: Xianghe Kong.

Supervision: Qian Ru Li.

Validation: Qian Ru Li.

Writing — original draft: Qiao Liu.

Writing — review & editing: Qiao Liu, Wenbo Lan.

References

1. LyuJ, ChenYY, Zhang L. Antibiotics in drinking water and health risks - China, 2017. China CDC Wkly. 2020;2(23):413-7. https://doi.org/10.46234/
ccdcw?2020.106 PMID: 34594669

2. Chan MC, Bautista E, Alvarado-Cruz |, Quintanilla-Vega B, Segovia J. Inorganic mercury prevents the differentiation of SH-SY5Y cells: amyloid
precursor protein, microtubule associated proteins and ROS as potential targets. J Trace Elem Med Biol. 2017;41:119-28. https://doi.org/10.1016/j.
jtemb.2017.02.002 PMID: 28209268

3. Nagano M, Fujimura M, Tada Y, Seko Y. Dietary fructooligosaccharides reduce mercury levels in the brain of mice exposed to methylmercury. Biol
Pharm Bull. 2021;44(4):522—7. https://doi.org/10.1248/bpb.b20-00806 PMID: 33790104

4. Zhou C-C, Fu H, Zhang G-Y, Ma J-W, Ni M, Li D-J, et al. Effects of low-level mercury exposure on brain-derived neurotrophic factor in preschool
children. Ecotoxicol Environ Saf. 2021;208:111642. https://doi.org/10.1016/j.ecoenv.2020.111642 PMID: 33396162

5. Kothari S, Kruse D, Karimi R, Silbernagel S, Gursoy N, Jaber R, et al. High mercury seafood consumption associated with fatigue at specialty medi-
cal clinics on Long Island, NY. Prev Med Rep. 2015;2:798-802. https://doi.org/10.1016/j.pmedr.2015.09.010 PMID: 26844152

6. Ellery L, Crafts P, Sturgeon A, Rajani A. Mercury management during decommissioning: predicting accumulation and mitigating risk of release.
APPEA J. 2023;63(1):273-84. https://doi.org/10.1071/aj22136

7. Bhattacharya S. Protective role of the essential trace elements in the obviation of cadmium toxicity: glimpses of mechanisms. Biol Trace Elem Res.
2022;200(5):2239-46. https://doi.org/10.1007/s12011-021-02827-7 PMID: 34283363

8. Phipps KR, Lynch B, Stannard DR, Gilby B, Baldwin N, Mik§ MH, et al. Genotoxicity and neonatal subchronic toxicity assessment of a novel
mixture of the human-identical milk oligosaccharides lacto-N-fucopentaose | and 2’-fucosyllactose. J Appl Toxicol. 2021;41(4):632—49. https://doi.
org/10.1002/jat.4071 PMID: 33000492

PLOS One | https://doi.org/10.1371/journal.pone.0330984  September 26, 2025 10/12



https://doi.org/10.46234/ccdcw2020.106
https://doi.org/10.46234/ccdcw2020.106
http://www.ncbi.nlm.nih.gov/pubmed/34594669
https://doi.org/10.1016/j.jtemb.2017.02.002
https://doi.org/10.1016/j.jtemb.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28209268
https://doi.org/10.1248/bpb.b20-00806
http://www.ncbi.nlm.nih.gov/pubmed/33790104
https://doi.org/10.1016/j.ecoenv.2020.111642
http://www.ncbi.nlm.nih.gov/pubmed/33396162
https://doi.org/10.1016/j.pmedr.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26844152
https://doi.org/10.1071/aj22136
https://doi.org/10.1007/s12011-021-02827-7
http://www.ncbi.nlm.nih.gov/pubmed/34283363
https://doi.org/10.1002/jat.4071
https://doi.org/10.1002/jat.4071
http://www.ncbi.nlm.nih.gov/pubmed/33000492

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Choudhury C, Mazumder R, Biswas R, Sengupta M. Cadmium exposure induces inflammation through the canonical NF-kB pathway in mono-
cytes/macrophages of Channa punctatus Bloch. Fish Shellfish Immunol. 2021;110:116-26. https://doi.org/10.1016/].fsi.2021.01.002 PMID:
33453382

Guo J, Ye D, Zhang X, Huang H, Wang Y, Zheng Z, et al. Characterization of cadmium accumulation in the cell walls of leaves in a low-cadmium
rice line and strengthening by foliar silicon application. Chemosphere. 2022;287 (Pt 4):132374. https://doi.org/10.1016/j.chemosphere.2021.132374
PMID: 34592211

Lee H-Y, Oh S-H. Autophagy-mediated cytoplasmic accumulation of p53 leads to apoptosis through DRAM-BAX in cadmium-exposed human prox-
imal tubular cells. Biochem Biophys Res Commun. 2021;534:128-33. https://doi.org/10.1016/j.bbrc.2020.12.019 PMID: 33321290

Martins AC, Santos AAD, Lopes ACBA, Skalny AV, Aschner M, Tinkov AA, et al. Endothelial dysfunction induced by cadmium and mercury and its
relationship to hypertension. CHYR. 2021;17(1):14—26. https://doi.org/10.2174/1573402117666210121102405

Lu K, Yang X, Gielen G, Bolan N, Ok YS, Niazi NK, et al. Effect of bamboo and rice straw biochars on the mobility and redistribution of heavy
metals (Cd, Cu, Pb and Zn) in contaminated soil. J Environ Manage. 2017;186(Pt 2):285-92. https://doi.org/10.1016/j.jenvman.2016.05.068 PMID:
27264699

Santander Ballestin S, Luesma Bartolomé MJ. Toxicity of different chemical components in sun cream filters and their impact on human health: a
review. Appl Sci. 2023;13(2):712. https://doi.org/10.3390/app13020712

Ding X, Wu Y, Wang J. Effects of waste cement on the extractability of Cd, soil enzyme activities, cadmium accumulation, activities of antioxidant
enzymes, and malondialdehyde (MDA) content in lettuce. Appl Sci. 2023;13(14):8254. https://doi.org/10.3390/app13148254

Loumbourdis NS, Kostaropoulos |, Theodoropoulou B, Kalmanti D. Heavy metal accumulation and metallothionein concentration in the frog Rana
ridibunda after exposure to chromium or a mixture of chromium and cadmium. Environ Pollut. 2007;145(3):787-92. https://doi.org/10.1016/j.
envpol.2006.05.011 PMID: 16814910

Kostaropoulos |, Kalmanti D, Theodoropoulou B, Loumbourdis NS. Effects of exposure to a mixture of cadmium and chromium on detoxification
enzyme (GST, P450-MO) activities in the frog Rana ridibunda. Ecotoxicology. 2005;14(4):439—47. https://doi.org/10.1007/s10646-004-1349-2
PMID: 16385738

Heflich RH, Neft RE. Genetic toxicity of 2-acetylaminofluorene, 2-aminofluorene and some of their metabolites and model metabolites. Mutat Res.
1994;318(2):73-114. https://doi.org/10.1016/0165-1110(94)90025-6 PMID: 7521935

Adamo P, lavazzo P, Albanese S, Agrelli D, De Vivo B, Lima A. Bioavailability and soil-to-plant transfer factors as indicators of potentially toxic ele-
ment contamination in agricultural soils. Sci Total Environ. 2014;500-501:11-22. https://doi.org/10.1016/j.scitotenv.2014.08.085 PMID: 25217740

Jothieswari M, Prabhakaran N, Krithika A, Swarnalatha S. Reuse of treated domestic sewage for irrigation purposes using the algal-based treat-
ment system. Water Air Soil Pollut. 2023;234(7):464. https://doi.org/10.1007/s11270-023-06497-0

Chung J-Y, Yu S-D, Hong Y-S. Environmental source of arsenic exposure. J Prev Med Public Health. 2014;47(5):253-7. https://doi.org/10.3961/
jpmph.14.036 PMID: 25284196

Sarkar A, Paul B. The global menace of arsenic and its conventional remediation - a critical review. Chemosphere. 2016;158:37—49. https://doi.
org/10.1016/j.chemosphere.2016.05.043 PMID: 27239969

Rabier J, Laffont-Schwob I, Pricop A, Ellili A, D’Enjoy-Weinkammerer G, Salducci M-D, et al. Heavy metal and arsenic resistance of the halophyte
Atriplex halimus L. along a gradient of contamination in a French mediterranean spray zone. Water Air Soil Pollut. 2014;225(7):1993. https://doi.
org/10.1007/s11270-014-1993-y

Domene A, Orozco H, Rodriguez-Viso P, Monedero V, Zufiga M, Vélez D, et al. Intestinal homeostasis disruption in mice chronically exposed to
arsenite-contaminated drinking water. Chem Biol Interact. 2023;373:110404. https://doi.org/10.1016/j.cbi.2023.110404 PMID: 36791901

Friedman SL, Pinzani M. Hepatic fibrosis 2022: unmet needs and a blueprint for the future. Hepatology. 2022;75(2):473—88. https://doi.
0rg/10.1002/hep.32285 PMID: 34923653

Bakhat HF, Zia Z, Fahad S, Abbas S, Hammad HM, Shahzad AN, et al. Arsenic uptake, accumulation and toxicity in rice plants: possible remedies
for its detoxification: a review. Environ Sci Pollut Res Int. 2017;24(10):9142-58. https://doi.org/10.1007/s11356-017-8462-2 PMID: 28160172

Bora P, Devi NN. Bioremediation of heavy metal lead (Pb) by enteric bacteria and metagenomic analysis of an endogenic earthworm metaphire
nanaoensis found in the semi-urban paddy fields of Kamrup District, Assam. Water Air Soil Pollut. 2024;235(6):367. https://doi.org/10.1007/
$11270-024-07170-w

Silva JS, Heidrich GM, Poletto BO, Paniz JNG, Dressler VL, Flores EMM. Mercury determination in bioresorbable calcium phosphate using a new
electrothermal vaporization system coupled to ICP-MS. J Anal At Spectrom. 2023;38(5):1000—6. https://doi.org/10.1039/d2ja00414c

Gulson B, Kamenov GD, Manton W, Rabinowitz M. Concerns about quadrupole ICP-MS lead isotopic data and interpretations in the environment
and health fields. Int J Environ Res Public Health. 2018;15(4):723. https://doi.org/10.3390/ijerph15040723 PMID: 29641487

Zhang W, Su Z, Chu X, Yang X. Evaluation of a new electrolytic cold vapor generation system for mercury determination by AFS. Talanta.
2010;80(5):2106—12. https://doi.org/10.1016/j.talanta.2009.11.016 PMID: 20152459

Liu J-L, Han Q, Hu E-Y, Yang C, Yin M-M. Determination of trace mercury in water samples by cloud point extraction coupled with atomic fluores-
cence spectrometry. J Anal Chem. 2023;78(3):303-9. https://doi.org/10.1134/s1061934823030073

PLOS One | https://doi.org/10.1371/journal.pone.0330984  September 26, 2025 11712



https://doi.org/10.1016/j.fsi.2021.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33453382
https://doi.org/10.1016/j.chemosphere.2021.132374
http://www.ncbi.nlm.nih.gov/pubmed/34592211
https://doi.org/10.1016/j.bbrc.2020.12.019
http://www.ncbi.nlm.nih.gov/pubmed/33321290
https://doi.org/10.2174/1573402117666210121102405
https://doi.org/10.1016/j.jenvman.2016.05.068
http://www.ncbi.nlm.nih.gov/pubmed/27264699
https://doi.org/10.3390/app13020712
https://doi.org/10.3390/app13148254
https://doi.org/10.1016/j.envpol.2006.05.011
https://doi.org/10.1016/j.envpol.2006.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16814910
https://doi.org/10.1007/s10646-004-1349-2
http://www.ncbi.nlm.nih.gov/pubmed/16385738
https://doi.org/10.1016/0165-1110(94)90025-6
http://www.ncbi.nlm.nih.gov/pubmed/7521935
https://doi.org/10.1016/j.scitotenv.2014.08.085
http://www.ncbi.nlm.nih.gov/pubmed/25217740
https://doi.org/10.1007/s11270-023-06497-0
https://doi.org/10.3961/jpmph.14.036
https://doi.org/10.3961/jpmph.14.036
http://www.ncbi.nlm.nih.gov/pubmed/25284196
https://doi.org/10.1016/j.chemosphere.2016.05.043
https://doi.org/10.1016/j.chemosphere.2016.05.043
http://www.ncbi.nlm.nih.gov/pubmed/27239969
https://doi.org/10.1007/s11270-014-1993-y
https://doi.org/10.1007/s11270-014-1993-y
https://doi.org/10.1016/j.cbi.2023.110404
http://www.ncbi.nlm.nih.gov/pubmed/36791901
https://doi.org/10.1002/hep.32285
https://doi.org/10.1002/hep.32285
http://www.ncbi.nlm.nih.gov/pubmed/34923653
https://doi.org/10.1007/s11356-017-8462-2
http://www.ncbi.nlm.nih.gov/pubmed/28160172
https://doi.org/10.1007/s11270-024-07170-w
https://doi.org/10.1007/s11270-024-07170-w
https://doi.org/10.1039/d2ja00414c
https://doi.org/10.3390/ijerph15040723
http://www.ncbi.nlm.nih.gov/pubmed/29641487
https://doi.org/10.1016/j.talanta.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/20152459
https://doi.org/10.1134/s1061934823030073

PLO\Sﬁ\\.- One

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kang WJ, Liang SX, Jia LH, Xu LQ, Zhao Y, Sun HW. Determination of trace cadmium in environment water samples by flame atomic absorption
spectrometry using flow injection on-line preconcentration with double microcolumns. Spectrosc Spectral Anal. 2005;25(5):792-—5. https://doi.
org/10.1016/j.saa.2004.12.048

Mu H-Y, Chen Z-L. Determination of lead and cadmium in tea by graphite furnace atomic absorption. Rev Anal Chem. 2011;30(3—4):141—4. https:/
doi.org/10.1515/revac.2011.013

Li Y-K, Wang X-Y, Liu X, Yang T, Chen M-L, Wang J-H. Ensuring high selectivity for preconcentration and detection of ultra-trace cadmium using a
phage-functionalized metal-organic framework. Analyst. 2020;145(15):5280-8. https://doi.org/10.1039/d0an00944j PMID: 32662780

Zeng Q. Determination of the content of arsenic in drinking water by silver-salt method. Guangdong Trace Elem Sci. 2011;18(07):54-8. https://doi.
org/10.16755/j.cnki.issn.1006-446x.2011.07.004

Dhar RK, Zheng Y, Rubenstone J, van Geen A. A rapid colorimetric method for measuring arsenic concentrations in groundwater. Anal Chim Acta.
2004;526(2):203-9. https://doi.org/10.1016/j.aca.2004.09.045

Li E, Chen J, Huang Y. Enantioselective seleno-michael addition reactions catalyzed by a chiral bifunctional N-heterocyclic carbene with noncova-
lent activation. Angew Chem Int Ed Engl. 2022;61(23):€202202040. https://doi.org/10.1002/anie.202202040 PMID: 35322507

Denisova EA, Kostyukovich AYu, Fakhrutdinov AN, Korabelnikova VA, Galushko AS, Ananikov VP. “Hidden” nanoscale catalysis in alkyne hydroge-
nation with well-defined molecular PdA/NHC complexes. ACS Catal. 2022;12(12):6980-96. https://doi.org/10.1021/acscatal.2c01749

Ghosh M, Khan S. N-heterocyclic carbenes capped metal nanoparticles: an overview of their catalytic scope. ACS Catal. 2023;13(14):9313-25.
https://doi.org/10.1021/acscatal.3c01824

Huynh HV. Electronic properties of N-heterocyclic carbenes and their experimental determination. Chem Rev. 2018;118(19):9457-92. https://doi.
org/10.1021/acs.chemrev.8b00067

Firat T, Bugday N, Yasar S, Boulebd H, Mansour L, Koko WS, et al. Bridged NHC-Pd(ll) complexes: synthesis, DFT calculations, molecular docking,
and investigation of catalytic and biological activities. J Organomet Chem. 2024;1011:123129. https://doi.org/10.1016/j.jorganchem.2024.123129

Danopoulos AA, Simler T, Braunstein P. N-heterocyclic carbene complexes of copper, nickel, and cobalt. Chem Rev. 2019;119(6):3730-961.
https://doi.org/10.1021/acs.chemrev.8b00505 PMID: 30843688

Zhao J, Wang C, Li Y, Chen C, Na P. Different paths lead to the same destination: the mechanism of photocatalytic oxidation of As(lll) by polyoxo-
metalates. Mol Catal. 2021;503:111421. https://doi.org/10.1016/j.mcat.2021.111421

Savani CJ, Roy H, Verma SK, Vennapu DR, Singh VK. Synthesis, characterization and evaluation of novel ferrocenylmethylamine derivatives as
cytotoxic agents. Appl Organomet Chem. 2021;35(3):e6137. https://doi.org/10.1002/a0c.6137

Rabichi I, Sekkouri C, Yaacoubi FE, Ennaciri K, Izghri Z, Bouzid T, et al. Experimental and theoretical investigation of olive mill solid waste biochar
for vanillic acid adsorption using DFT/B3LYP analysis. Water Air Soil Pollut. 2024;235(6):369. https://doi.org/10.1007/s11270-024-07183-5

Kim KS, Ryu CY, So WY, Hong SW. Relativistic scalar and vector potentials calculated using a non-relativistic nuclear potential. J Korean Phys
Soc. 2021;78(3):188-94. https://doi.org/10.1007/s40042-020-00033-7

Eserci Giirbiiz H, Oztiirk Giindiiz E, Bat-Ozmatara M, Senocak A, Okutan E. Carbazole-BODIPY dyads: synthesis, characterization, photophysical
and antimicrobial properties. J Photochem Photobiol A Chem. 2023;443:114890. https://doi.org/10.1016/j.jphotochem.2023.114890

Shkir M, Jain VK, AlFaify S, Abutalib MM, Yahiya IS, Ajmal Khan M. Molecular structure, spectroscopic (IR, Raman, Ultra Violet-Visible) and non-
linear optical investigation on DCBLPZ: a novel semiorganic NLO material. J Theor Comput Chem. 2015;14(08):1550061. https://doi.org/10.1142/
s0219633615500613

Zhang X, Tang Z, Guo B, Zhang L. Enabling design of advanced elastomer with bioinspired metal-oxygen coordination. ACS Appl Mater Interfaces.
2016;8(47):32520-7. https://doi.org/10.1021/acsami.6b10881 PMID: 27933856

Sun L, Zhang W, Fu J, Guan K, Wang C, Wang Y, et al. Highly active rare earth sulfur oxides used for membrane modification of lithium sulfur
batteries. Chem Eng J. 2023;457:141240. https://doi.org/10.1016/j.ce|.2022.141240

Acharjee N, Banerji A. DFT interpretation of 1,3-dipolar cycloaddition reaction of C,N-diphenyl nitrone to methyl crotonate in terms of reactivity
indices, interaction energy and activation parameters. Comput Theor Chem. 2011;967(1):50-8. https://doi.org/10.1016/j.comptc.2011.03.040

Wei L, Lei J, Luo T, Wu L. Influence of decoration with Si and Ge atoms on the sensitivity of boron nitride nanocone towards temozolomide antican-
cer drugs. Struct Chem. 2020;31(6):2321-31. https://doi.org/10.1007/s11224-020-01576-y

Zubov VI, Tretiakov NP, Teixeira Rabelo JN, Sanchez Ortiz JF. Calculations of the thermal expansion, cohesive energy and thermodynamic stability
of a Van der Waals crystal - fullerene C60. Phys Lett A. 1994;194(3):223-7. https://doi.org/10.1016/0375-9601(94)91288-2

Pankov RO, Prima DO, Kostyukovich AY, Minyaev ME, Ananikov VP. Synthesis and a combined experimental/theoretical structural study of a com-
prehensive set of PA/NHC complexes with o-, m-, and p-halogen-substituted aryl groups (X = F, Cl, Br, CF3). Dalton Trans. 2023;52(13):4122-35.
https://doi.org/10.1039/d2dt03665g PMID: 36883531

PLOS One | https://doi.org/10.1371/journal.pone.0330984  September 26, 2025 12712



https://doi.org/10.1016/j.saa.2004.12.048
https://doi.org/10.1016/j.saa.2004.12.048
https://doi.org/10.1515/revac.2011.013
https://doi.org/10.1515/revac.2011.013
https://doi.org/10.1039/d0an00944j
http://www.ncbi.nlm.nih.gov/pubmed/32662780
https://doi.org/10.16755/j.cnki.issn.1006-446x.2011.07.004
https://doi.org/10.16755/j.cnki.issn.1006-446x.2011.07.004
https://doi.org/10.1016/j.aca.2004.09.045
https://doi.org/10.1002/anie.202202040
http://www.ncbi.nlm.nih.gov/pubmed/35322507
https://doi.org/10.1021/acscatal.2c01749
https://doi.org/10.1021/acscatal.3c01824
https://doi.org/10.1021/acs.chemrev.8b00067
https://doi.org/10.1021/acs.chemrev.8b00067
https://doi.org/10.1016/j.jorganchem.2024.123129
https://doi.org/10.1021/acs.chemrev.8b00505
http://www.ncbi.nlm.nih.gov/pubmed/30843688
https://doi.org/10.1016/j.mcat.2021.111421
https://doi.org/10.1002/aoc.6137
https://doi.org/10.1007/s11270-024-07183-5
https://doi.org/10.1007/s40042-020-00033-7
https://doi.org/10.1016/j.jphotochem.2023.114890
https://doi.org/10.1142/s0219633615500613
https://doi.org/10.1142/s0219633615500613
https://doi.org/10.1021/acsami.6b10881
http://www.ncbi.nlm.nih.gov/pubmed/27933856
https://doi.org/10.1016/j.cej.2022.141240
https://doi.org/10.1016/j.comptc.2011.03.040
https://doi.org/10.1007/s11224-020-01576-y
https://doi.org/10.1016/0375-9601(94)91288-2
https://doi.org/10.1039/d2dt03665g
http://www.ncbi.nlm.nih.gov/pubmed/36883531

