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Abstract: Environmental issues have become an urgent concern, and low-cost, high-efficiency en-
vironmental remediation and energy utilization are currently high priorities. In this work, zigzag
(9,0) and (18,0) boron nitride nanotubes modified by double-decker lanthanide(III) phthalocyanine
complexes (BN90-LnPc2, BN180-LnPc2) were investigated by semi-empirical quantum chemistry
calculations. The shorter the bond length between the nitrogen atom in the complex and the hydroxyl
group of the contaminant, the greater the change in the C-O-H bond angle, implying stronger ad-
sorption. In view of the neutral and deprotonated forms of pentachlorophenol and 6-OH-BDE-47
(6-Hydroxy-2,2’,4,4’-tetrabromodiphenyl ether), the effects of the hydrogen bond on the contaminants
were significantly different. The analytical results of the HSAB reactivity descriptors and frontier
molecular orbitals showed that BN180-YbPc2 performed best of all the composite systems, and the in-
teraction with pentachlorophenol was stronger than with 6-OH-BDE-47. Furthermore, BN180-YbPc2

is beneficial as a solar-energy material, according to its electronic excitation spectrum. Ultimately,
the calculated results were as expected due to the materials’ multifunctional characteristics, and the
exploration of material development for specific properties will be the direction for future work.

Keywords: pentachlorophenol; 6-OH-BDE-47; double-decker lanthanide(III) phthalocyanine complex;
boron nitride nanotube; adsorption; quantum chemistry method

1. Introduction

The enormous potential of boron nitride (BN) in various fields [1,2], especially the sep-
aration and purification of energy and environmental treatment, is due to its extraordinary
properties, including the partial ionic characteristics of its chemical bonds and its large
specific surface area [3]. As an adsorbent, it has been successfully fabricated in different
morphologies through various synthesis methods, and it is highly effective at removing or-
ganic pollutants such as methylene blue (MB) and rhodamine B (RhB) [4–7]. Changing the
structure of BN by adding elements or mixtures (e.g., Al, pyromellitic dianhydride) could
improve its physicochemical properties, particularly its adsorption performance [8,9]. En-
vironmental endocrine disruptors, persistent organic pollutants with strong teratogenicity,
carcinogenicity, neurotoxicity, and mutagenicity, are ubiquitous. An examination of chlori-
nated phenols (CPs) and polybromodiphenyl ethers (PBDEs, additive brominated flame
retardants) was carried out in this study. Thus, optimized BN materials were developed to
make a significant contribution to environmental remediation.

Density functional theory (DFT) and molecular dynamics (MD) methods are usually
aimed at investigating the adsorption between h-BN monolayers and typical aromatic
organic compounds [10]. Graphene-like boron nitride (g-BN) and BN whiskers have good
adsorption capacity for methylene blue (MB) and rhodamine B (RhB) via π-π stacking
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interactions [11,12]. A previous study revealed the binding energy, charge transfer, and
electron density between armchair (5,5) boron nitride nanotubes and hydrogen halides
through theoretical calculations to investigate the feasibility of BNNTs as gas sensors [13].
Subsequently, results from other studies confirmed that the reactivity with targets was
increased through modification [14]. Among them, [15,16] used density functional theory
calculations to investigate the interaction of pristine and X-doped (X = Co, Fe) (8,0) single-
walled boron nitride nanotubes with 2-chlorophenol (2-CP), 2,4,6-trichlorophenol (TCP),
and pentachlorophenol (PCP). Since the chemical structures of PBDEs and their metabolites
(hydroxylated forms, OH-BDE) are structural analogs to dioxin-like chemicals such as
polychlorinated biphenyls (PCBs), dioxins (TCDD), and furans (PCDF) [17], they may
induce harmful effects through similar pathways. DFT was also applied to examine the
sensitivity of polychlorinated dibenzo-p-dioxin (PCDD) and polychlorinated dibenzofuran
(PCDF) with pristine and decorated BNNTs [18,19]. Based on the above, we can expect that
metal atoms will make adsorption on BNNTs more effective in order to eliminate or detect
these pollutants. The electronic analysis and thermodynamics of adsorption in relation to
PBDEs have been studied by density functional theory (DFT) and molecular dynamics (MD)
methods [10,20] on boron nitride nanosheets and graphene surfaces, respectively. However,
to the best of our knowledge, few theoretical studies on adsorption between BNNTs and
6-OH-BDE-47, the most abundant form of PBDE metabolite [21], have been reported.

Because of their extensive electron-conjugated systems, porphyrins and related macro-
cycles have been identified as promising candidates for sensors involving chromophores [22].
One kind of analogue, phthalocyanine (Pc), a highly sensitive material, is a coordination
compound with electrical, light, and redox properties, and it can even be modified by
incorporating control units to improve its selectivity and efficacy [23]. The spectral char-
acteristics of this compound are tunable due to changes in the HOMO–LUMO energy
level after structural changes, and this can be applied in sensors. Electrochemical and
optical sensors are the most common types; they are based on the interaction between the
analytes and the components, which is converted into a signal that can be processed and
reported [24]. Through different transduction methods, the changes caused by the presence
of other molecules can be monitored [25–29]. Phthalocyanines can also form double-decker
phthalocyanine (a sandwich-type complex in which a lanthanide metal is coordinated
with two phthalocyanine rings, LnPc2). This complex has better inherent semiconductor
properties and strong electrochemical and electrochromic behavior [30], which provides
a super-sensitive measuring platform for detecting specific substances (e.g., [31]). The
central metal ion and substituents in the phthalocyanine ring must be taken into account,
as LnPc2 is easily oxidized through the presence of electron-donating groups [30,32,33].

DFT, a powerful computational tool, is helpful for gaining an in-depth understanding
of the nature of a chemical reaction from the molecular level and explaining its mecha-
nisms. It can also reveal key information regarding the electronic properties during the
adsorption process on adsorbent surfaces [34]. Currently, most geometric calculations and
further studies on complicated systems are performed using density functional theory, but
semi-empirical methods have emerged as good candidates for solid-phase calculations
with hundreds to a few thousand atoms. Quantum chemistry methods such as DFT de-
mand a high computational cost, and the results provided are inadequately accurate [35].
PM7/sparkle [36], a class of semi-empirical models, is a good option for the theoretical
study of solid crystalline materials such as lanthanide organic frameworks (LOFs).

Boron nitride is becoming more and more popular for environmental remediation and
water purification. The rational design of novel nanomaterials for clean water technologies
is a solution to the impacts of natural and anthropogenic alterations on the ecosystem. In
sensor development, stability and sensitivity are necessary conditions; when the boron
nitride nanotube was decorated with the LnPc2 complex, the more energy released, the
greater the change in the LUMO–HOMO gap, indicating that this combination was suitable
for development. The objective of this study was to introduce the PM7/sparkle quantum
chemistry method and HSAB descriptors to analyze the effects of larger-size LnPc2–BNNT
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complexes on two types of halogen-containing compounds in different acid–base environ-
ments and to explore the novelty and feasibility of optimized nanosensors.

2. Computational Details

The 3D structures of the double-decker lanthanide(III) phthalocyanine complexes
Ln(III)Pc2 (Ln(III) = Ce(III), Eu(III), Tb(III), and Yb(III)) were elucidated based on previous
publications [37]. In order to highlight the larger difference in the lanthanoid series of
chemical elements, we chose Ce(III), Eu(III), Tb(III), and Yb(III) according to the atomic
number on the periodic table. Before the detailed calculations of the quantum chemistry
method described below, the initial geometries of the Ln(III)Pc2 were obtained by the
RM1/sparkle semi-empirical Hamiltonian method [38]. Zigzag (9,0) and (18,0) boron
nitride nanotube models with all the edge atoms terminated by monohydrogen were
used for the following calculations. These two nanotubes with obvious size differences
were primarily used to compare the effects of geometric structures on the LnPc2, so the
selection of nanotubes with specific characteristics such as size and chirality was not the
main goal in this study. Nanotube Modeler software (JCrystalSoft, 2018; Version 1.8)
from http://www.jcrystal.com/products/wincnt/ (accessed on 23 August 2021) was used
to generate the XYZ coordinates of boron nitride nanotube models. The investigated
organic pollutants included pentachlorophenol (pcp), 6-OH-BDE-47 (6ohbde47), and their
deprotonated forms (pcp-H and 6ohbde47-H).

All calculations for this study were performed using MOPAC 2016 software. MOPAC
2016 is a semi-empirical quantum chemistry software [39] that is available from http:
//openmopac.net (accessed on 15 July 2021). The PM7/sparkle model in MOPAC 2016 was
used to optimize the double-decker lanthanide(III) phthalocyanine complexes Ln(III)Pc2
(Ln(III) = Ce(III), Eu(III), Tb(III), and Yb(III)). The geometries of all nanosystems were
fully optimized using tight optimization criteria with a gradient threshold of 4.2 × 10−4 kJ
mol−1 Å−1. In order to study the role of electrostatic interaction and hydrogen bonding
in the strength of the binding reaction and reveal the non-covalent intermolecular and
intramolecular interactions (NCIs) [40,41], the results of the optimized geometries and
Mulliken charges from PM7/sparkle were illustrated using MoCalc2012 software [40,41].
In addition, MoCalc2012 was used to draw energy level diagrams. Gabedit software
was used to read AUX files calculated by MOPAC 2016 in order to visualize HOMO
and LUMO [42]. The lanthanide luminescence software package (LUMPAC) was used to
obtain lanthanide-containing singlet and triplet excited-state energy through INDO/S-CIS
ORCA calculation [43–45].

Eight global reactivity descriptors (GAP, I, A, χ, η, µ, S, ω) were calculated according
to the HOMO and LUMO energies. The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) represent the ability of a molecule to
donate and accept electrons, respectively. HOMO is subtracted from LUMO to obtain the
gap (i.e., the energy gap between HOMO and LUMO). HOMO and LUMO energy values
are usually applied to approximate ionization potential (I = −HOMO) and electron affinity
(A = −LUMO) through a single easy calculation [46].

Under the framework of HSAB and conceptual density functional theory [47–50], the
electron escape tendency and possibility of electron loss for a given molecular species are
based on its electronic chemical potential (µ) and chemical hardness (η). The parameters µ
and η, relating to the number of electrons at a constant external potential, are defined as
the first and second derivatives of the energy, respectively. In the ground-state parabola
model, µ and η can be calculated using the ionization potential (I) and electron affinity (A).
The electronegativity (χ = (I + A)/2), chemical hardness (η = (I − A)/2), chemical potential
(µ = −(I + A)/2 = −χ), chemical softness (S = 1/2 η), and electrophilicity index (ω = µ2/2η)
are HSAB reactivity descriptors [51].

http://www.jcrystal.com/products/wincnt/
http://openmopac.net
http://openmopac.net


Crystals 2022, 12, 1205 4 of 17

3. Results and Discussion
3.1. Neutral Forms of Pentachlorophenol and 6-OH-BDE-47
3.1.1. Non-Covalent Interaction (NCI)

By examining the LnPc2 decoration on the surface of the zigzag (9,0) and (18,0) boron
nitride nanotubes (BN90 and BN180), we found that the color was mainly yellow and
green, indicating that the force was weak. Due to the larger and flatter surface of the BN180
nanotubes, the area of non-covalent interaction was significantly larger than that of the
BN90 nanotubes after LnPc2 decoration. Dispersion interactions between the outer aromatic
rings of Pc led to an optimized geometry of a convex Pc structure. The results estimated
by B3LYP-D (DFT-D) in [52] suggested the importance of the dispersion interactions for
the structure of a Pc dimer. After the adsorption of the compounds, more blue regions
were apparent between the LnPc2 complex and the pentachlorophenol (pcp), while 6-
OH-BDE-47 (6ohbde47) lacked blue regions and had more repellent yellow-red areas.
From the perspective of molecular morphology, phthalocyanines generally adsorb with
the molecular plane parallel to the surface [53], indicating that pcp was adsorbed on the
complex more stably due to its aromatic planar state (Figures 1 and 2). In addition, a light
blue area appeared between the complex and the chlorine atom of pcp and the bromine
atom of 6ohbde47. This was because halogen atoms have more non-bonded electrons than
other atoms.
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3.1.2. Reaction Enthalpy, Bond Length, and Bond Angle

The authors of [54] compared the experimental selectivity coefficient with the metal
binding energy (∆E), calculated by density functional theory (DFT), of the double-decker
porphyrin–metal ion complex. We found that these two methods produced consistent
results. According to the values of reaction enthalpy, all the adsorption reactions for
the two pollutants were exothermic (Table 1). In comparison with the combined state of
BN180 and BN90, the former released more energy and was relatively stable. This was
consistent with [55], which found that the interaction energy between the phthalocyanine
molecules and the carbon nanotubes increased with an increase in the diameter of the
CNTs. The reaction enthalpy between the four complexes and BN90/BN180 was ranked as
follows: CePc2 < EuPc2 < TbPc2 < YbPc2, coinciding with the order of their atomic numbers.
Therefore, YbPc2 was selected for the following studies, because the YbPc2–BN180 complex
was the most stable. Regardless of the composite, as long as the contaminant was adsorbed,
the energy released by the pcp was greater than that released by the 6ohbde47, which was
attributed to the hydrogen bond length and bond angle.

Table 1. Reaction enthalpy (∆Hf in kcal/mol) of pentachlorophenol (pcp)/6-OH-BDE-47 (6ohbde47)
adsorbed by the zigzag (9,0) and (18,0) boron nitride nanotubes decorated with CePc2, EuPc2, TbPc2,
and YbPc2 complexes.

∆Hf ∆Hf
(kcal mol−1) (kcal mol−1)

BN90 +CePc2 →BN90_CePc2 −76.0 BN90 +TbPc2 →BN90_TbPc2 −77.8
BN180 +CePc2 →BN180_CePc2 −90.3 BN180 +TbPc2 →BN180_TbPc2 −93.4
BN90_CePc2 +pcp →BN90_CePc2_pcp −58.5 BN90_TbPc2 +pcp →BN90_TbPc2_pcp −58.4
BN90_CePc2 +6ohbde47 →BN90_CePc2_6ohbde47 −45.1 BN90_TbPc2 +6ohbde47 →BN90_TbPc2_6ohbde47 −45.8

BN180_CePc2 +pcp →BN180_CePc2_
pcp −57.9 BN180_TbPc2 +pcp →BN180_TbPc2_

pcp −58.7

BN180_CePc2 +6ohbde47 →BN180_CePc2_
6ohbde47 −46.0 BN180_TbPc2 +6ohbde47 →BN180_TbPc2_

6ohbde47 −45.2

BN90 +EuPc2 →BN90_EuPc2 −77.5 BN90 +YbPc2 →BN90_YbPc2 −79.2
BN180 +EuPc2 →BN180_EuPc2 −92.9 BN180 +YbPc2 →BN180_YbPc2 −94.2
BN90_EuPc2 +pcp →BN90_EuPc2_pcp −58.2 BN90_YbPc2 +pcp →BN90_YbPc2_pcp −57.7
BN90_EuPc2 +6ohbde47 →BN90_EuPc2_6ohbde47 −45.7 BN90_YbPc2 +6ohbde47 →BN90_YbPc2_6ohbde47 −45.1

BN180_EuPc2 +pcp →BN180_EuPc2_
pcp −58.5 BN180_YbPc2 +pcp →BN180_YbPc2_

pcp −59.0

BN180_EuPc2 +6ohbde47 →BN180_EuPc2_
6ohbde47 −45.5 BN180_YbPc2 +6ohbde47 →BN180_YbPc2_

6ohbde47 −45.3

The average bond lengths between the complex and BN90 were 3.69 Å and 3.69 Å,
while those of the decorated BN180 were 3.73 Å and 3.75 Å, for the adsorption of pcp and
6ohbde47, respectively. When pcp/6ohbde47 was adsorbed onto any composite system,
the distance between the complex and the BNNT surface did not show a significant change.
The original C-O-H angles of pcp and 6ohbde47 were 113.27◦ and 111.94◦, respectively.
After adsorption by LnPc2–BNNTs, both bond angles decreased (from 113.27◦ to 109.7◦

and 108.5◦ and from 111.94◦ to 111.3◦ and 111.2◦). For pcp, the change in C-O-H bond
angle was greater than that for 6ohbde47, which was related to the planar structure of
pcp (Figures 3 and 4). We also found that when BN180 adsorbed pentachlorophenol, the
hydrogen bond distance between the complex and the pcp was significantly shortened by
0.34 Å (from 2.58 Å to 2.24 Å), resulting in greater deformation of the hydroxyl group, i.e.,
the adsorption effect of BN180 was stronger. On the other hand, because the adsorption
surface area of BN90 was smaller than that of BN180, the surface binding of BN90 caused the
heterocyclic structure of the YbPc2 complex to bend (Figures 3 and 4). This was also one of
the reasons why the adsorption structure of the BN90 composite system was more unstable
than that of the BN180 system when adsorbing pcp/6ohbde47. According to the density
functional theory (DFT) calculations, the Pc moiety in the lanthanide diphthalocyanine
complex and the trifluoroacetic acid (TFA) generated a conjugate through a moderate-
strength hydrogen bond (>N··H··) [56]. The hydrogen bond donor was the oxygen in
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the TFA carboxylic acid, which formed a hydrogen bond with the nitrogen in the LnPc2
macrocycle, in agreement with the results of this study.
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3.2. Deprotonated Forms of Pentachlorophenol and 6-OH-BDE-47
3.2.1. Non-Covalent Interaction (NCI)

The color distribution of the decorated BNNT surfaces was similar to the results
described for the neutral forms. However, when the pcp/6ohbde47 was deprotonated,
the NCI between the contaminant and the complex was quite different, especially in the
red area. As shown in the figure, the blue region of the pcp/6ohbde47 with hydrogen
bonds generally covered larger and wider areas than that without hydrogen atoms after
deprotonation. When using BN90 and BN180, the former presented a light blue area
between the pcp-H and the complex and a small area of yellow-green, and the latter
presented a smaller blue area and covered more yellow-green. Conversely, 6ohbde47-H
exhibited more yellow and red areas and lacked blue areas, indicating that pcp-H was the
most attractive option (Supplementary data Figures S1 and S2).
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3.2.2. Reaction Enthalpy, Bond Length, and Bond Angle

According to Supplementary Materials Table S1, the adsorption of pcp-H by the BN90
nanotubes decorated with any complex was an exothermic reaction, and the order of
exothermic magnitude was CePc2 > EuPc2 > TbPc2 > YbPc2. The rest of the components
were all endothermic, and the sequence showed that YbPc2 had the most and CePc2
the least magnitude. Compared with the neutral forms of pcp/6ohbde47, the stability
of pcp-H/6ohbde47-H adsorbed by the decorated BNNTs was significantly decreased.
Additionally, in terms of removing pollutants, only pcp-H was effectively adsorbed by the
BN90 complexes.

After deprotonation, the distance between the complex and the pcp-H/6ohbde47-H
was greater than before deprotonation, and the adsorption structure was more unstable.
Based on the above results, the influence of the hydrogen bonding interactions was con-
firmed. Once a hydrogen bond was created in the neutral forms, the dispersion between
the complex and the contaminant increased, resulting in a stronger interaction than in the
deprotonated forms (Supplementary Materials Figures S3 and S4).

3.3. The Frontier Molecular Orbital (FMO)

In the molecular orbital diagram, the orbital lobes of the HOMO in BN90 and BN180
were mainly concentrated at the end of the nitrogen–hydrogen bonds, and the color reflected
the phase of the wave function. The orbital lobe moved toward the ends of the nitrogen
because nitrogen has a higher electronegativity than boron. As for the LUMO diagram, the
orbital lobes were concentrated at the end of the borohydride bonds. The nitrogen–boron
bonds of the HOMO were exposed, while the LUMO orbital lobes were densely covered,
especially the LUMO of BN180. After the nanotubes were modified with complexes, as
shown in Figure 5, the HOMO was distributed on the LnPc2, while the boron nitride
nanotubes were occupied by the LUMO, indicating that the complex was an electron donor.
The LUMO difference between the BN90–YbPc2 and BN180–YbPc2 complexes was very
small, but we could still observe that the latter had a larger distribution range. However,
the HOMO varied significantly. The complex was attached to the BN180 surface more
closely, and the stronger interaction was consistent with the reaction enthalpy.

The greater the gap between the HOMO and LUMO, the more difficult it is for electron
transition to occur. This kind of molecule cannot easily be polarized, and its stability is
relatively high. BN180 (HOMO: −7.846 eV, LUMO: −1.913 eV) had a gap of 5.933 eV and
a higher stability than BN90 (HOMO: −7.781 eV, LUMO: −1.893 eV). When the BNNTs
were modified by LnPc2, the energy gap of the BN180–YbPc2 varied greatly (the HOMO
increased by 3.273 eV, and the LUMO increased by 0.987 eV). The gap was reduced to
3.647 eV (HOMO: −4.533 eV, LUMO: −0.508 eV for BN90–YbPc2), and the reactivity was
improved, that is, the nanotubes had high sensitivity and lower qualitative and quantitative
errors as a sensor.

Single-molecule magnets (SMM) have broad application prospects in sensors. As double-
decker Pc complexes with lanthanoid metal ions show single-molecule magnet behavior,
they have attracted much attention [57]. Nanomagnetic particles exhibit certain quantum
behaviors that allow single-molecule magnets to substantially enhance information storage,
which means that LnPc2-formed devices have stronger data storage capacities [58].

Previous studies have shown that the terbium(III) bis-phthalocyaninato complex,
TbPc2, maintains its SMM behavior at up to 9 K on a graphene/SiC(0001) substrate, which
is highly promising for molecular spintronic applications [59]. Low-temperature scanning
tunneling microscopy and spectroscopy were employed by Candini et al. to investigate
double-decker DyPc2 molecules adsorbed on Au(111). The experimental results revealed
that the Dy atoms barely contributed to the tunneling current, that is, the 4f states in the
double-decker DyPc2 molecule were inaccessible [60]. This is intriguing for applications
in nanoscale data storage or quantum computing with stable features in terms of the
surface adsorbed by single-molecule magnets. Previous results obtained using density
functional theory showed that molecules are only weakly adsorbed on magnesium oxide
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and silver. The enhanced magnetic stability of DyPc2 on oxide film, in conjunction with
previous experiments on the TbPc2 analogue, points to the stabilization effect induced by
magnesium oxide [61].
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Figure 5. Energy level diagrams and frontier molecular orbitals (HOMO and LUMO): (a) zigzag (9,0)
boron nitride nanotubes and (b) zigzag (9,0) boron nitride nanotubes decorated with YbPc2 complex;
(c) zigzag (18,0) boron nitride nanotubes and (d) zigzag (18,0) boron nitride nanotubes decorated
with YbPc2 complex.

3.4. The Electronic Excitation Spectrum

Except for YbPc2, the maximum wavelength (λ_max) of the other complexes and dec-
orative nanotubes was about 640 nm (visible range), which may boost the electron transfer
in photoconducting electronic components. In particular, owing to the large conjugated
electron system in phthalocyanine, its porphyrin units have intense absorption bands in the
400–450 nm (π–π * transition) and 500–700 nm regions [53]. Rich redox chemistry as well
as photoinduced electron transfer are necessary for efficient photon harvesting to make
the most of the solar photon flux, and macrocycles such as phthalocyanine have achieved
these physical properties [62]. After BN90 was modified with CePc2, the wavelength of the
spectrum was slightly blue-shifted (Figure 6a,b). When EuPc2, TbPc2, and YbPc2 were used
to modify BN90, the spectral wavelengths all showed a red shift. In fact, due to the close
atomic numbers, the electronic excitation spectrum of EuPc2 was similar to that of TbPc2
(Figure 6c–f). After combination with BN90, the area of the peak (especially the largest
peak) of YbPc2 increased slightly (Figure 6g,h).

In summary, except for CePc2, the spectra exhibited a red-shift phenomenon, which
also meant that the distance between the ground state and the excited state decreased, the
excitation energy of the nanohybrid system was reduced, and the wavelength increased.
The ultraviolet–visible (UV–Vis) absorption spectra revealed a reduction in the energy
bandgap to enhance the visible-light absorption during surface modification [63]. LnPc2
is easily oxidized by the presence of electron-donating groups when it develops in lan-
thanides [30,32,33]. The authors of [64] pointed out that TbPc2 can be used as a material
that photochemically interacts with volatile organic compounds (VOC) in real time. The
electronic absorption spectrum also changes with the oxidation state, and the color change
from green to blue or red can be observed with the naked eye. Therefore, if a nanosystem
with composite materials is used in a sensor, solar energy can be converted into electrical
energy to solve the charging problem.
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Figure 6. Electronic excitation spectra: (a) CePc2, (b) zigzag (9,0) boron nitride nanotubes decorated
with CePc2 complex, (c) EuPc2, (d) zigzag (9,0) boron nitride nanotubes decorated with EuPc2

complex, (e) TbPc2, (f) zigzag (9,0) boron nitride nanotubes decorated with TbPc2 complex, (g) YbPc2,
and (h) zigzag (9,0) boron nitride nanotubes decorated with YbPc2 complex.
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3.5. Hard and Soft Acid and Base (HSAB) Theoretical Analysis

The eight descriptors summarized in Table 2 indicate that the value of BN180 was
slightly greater than the value of BN90, except for the chemical softness S and the chemical
potential µ. Except for S and µ, the descriptors all decreased after the modification of
the BNNTs, showing that improvement occurred. Among them, the BN180 complex had
a particularly strong effect on reducing the chemical hardness and gap value to promote the
reactivity of BN180. As shown in Table 2, regardless of the type of pollutant, deprotonation
caused all the descriptor values to decrease (except for S and µ).

Table 2. HSAB reactivity descriptors in the present study.

GAP (eV) I (eV) A (eV) χ (eV) η (eV) µ (eV) S (eV−1) ω (eV)

CePc2 4.858 4.544 −0.314 2.115 2.429 −2.115 0.206 0.921
EuPc2 4.813 4.456 −0.357 2.050 2.407 −2.050 0.208 0.873
TbPc2 4.798 4.423 −0.375 2.024 2.399 −2.024 0.208 0.854
YbPc2 4.783 4.380 −0.403 1.989 2.392 −1.989 0.209 0.827
BN90 5.888 7.781 1.893 4.837 2.944 −4.837 0.170 3.974

BN180 5.933 7.846 1.913 4.880 2.967 −4.880 0.169 4.013
BN90–CePc2 4.093 4.654 0.561 2.608 2.047 −2.608 0.244 1.661
BN90–EuPc2 4.050 4.585 0.535 2.560 2.025 −2.560 0.247 1.618
BN90–TbPc2 4.029 4.560 0.531 2.546 2.015 −2.546 0.248 1.608
BN90–YbPc2 4.025 4.533 0.508 2.521 2.013 −2.521 0.248 1.578
BN180–CePc2 3.749 4.698 0.949 2.824 1.875 −2.824 0.267 2.126
BN180–EuPc2 3.706 4.636 0.930 2.783 1.853 −2.783 0.270 2.090
BN180–TbPc2 3.681 4.609 0.928 2.769 1.841 −2.769 0.272 2.082
BN180–YbPc2 3.647 4.573 0.926 2.750 1.824 −2.750 0.274 2.073

pcp 8.301 9.811 1.510 5.661 4.151 −5.661 0.120 3.860
6ohbde47 8.382 9.278 0.896 5.087 4.191 -−5.087 0.119 3.087

pcp-H 7.840 4.793 −3.047 0.873 3.920 −0.873 0.128 0.097
6ohbde47-H 6.987 4.638 −2.349 1.145 3.494 −1.145 0.143 0.187

The energy gap changes greatly during a reaction and can be used as an indicator of
the applicability of a sensor material. The gap order was CePc2 > EuPc2 > TbPc2 > YbPc2.
BNNTs are an electrical insulator with a bandgap of ~5.5 eV, as determined by [65–67]. For
these two types of nanotubes, it was found that BN180 > BN90, with the larger radius of
BN180 being due to the curvature effect [68]. The overlap of π-orbitals in each ring resulted
in a narrow energy gap [69]. However, drastic distortion would reduce the electron trans-
port capacity. Thus, the band gap of the BN180 complex was smaller. The gap value of the
BN180 complex decreased the most, especially when Ln = Yb. From a comprehensive point
of view, the gap value is positively correlated with chemical hardness, so BN180–YbPc2 was
found to be the most suitable alternative for sensor development in this work as it had the
highest stability. The order of ionization energy was CePc2 > EuPc2 > TbPc2 > YbPc2, and
the ionization energy of BN180 was greater than that of BN90. In terms of electron affinity,
that of BN180 was greater than that of BN90. After the BNNTs were decorated, the electron
affinity decreased. In general, the results of the ionization energy and electron affinity were
in good agreement with each other. On the other hand, it was difficult for the deprotonated
compounds (anions) to obtain electrons, and the electron affinity was reduced.

The order of electronegativity was CePc2 > EuPc2 > TbPc2 > YbPc2, implying that
YbPc2 had a weaker attraction to electrons. The electronegativity of BN180 was greater
than that of BN90. Regarding the difference between the BNNTs and the complexes, the
difference between BN180 and YbPc2 was the largest. Therefore, BN180–YbPc2 had a strong
electron donor–acceptor interaction, resulting in the highest reaction enthalpy (Table 1),
and this BN180–YbPc2 relationship was almost identical to the Pc nanostructure (fullerene,
carbon nanotubes) [70]. The pcp had a higher electronegativity than the 6ohbde47 because
it has more chlorine atoms, which have a greater electronegativity than bromine atoms.
As for the deprotonation state, χwas significantly reduced, which was not conducive to
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attracting electrons; this was clearly indicated by the electron affinity, with pcp-H having
a much lower value than 6ohbde47-H. The greater the chemical hardness, the greater the
resistance to charge redistribution, and the more difficult polarization became. It can be
observed that CePc2 > EuPc2 > TbPc2 > YbPc2 in the η column, and BN180 > BN90. The
chemical hardness value of the BNNTs decreased significantly after modification, and the
variation in that of BN180 was greater than in that of BN90, indicating that both polarization
and reactivity increased.

The parameter µ represents the negative value of electronegativity. Among the four
complexes, YbPc2 had the largest chemical potential. A comparison of the two types of nan-
otubes exhibited that the chemical potential of BN90 was greater than that of BN180, indi-
cating that BN180 was a better electron acceptor. The difference between YbPc2 and BN180
was strengthened by the electronegativity, as electrons could easily flow from the YbPc2 to
the BN180. The order of chemical potential was pcp-H > 6ohbde47-H > 6ohbde47 > pcp,
indicating that the first two pollutants were repelled from accepting electrons. When
the two nanotubes were decorated with the complexes, the chemical potential tended to
increase, and increasing the chemical potential difference between the nanotubes and the
contaminant promoted the transfer of electrons. BN180–YbPc2 and pcp comprised the most
compatible system. Contrary to η, the larger the value of S, the lower the charge density,
and the easier polarization became. Polarization enhanced the reactivity of the molecules in-
volved in the decoration of the complex. The chemical softness of BN180–YbPc2 reached as
high as 0.274, which was the maximum value and showed the preferability of pcp compared
to 6ohbde47 in the neutral forms of the molecules. We found that the chemical softness of
6ohbde47-H was greater, mainly because the molecular volume of 6ohbde47-H was larger.
The larger the value of the electrophilicity index, the more suitable a substance is as an
electrophilic reagent in chemical reactions. The order was CePc2 > EuPc2 > TbPc2 > YbPc2,
and the electrophilicity index of BN180 was greater than that of BN90, which was similar
to the electronegativity results.

Finally, we should emphasize that the main purpose of this article was to discuss
the potential application of nanosensors. Thus, nanotubes with obvious size differences
were primarily used to compare the trends of the geometric effects on LnPc2. Modified
nanotubes with specific characteristics (e.g., radius, chirality, number of tube walls) that
exhibit the best performance could be the next research goal and deserve careful scrutiny
in future studies.

4. Conclusions

The semi-empirical PM7 quantum chemistry method was used to calculate the equilib-
rium structures and electronic properties of BNNTs, complexes, and organic pollutants. The
HSAB descriptors helped us understand the intermolecular interactions in detail. In terms
of electron donor–acceptor relationships, boron nitride nanotubes showed good electron
acceptability. Modification with the electron donor YbPc2 to form a stable structure made
BN180 easily polarized sensing material with a higher electronic transition. The results of
the non-covalent interactions and adsorption enthalpy showed that when BN180–YbPc2
is applied in sensors, it is most suitable for pcp adsorption due to the hydrogen bonds,
followed by 6ohbde47. If the contaminant is deprotonated in an alkaline environment, the
reaction enthalpy decreases and the monitoring efficiency is reduced. Last but not least,
since the absorption spectrum of BN180–YbPc2 is concentrated in the visible range, it is
helpful for the energy conversion aspect of solar energy applications. The use of solar ma-
terials would simultaneously solve the problems of time-consuming and energy-intensive
environmental remediation. Overall, the use of materials with high energy conversion
and high selectivity for the removal of environmental pollutants would be economical
and provide the best of both worlds. Therefore, this theoretical analysis can be used as
a future guide for predicting material prospects in diverse applications in order to save on
experimental costs.
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