
Impact of Polythiophene ((C4H4S)n; n = 3, 5, 7, 9) Units on the
Adsorption, Reactivity, and Photodegradation Mechanism of
Tetracycline by Ti-Doped Graphene/Boron Nitride (Ti@GP_BN)
Nanocomposite Materials: Insights from Computational Study
Daniel C. Agurokpon, Hitler Louis,* Innocent Benjamin, Obinna C. Godfrey, Suresh Ghotekar,
and Adedapo S. Adeyinka*

Cite This: ACS Omega 2023, 8, 42340−42355 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This study addresses the formidable persistence of tetracycline (TC) in the
environment and its adverse impact on soil, water, and microbial ecosystems. To combat
this issue, an innovative approach by varying polythiophene ((C4H4S)n; n = 3, 5, 7, 9) units
and the subsequent interaction with Ti-doped graphene/boron nitride (Ti@GP_BN)
nanocomposites was applied as catalysts for investigating the molecular structure,
adsorption, excitation analysis, and photodegradation mechanism of tetracycline within
the framework of density functional theory (DFT) at the B3LYP-gd3bj/def2svp method.
This study reveals a compelling correlation between the adsorption potential of the
nanocomposites and their corresponding excitation behaviors, particularly notable in the
fifth and seventh units of the polythiophene configuration. These units exhibit distinct
excitation patterns, characterized by energy levels of 1.3406 and 924.81 nm wavelengths for
the fifth unit and 1.3391 and 925.88 nm wavelengths for the seventh unit. Through
exploring deeper, the examination of the exciton binding energy emerges as a pivotal factor,
bolstering the outcomes derived from both UV−vis transition analysis and adsorption exploration. Notably, the calculated exciton
binding energies of 0.120 and 0.103 eV for polythiophene units containing 5 and 7 segments, respectively, provide compelling
confirmation of our findings. This convergence of data reinforces the integrity of our earlier analyses, enhancing our understanding
of the intricate electronic and energetic interplay within these intricate systems. This study sheds light on the promising potential of
the polythiophene/Ti-doped graphene/boron nitride nanocomposite as an efficient candidate for TC photodegradation,
contributing to the advancement of sustainable environmental remediation strategies. This study was conducted theoretically;
hence, experimental studies are needed to authenticate the use of the studied nanocomposites for degrading TC.

1. INTRODUCTION
The safe disposal of antibiotics has been a major concern to
humans and pharmaceutical experts in particular because of
their adverse effects on the environment.1 This has lingered
from the origin of antibiotic production because many
environmental challenges continue to surface due to the
residuals of antibiotics, which is among the causes of
antimicrobial resistance over time.2 Antibiotics, which are
used for the treatment of bacterial infections, are based on a
range of applications classified into narrow and broad
spectrum. Narrow-spectrum antibiotics are designed to act
upon a limited/targeted bacterial species, while broad-
spectrum antibacterials have a wide range of application
cutting across bacterial control in human and veterinary
medicine.3 Studies have reported that an antibiotic could not
be totally digested and is therefore released to the environ-
ment,4,5 hence causing adverse environmental contamination
and multidrug resistance.

Tetracycline antibiotics comprising tetracycline, chlortetra-
cycline, demeclocycline, and oxytetracycline are broad-
spectrum antibiotics used for the management and treatment
of infectious diseases. Semisynthetic tetracyclines include
doxycycline lymecycline, methacycline, minocycline, and
rolitetracycline including the recently reported groups such
as ervacycline, omadacycline, and sarecycline.6 These are
widely used in human and veterinary medicine due to their
broad-spectrum antibacterial activities and good therapeutic
effects and are widely employed. However, due to its
antibacterial properties and chemical durability, tetracycline
(TC) is difficult to disintegrate spontaneously.3 The residues
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have been shown to limit the growth of microorganisms in soil
and water as well as induce the development of antibiotic-
resistance genes.7,8

The degradation of tetracycline has attracted many
approaches due to challenging remedial difficulties. As a result,
diverse approaches including bacteria,9−11 pure culture
fungi,12−14 sludges,15−20 adsorption,21 electrochemistry,22

hydrogen peroxide oxidation,23,24 hydrolysis,25−27 ozonation,24

catalysis,28−34 and so on have been employed by different
researchers. However, effective degradation was not achieved
in the cited studies. This has led to the current trend of
applying nanotechnology in the degradation of TC by recent
studies.27−66 Studies on tetracycline degradation are almost
inexhaustible in the literature, as a satisfactory degradation
percentage is yet to be achieved. For instance, 66%
mineralization of TC has been reported using ZnWO4/
Bi2MoO6 nanocomposites.35 It has also been reported that
TC is removed after 100 min through UVC/MWCNT/TiO2
photocatalysis. Meanwhile, the researchers also reported that
to obtain 83% mannerization, a longer period of about 300 min
is required.28 This challenge persists as the photocatalyst may
cause secondary pollution.1

Having thoroughly explored the literature, several studies
have used boron nitride,67−82 graphene,83−93 and titanium
alongside other composites94−102 to study the degradation of
TC. However, no study was able to integrate polythiophene,
titanium, graphene, and boron nitride as optimized in this
study. Moreover, previous studies also failed to use
polythiophene for the degradation of TC. The knowledge of
the literature has also provided that studies applying titanium-
doped graphene to degrade TC are very rare. At this point,
there is a high conviction that the present study is unique and
would contribute immensely to the literature, while it
maximizes the challenges of TC degradation. Thus, poly-
thiophene/Ti-doped graphene/boron nitride nanocomposites
were considered theoretically to predict the photodegradation
of TC for experimental studies. Boron nitride was used to
enhance stability, while the titanium dopant was incorporated
to improve103,104 graphene reactivity with the polymer to
adsorb TC components. Also, 3, 5, 7, and 9 polythiophene
chains were considered to compare the effect of the polymers
on other compounds. Herein, the binding energy, hole−
electron, optical gap, exciton energy, UV transition, adsorption,
and solvation were carefully studied to explain the photo-
degradation of TC.

2. COMPUTATIONAL DETAILS
The electronic properties of the synthesized compounds were
investigated using density functional theory (DFT), which is
an electronic structural theory method.105 The compound’s
structure was optimized using the B3LYP-gd3bj/def2svp
method embedded in Gaussian16 software, and the geometry
was visualized using GaussView 6.0.16 software.103,104 The
topological studies utilized to obtain additional insights into
the deeper nature of interatomic interactions and to increase
predictability of noncovalent interactions were quantum theory
of atoms in molecules (QTAIM) and noncovalent interactions.
Multiwfn 3.7 software developed by Lu et al.106 was used to
compute QTAIM and NCI. Using Multiwfn, a density of states
(DOS) analysis was done to first understand the electronic
distribution and then to view the fragment with the strongest
contribution to the interactions between the studied nano-
composites and TC. Visual molecular dynamics (VMD), a

molecular graphics program, was used to study the dipole
moments created in the synthesized compounds by applying
nonlinear optics (NLO), which is used to measure the
magnitude of a dipole.
2.1. Molecular Dynamics Simulation Protocol. The

Forcite Module on the Dassault System̀es BIOVIA software
program105 was used to properly analyze the nature of the
interaction between the adsorbate and the adsorbent. These
dynamic variables were used in a Parallel 2 thread on a
Windows system. We use the NVE ensemble, a virtual
laboratory, that allows us to examine the behavior of our
molecular structures over a simulated time of 1 ps, which is
equivalent to 1000 steps, and an arbitrary number seed of
around 1.6 × 108. The energy variables include a universal
force field and charge. To add a touch of randomness and
excitement, we equip our molecules with initial velocities that
set their paths ablaze. Just like a sprinkle of stardust, we
incorporate an arbitrary number seed of approximately 1.6 ×
108 to ignite the magic of this molecular performance. Cubic
spline truncation was employed for the atom-based summing
of the van der Waals and electrostatic components with a
cutoff distance of 12.5 A, spline width of 1 A, and buffer width
of 0.5 A. The vivid visualizations of the picture of the
molecular symphony that unfolded during our simulation were
plotted by using the Origin plot.

3. RESULTS AND DISCUSSION
3.1. Optimization. Geometric optimization was carried

out in this study to evaluate the changes in the bond length of
the adsorbents and the adsorbate. The adsorbate (nano-
composites) comprised three unique structures, which are
polythiophene, boron nitride, and Ti-doped graphene. Four
unique structures of the polymer (polythiophene) such as
(C4H2S)n (n = 3, 5, 7, 9) were incorporated into the boron
nitrate and Ti-doped graphene to form the adsorbent. The
nanomaterials were thereafter optimized with the adsorbate
(tetracycline) to form an interaction. This resulted in four
systems, viz., tc_ptp3_Ti@GP_BN; tc_ptp5_Ti@GP_BN;
tc_ptp7_Ti@GP_BN; and tc_ptp9_Ti@GP_BN. The geo-
metric optimization in this study was conducted using the
gd3bj/B3LYP at the def2svp level of theory. In the system
tc_ptp3_Ti@GP_BN, the bond length of the dopant in the
lattice of the graphene before optimization was observed as
1.851 1.851, and 1.856 Å for bond length Ti104−N25, Ti104−
N26, and Ti104−N29, respectively, while the bond lengths
after optimization were observed as 1.852, 1.851, and 1.856 for
Ti104−N25, Ti104−N26, and Ti104−N29, respectively. In
the system tc_ptp5_Ti@GP_BN, it was observed that Ti104−
N25, Ti104−N26, and Ti104−N29 had their respective bond
lengths of 1.852, 1.853, and 1.856 Å before interaction with a
corresponding bond length of 1.852, 1.853, and 1.856 Å after
optimization. The third system (tc_ptp7_Ti@GP_BN)
possessed bond lengths of 1.851 1.853, and 1.856 Å before
the interaction and 1.851, 1.853, and 1.856 Å after interactions
for the bonds labeled Ti104−N25, Ti104−N26, and Ti104−
N29, respectively, while the last interaction (tc_ptp9_Ti@
GP_BN) possesses bond lengths of 1.851, 1.852, and 1.855 Å,
for Ti104−N25, Ti104−N26, and Ti104−N29 bonds before
the interaction with the respective bond lengths of 1.851,
1.851, and 1.855 Å. Overall, the bond lengths in all the system
remain unchanged after optimization except for the Ti104−
N25 bond of tc_ptp3_Ti@GP_BN with a slight shift from
1.851 to 1.852 Å. A negligible difference was also observed in
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the Ti104−N26 bond of tc_ptp9_Ti@GP_BN with a slight
shortage recorded after the interaction (1.852 to 1.851 A).
This implies that the overall difference in the bond stability of
all the systems both before and after interactions is negligible,
suggesting that the electron stability is not highly influenced by
the optimization. The geometric optimization results are
presented in Table 1. Some previous studies, including Gber

et al.,107 have also reported similar geometric optimization
results. The bond length observed in this study outshines some
of the previous studies, especially those optimized with Ti. For
example, Chen et al.108 reported a bond length of 2.306 Å
between the N atom and the Ti atom in their study. Another
interesting perspective of this study is the insignificant increase
in the bond lengths of the optimized compounds both before
and after interacting with TC.
3.2. Molecular Dynamics (MD) Simulation. The

adsorption capabilities of solid adsorbents and organic
adsorbates may be studied using molecular dynamics (MD)
modeling.109 MD simulations are run on the nanocomposites
to assess their tendency to adsorb on the TC surface.110 This
research was based on molecular dynamics (MD) simulations.
The MD simulations are important for investigating the
studied effect of the studied nanocomposites on TC
adsorption.101 MD simulations are a powerful computational
method that uses quantum mechanical calculations in
conjunction with classical molecular theory to model the
behavior and characteristics of materials at the atomic scale.111

According to the literature review, investigating MD
simulations for adsorption and degradation is important
because it gives basic insights, predicts material characteristics,
and enables the rational design of effective sensing and
detection of the researched TC.112 The total energy of the
system is a critical number in MD simulations that gives
insights into the system’s stability, bonding, and general
behavior.113 These simulations can highlight the energetics and
dynamics of molecules interacting with nanocomposites,
revealing binding strengths, optimal adsorption locations, and
potential reaction routes.114 According to the previous studies,
a larger total energy might imply that the system is less
stable,115 which could imply that the atoms or molecules in the
system are subjected to stronger repulsive forces, resulting in
higher potential energy contributions.116 It means that the
system is susceptible to structural rearrangements, reactions, or
other dynamical changes in order to relieve the excess energy.

This understanding is critical for developing effective nano-
composites for TC degradation. The results of the AIMD
analysis are presented in Table 2. From the table, an increase in

the total energy for all of the studied systems was observed.
After interacting with TC, there was a heralded increase in the
systems such that the interaction with the least total energy
(tc_ptp3_Ti@GP_BN: 1837.201 ± 1.128) was observed with
total energy higher than the energy observed in the highest
absorbent (ptp9_Ti@GP_BN: 1776.147 ± 1.006). Although
the MD results are significant only when the before and after
interactions are compared, it indicates that the total energy of
the studied systems increases with an increase in the
polythiophene chain, revealing that the system with the
shortest chain is more stable and could be a better
nanocomposite for the degradation of TC. However, temper-
ature is an important parameter that must be considered before
dismissing the stability of this study. High temperature is

Table 1. Geometric Parameters Before and After the
Interaction of the Modeled Interfaces with Tetracycline
(TC) at the DFT/B3LYP-gd3bj/def2svp Method

system bond labels interface interactions

tc_ptp3_Ti@GP_BN Ti104−N25 1.851 1.852
Ti104−N26 1.851 1.851
Ti104−N29 1.856 1.856

tc_ptp5_Ti@GP_BN Ti104−N25 1.852 1.852
Ti104−N26 1.853 1.853
Ti104−N29 1.856 1.856

tc_ptp7_Ti@GP_BN Ti104−N25 1.851 1.851
Ti104−N26 1.853 1.853
Ti104−N29 1.856 1.856

tc_ptp9_Ti@GP_BN Ti104−N25 1.851 1.851
Ti104−N26 1.852 1.851
Ti104−N29 1.855 1.855

Table 2. Summary of the Calculated Ab Initio Molecular
Dynamic Simulation Analysis

parameters initial final average ± std. dev

ptp3_Ti@GP_BN
tot. energy (kcal/mol) 1353.957 1350.186 1351.221 ± 0.886
pot. energy (kcal/mol) 1242.922 741.010 771.053 ± 33.825
kin. energy (kcal/mol) 111.035 609.176 580.167 ± 33.346
temperature (K) 298.000 1634.929 1557.074 ± 89.494
ptp5_Ti@GP_BN
tot. energy (kcal/mol) 1490.631 1487.996 1487.903 ± 0.879
pot. energy (kcal/mol) 1367.160 822.426 843.652 ± 32.914
kin. energy (kcal/mol) 123.471 665.570 644.251 ± 32.482
temperature (K) 298.000 1606.368 1554.915 ± 78.395
ptp7_Ti@GP_BN
tot. energy (kcal/mol) 1634.603 1630.647 1631.402 ± 0.958
pot. energy (kcal/mol) 1498.696 876.779 919.265 ± 35.252
kin. energy (kcal/mol) 135.907 753.867 712.137 ± 34.771
temperature (K) 298.000 1652.988 1561.487 ± 76.241
ptp9_Ti@GP_BN
tot. energy (kcal/mol) 1779.528 1778.015 1776.147 ± 1.006
pot. energy (kcal/mol) 1631.185 1064.149 1006.946 ± 36.868
kin. energy (kcal/mol) 148.343 713.866 769.201 ± 36.371
temperature (K) 298.000 1434.056 1545.217 ± 73.064
tc_ptp3_Ti@GP_BN
tot. energy (kcal/mol) 1844.322 1836.846 1837.201 ± 1.128
pot. energy (kcal/mol) 1683.544 1028.244 1033.174 ± 36.932
kin. energy (kcal/mol) 160.779 808.602 804.027 ± 36.332
temperature (K) 298.000 1498.727 1490.247 ± 67.340
tc_ptp5_Ti@GP_BN
tot. energy (kcal/mol) 1971.584 1964.792 1965.617 ± 1.147
pot. energy (kcal/mol) 1798.369 1089.219 1118.588 ± 38.374
kin. energy (kcal/mol) 173.215 875.573 847.028 ± 37.796
temperature (K) 298.000 1506.343 1457.235 ± 65.025
tc_ptp7_Ti@GP_BN
tot. energy (kcal/mol) 2121.150 2114.034 2113.536 ± 1.204
pot. energy (kcal/mol) 1935.500 1198.278 1193.510 ± 39.395
kin. energy (kcal/mol) 185.651 915.756 920.026 ± 38.802
temperature (K) 298.000 1469.940 1476.794 ± 62.284
tc_ptp9_Ti@GP_BN
tot. energy (kcal/mol) 2261.905 2254.140 2255.109 ± 1.190
pot. energy (kcal/mol) 2063.818 1251.642 1275.457 ± 41.772
kin. energy (kcal/mol) 198.086 1002.499 979.651 ± 41.162
temperature (K) 298.000 1508.152 1473.781 ± 61.923
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assumed to be associated with lower stability as high reactivity
may lead to an increase in temperature. It is observed that
tc_ptp3_Ti@GP_BN, tc_ptp5_Ti@GP_BN, tc_ptp7_Ti@
GP_BN, and tc_ptp9_Ti@GP_BN have temperatures of
1498.727, 1506.343, 1469.940, and 1508.152 K, respectively.
The temperatures observed across the four interactions studied
do not significantly differ from each other, even though
tc_ptp7_Ti@GP_BN is observed to require the least energy.
This provides promising insights into the relevant properties of
the 7-chain polythiophene nature concerning photodegrada-
tion. The pictorial representation of the molecular dynamic
simulation is presented in Figure 1. In the figure, the dynamics
of the studied systems were observed to be in agreement with
the total energy.
3.3. Electronic properties. 3.3.1. Analysis of Density of

States (DOS). The density of states (DOS) is the number of
various states that electrons may occupy within an atom at a
certain energy level. This is the number of electron states per
unit volume per unit energy and has a functional dependency
on energy.117 Total and partial densities of states (TDOS,
OPDOS, and PDOS) were estimated to offer a more detailed
description of the electronic properties. Also, DOS graphs are
crucial tools for analyzing the nature and structure of
electrons.118 The PDOS and OPDOS curves are frequently
used in the visual examination of orbital composition.119 To
determine the relative contributions of each atomic compo-
nent, all the atoms which include H, N, B, C, Ti, S, and O of
the studied compound were presented alongside their
fragments in Figure 2a,b for the nanocomposites and
interactions, respectively. As seen in the figure, an annotation
key has been provided with colors corresponding to each of the
fragments presented. Figure 2a entails the TDOS and PDOS of
all the systems studied comprising four compounds for the
nanocomposites and the remaining four for the interactions
with tetracycline. From the graph, the highest contribution was
made by the dopant (titanium) curve with a band gap range of
−0.6 and −0.4 as seen in the highest occupied molecular
orbital (HOMO), suggesting that the dopant contributes
significantly to the stabilization of the studied compounds.
3.3.2. Band Gap Evolution (HOMO−LUMO). In the

investigation of the band gap evolution, the frontier molecular
orbital (FMO) analysis reveals a significant trend in the energy
gaps of the nanocomposites. The nanocomposites, charac-
terized by different polythiophene polymers (ptp5, ptp7, and

ptp9) interacting with Ti@GP_BN interfaces, exhibit a
consistent pattern of decrease in their energy gaps. This
gradual reduction in energy gaps from 1.931 to 1.732 eV
signifies a systematic shift in the electronic structure. Upon the
introduction of tetracycline, the energy gap alterations further
accentuate this trend. The tetracycline-induced energy gap
modifications for various systems, such as tc_ptp3_Ti@
GP_BN, tc_ptp5_Ti@GP_BN, tc_ptp7_Ti@GP_BN, and
tc_ptp9_Ti@GP_BN interactions, are captured and quanti-
fied. Interestingly, these interactions result in narrower energy
gaps, with values of 1.907, 1.907, 1.808, and 1.733 eV,
respectively. The decreasing order of energy gap reduction
with increasing polythiophene polymer chain length is
highlighted and tabulated in Table 3 for clarity. Comparing
the energy gaps before and after tetracycline interactions
provides a crucial perspective. The FMO analysis underscores
that the nanocomposites exhibit higher energy gaps before
interaction with tetracycline. This contrast is exemplified by
the ptp3_Ti@GP_BN nanocomposite, where its energy gap
decreases from 1.931 to 1.907 eV upon interaction with
tetracycline. This computational evidence reinforces the idea
that the presence of tetracycline instigates a stabilizing effect,
leading to a decrease in the energy gap and suggesting a more
stable reaction between the studied systems. The pictorial
presentation of the flow of electrons from the HOMO to the
lowest unoccupied molecular orbital (LUMO) is given in
Figure 3. It is observable from the picture that the surfaces and
the systems with the fifth, seventh, and ninth polythiophene
units have great influence, which is evident from the HOMO
to the LUMO isosurfaces.
3.3.3. Natural Bond Orbital (NBO) Analysis. The natural

bond orbital (NBO) analysis was used to establish the nature
of the donor−acceptor orbital connection that persisted
between the nanocomposites. The NBO technique is a way
for reducing the difficult Schrödinger equation to a simple
chemical bonding idea that consumers can understand.120

Furthermore, NBO analysis sheds information on the
intermolecular charge transfer and electron delocalization
that occurs between the adsorbed gases and the investigated
nanocomposites.121−123 In this work, NBO analysis was
performed utilizing the gd3bj/B3LYP at the def2svp func-
tional. The intensity of the interaction between the donor and
acceptor orbitals is defined by the stabilization energy (E2).
The greater the intensity of the donor−acceptor orbital

Figure 1. Pictorial projection of molecular dynamics (MD) simulations for the studied systems.
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Figure 2. (a) Analysis of density of states (DOS) of the studied nanocomposites. (b) Analysis of density of states (DOS) of the studied
nanocomposite interactions with antibiotics.
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contact, the greater the value of the stabilization energy. The
stabilization energy encountered by the donor−acceptor
orbitals of the examined systems was determined in accordance
with our earlier work.124 Table S1 of the Supporting
Information displays the stabilization energy constituting the
most interacting donor−acceptor orbitals of the examined
complexes. According to the tabulated results, all of the
isolated nanocomposites and interactions exhibited the
bonding donor−acceptor interaction of σ → σ*, the persisting

interaction π → π*, and the nonbonding interaction of LP →
σ*. The ptp3_Ti@GP_BN nanocomposite has stabilization
energies E(2) of 14.15, 41.15, and 581.50 kcal/mol for σN25−
Ti104 → σ*N29−Ti104, πN18−B36 → π*N22−B35, and
LpC79 → LpC64 bonding donor−acceptor orbitals, respec-
tively. The ptp3_Ti@GP_BN nanocomposites possess stabi-
lization energies of 14.34, 147.69, and 784.55 kcal/mol for
σN25−Ti104 → σ*N29−Ti104, πC94−C97 → π*C93−C96,
and LpC84 → Lp*C78 donor−acceptor orbitals, respectively.
Similarly, the bonding donor−acceptor interactions of σN29−
B48 → σ*TI104, πC62−C63 → πS114, and LpC79 → LpC64
possess respective stabilization energies of 14.97, 83, and
727.09 for the ptp7_Ti@GP_BN nanocage. Also, ptp9_Ti@
GP_BN has a stabilization energy of 14.5, 50.38, and 846.19
kcal/mol for σN29−B48 → σ*Ti104, πN23−B44 → π*B43,
and LpC84 → Lp*C78 bonding donor−acceptor orbitals,
respectively.
The NBO result for the intermolecular interaction (i.e., after

interacting the tetracycline and nanocages) is presented as
follows. The intermolecular system of tc_ptp3_Ti@GP_BN
exhibited stabilization energies of 24.92, 50.13, and 795.35

Table 3. HOMO−LUMO and Energy Gap/eV of the
Systems Studied at the DFT/B3LYP-gd3bj/def2svp Method

systems HOMO LUMO IP EA Eg

ptp3_Ti@GP_BN −4.072 −2.141 4.072 2.141 1.931
ptp5_Ti@GP_BN −4.065 −2.151 4.065 2.151 1.914
ptp7_Ti@GP_BN −4.081 −2.253 4.081 2.253 1.828
ptp9_Ti@GP_BN −4.093 −2.361 4.093 2.361 1.732
tc_ptp3_Ti@GP_BN −4.027 −2.093 4.027 2.093 1.907
tc_ptp5_Ti@GP_BN −3.999 −2.092 3.999 2.206 1.907
tc_ptp7_Ti@GP_BN −4.014 −2.206 4.014 2.206 1.808
tc_ptp9_Ti@GP_BN −3.985 −2.252 3.985 2.252 1.733

Figure 3. HOMO−LUMO isosurface of the studied system before and after the interaction.
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kcal/mol for σ*N25−Ti104 → σ*Ti104, πN23−B44 →
π*B43, and σC84 → σ*C78 bonding and acceptor orbitals,
respectively. The second intermolecular system after interact-
ing with tetracycline (tc_ptp5_Ti@GP_BN) exhibits stabiliza-
tion energies of 26.21, 149.95, and 789.89 kcal/mol for the
bonding donor−acceptor orbitals of σ*N25−Ti104 →
σ*Ti104, π*C94−C97 → π*C93−C96, and σC84 →
σ*C78, respectively. Also, stabilization energies of 22.81,
155.47, and 782.22 kcal/mol were observed for bonding
donor−acceptor orbitals of σ*N29−Ti104 → σ*Ti104,
π*C94−C97 → π*C93−C96, and σC84 → σ*C78,
respectively, for the tc_ptp7_Ti@GP_BN intermolecular
system. Furthermore, tc_ptp9_Ti@GP_BN, which is the last
intermolecular system studied, exhibits bonding donor−
acceptor orbitals of σ*N25−Ti104 → σ*Ti104, π*C126−
C127 → π*C122−C124, and σC84σ*C78 with the respective
stabilization energies of 26.17, 209.25, and 783.89 kcal/mol.
Comparatively, stabilization energies of the nanocomposites

(ptp3_Ti@GP_BN, ptp5_Ti@GP_BN, ptp7_Ti@GP_BN,
and ptp9_Ti@GP_BN) studied are relatively lower than
their corresponding systems (tc_ptp3_Ti@GP_BN,
tc_ptp5_Ti@GP_BN, tc_ptp7_Ti@GP_BN, and
tc_ptp9_Ti@GP_BN) studied. For instance, the three
bonding donor−acceptor orbitals of the first nanocomposites
(ptp3_Ti@GP_BN) exhibit 14.15, 41.15, and 581.50 kcal/mol
against the three bonds of the first system interacted
(tc_ptp3_Ti@GP_BN) with energies of 24.92, 50.13, and
795.35 kcal/mol, which are comparably higher than the
former. This can be applied to other nanocomposites and their
corresponding systems. This implies that a positive interaction
was achieved because higher stabilization energies after
interacting the nanocomposites and the tetracycline signify a
more stable compound. The result of this NBO analysis is
slightly greater than the 783.89 kcal/mol reported by
Mujafarkani et al.125 compared to the 783.89 kcal/mol
achieved for tc_ptp9_Ti@GP_BN in this study.
3.4. Topological Studies. 3.4.1. Quantum Theory of

Atoms in Molecules (QTAIM). The inter- and intramolecular
bonding (hydrogen and non-hydrogen) interactions of the
nanocomposites (polythiophene/Ti-doped graphene/boron
nitride) and tetracycline are studied using quantum theory of
atoms in molecules (QTAIM) as published by Bader and co-
workers, which serve as a means of exploring the various kinds
of interactions that exist in molecules. Furthermore, this
approach tends to categorize bond gradient paths of electron
density between atoms at bond critical locations,126 and it is
the primary instrument for characterizing atoms and bonds.
Based on the localization of certain bond critical sites, the
remarkable features of complexes and their orientation of
molecules in real space may be examined.127 The topological
parameters such as density of all electrons ρ(r), electron
localization function (ELF), electronic charge density V(r),
electrophilicity index of electron density (ε), energy density
H(r), Hamiltonian kinetic energy K(r), Lagrangian kinetic
energy G(r), Laplacian of electron density ∇2ρ(r), and Eigen
values of 1−3 (λ1, λ2, and λ3) were calculated and are
presented in Table S2. The nature of weak interactions can be
examined from the results obtained from the calculation of
G(r)/V(r) and λ1/λ3. A cursory look at Table S2 reveals that
the Laplacian of electron density ∇2ρ(r) and the density of all
electrons ρ(r) values are positive and less than one (∇2ρ(r) <
1 and ρ(r) < 1). In an attempt to classify the kinds of
interactions present in each of the complexes, pairing systems

∇2ρ(r) and H(r) were considered. Hence, when ∇2ρ(r) ≥ 0
and H(r) ≥ 0, it suggests a noncovalent interaction; however,
when ∇2ρ(r) ≥ 0 and H(r) < 0, it suggests a partial covalent
interaction; also, when ∇2ρ(r) < 0 and H(r) < 0, it suggests a
strong covalent bonding between the two bounded atoms.128

The values of the electron density, ρ(r), can be used to predict
the strength of the interactions, of which a higher ρ(r) value (ρ
> 0.1 au) shows a stronger covalent interaction, while a lower
ρ(r) value (ρ < 0.1 au) indicates a weak noncovalent
interaction.129 In this study, all the ρ(r) values for the
interactions range from 0.326 to 0.901 au and are higher than
0.1, indicating the presence of strong bonding as observed in
Table S2. The highest ρ(r) value (0.901 au) was observed in
O184−S114 of the tc_ptp7_Ti@GP_BN interaction, whereas
the lowest ρ(r) value (0.326 au) was recorded from O188−
S121 of tc_ptp9_Ti@GP_BN interaction. Interestingly, the
ρ(r) values for all the bond paths are greater than 0.1 au, which
signifies the complete presence of covalent bonding.
The Laplacian electron density ∇2ρ(r) as defined by the

sum of the eigenvalues of Hessian (λ1, λ2, λ3) provides an in-
depth understanding on the electron density distribution.
Previous studies have disclosed that positive values of H(r)
indicate the electrostatic nature of the interaction, while
negative values signify the covalent nature.130 As presented in
Table S2, all interacting bonds were observed to be positive
H(r). BCPs with positive values for both Laplacian electron
density (∇2ρ(r) > 0) and total electron energy density (H(r)
> 0) are typical for closed-shell (noncovalent) interactions.
However, a BCP with H(r) < 0 and ∇2ρ(r) < 0 indicates a
covalent interaction, while that with H(r) < 0 and ∇2ρ(r) > 0
indicates a highly polar covalent interaction.129 As reported in
Table S2, all the bond paths, ∇2ρ(r), and H(r) have positive
values, indicating the total dominance of closed-shell
interactions between the tetracycline and the nanocomposites.
Furthermore, a small bond ellipticity (ε < 1) value at the BCPs
indicates stable interactions.129 In this study, there were only
three CBPs: O191−H138 for tc_ptp5_Ti@GP_BN, O205−
H137 for tc_ptp7_Ti@GP_BN, and O188−S121 for
tc_ptp9_Ti@GP_BN showed stability with ε of 0.063,
0.061, and −0.138, respectively. Other CBPs were observed
to be unstable with ε values ranging from 0.141 to 1.043 for all
tc_ptp3_Ti@GP_BN bonds, 0.442 to 9.687 for tc_ptp5_Ti@
GP_BN, 0.858 to 1.340 for tc_ptp3_Ti@GP_BN, and 0.563
to 4.125 for tc_ptp9_Ti@GP_BN.
Additionally, G(r)/V(r) ≥ 1 confirms that the type of the

chemical bond interaction is noncovalent (closed shell) in
nature, while the covalent (shared) interaction is prominent
when G(r)/V(r) < 0.5. Similarly, a partially covalent
interaction is prevalent when G(r)/V(r) is between 0.5 and
1. In this study, only two BCPs were observed with G(r)/V(r)
≥ 1.131 Unless for the first two bond paths of the first
compound in Table S2, the G(r)/V(r) was dominated by
negative values, suggesting the dominance of shared inter-
actions. The electron localization function (ELF) is critical in
determining the strength of a covalent bond. When the ELF
value is between 0.5 and 1, it indicates that there are bonding
and nonbonding localized electrons in the area. The electron is
delocalized when the ELF value is less than 0.5.132 In this
study, only all of the ELF values were lower than 0.5,
suggesting a delocalization of electrons of the compounds.
3.4.2. Noncovalent Interactions (NCI). In addition to

QTAIM, the NCI was characterized to re-examine the nature
of the “closed-shell” noncovalent forces in the interactions
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within the studied compounds, especially at the point where
the Ti dopant is. Herein, Multiwfn software133 was used to
study the noncovalent bonds. The noncovalent interaction
emanates through a number of different mechanisms such as
the van der Waals interactions, hydrogen bonding, and
electrostatic interactions. The second density Hessian
eigenvalue λ(r), the electron density r(r), and reduced density
gradient (RDG) are the basic functions present in NCI analysis
for the prediction of weak interactions. Surface plots involving
the two functions give information about the type of weak
interaction present. In the surface plot, the reduced density
gradient (RDG) is plotted against the second eigenvalue of the
electron density Hessian matrix (λ2) and the electron density
r(r), that is, the NCI graph is a graph of RDG against λ2(r)r(r).
From the surface, the nature of the weak interaction can be
characterized depending on the values of λ2. The blue region
with negative values, λ2(r)r(r) < 0, corresponds to strong
interactions (such as hydrogen bonding) and high electron
density, while the red region with positive values (λ2(r)r(r) ≥
0) indicates a strong repulsive interaction (like steric effect)
and electron density depletion; the green region (sign l2(r)r(r)
z 0) corresponds to relatively weak van der Waal
interactions.123,134 As evident from the plots in Figure 4, the

blue regions existing around the dopant (Ti) indicate the
presence of strong bonding between doped graphene and
boron nitrite. The green region observed between all the
complexes indicates that van der Waals forces play a key role in
the interaction of the complexes. In addition, little repulsion
interaction is observed during the adsorption process. These
are in good agreement with the DOS and QTAIM results.
3.5. Adsorption Studies. Different orientations of

tetracycline on nanocomposites were studied in order to
acquire the most stable adsorption configuration. All minimal
energy complexes were computed by using gd3bj/B3LYP at
the def2svp level. The adsorption energy may be used to
determine how efficiently tetracycline is absorbed by an
adsorbent.135 The more the negative value of adsorption
energy, the stronger the structure after adsorption.136,137 From
the results in the table, it was observed that all systems possess
the chemosorption type of adsorption based on the negative
enthalpy of adsorption with energies ranging between
−17.0931 and −17.2171 eV. It was also observed that the
differences in the adsorption energies of all the systems are
relatively negligible even though tc_ptp7_Ti@GP_BN
(−17.2171 eV) and tc_ptp5_Ti@GP_BN (−17.2165 eV)
exhibited the highest energies as presented in Table 4. This

Figure 4. Pictorial representation of the reduced density gradient (RDG) of the studied system.

Table 4. Projected Adsorption Study of the Investigated Systems at the DFT/B3LYP-gd3bj/def2svp Method

systems Ecomplx Esurf tetracycline Ead eV

tc_ptp3_Ti@GP_BN −6959.89 −5396.79 −1562.47 −0.62816 −17.0931
tc_ptp5_Ti@GP_BN −8063.14 −6500.04 −1562.47 −0.63269 −17.2165
tc_ptp7_Ti@GP_BN −9166.39 −7603.29 −1562.47 −0.63272 −17.2171
tc_ptp9_Ti@GP_BN −10269.6 −8706.53 −1562.47 −0.62908 −17.1181
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suggests strong and irreversible adsorption, implying that the
studied nanocomposites are compatible and could be used for
the degradation of tetracycline in the environment because the
higher the adsorption energy, the more the sensing ability of a
nanomaterial.138−140

According to adsorption theory by Dab̨rowski,141 as the
temperature rises, the likelihood of molecules sticking to a
material’s surface weakens due to increased thermal energy,
leading to reduced adsorption. Higher temperatures facilitate
molecule detachment from the surface and favor fluid-phase
interactions, altering the adsorption equilibrium.142 Although
these studied systems are in the ground state, which may not
accurately estimate the temperature and time exerted for the
studied nanocomposites to degrade TC, this study hypothesize
lower temperature in tc_ptp5_Ti@GP_BN and tc_ptp7_Ti@
GP_BN interactions compared to tc_ptp3_Ti@GP_BN and
tc_ptp9_Ti@GP_BN. This is explained by the high
adsorption energy observed in the studied interactions.
This result is insightful, as many studies have reported

weaker adsorption potentials. Yang et al.143 reported an
adsorption energy of −9.39 eV after studying the oxygen-
containing functional groups on formaldehyde adsorption in a
solution on the carbon surface. The highest adsorption energy
was reported by Guo et al.144 as −5.83 eV, observed in the
literature related to the photodegradation of organic pollutants,
which is significantly lower compared to the adsorption result
obtained in the present study. Based on TC photodegradation,
Meng et al.145 reported an adsorption energy of −2.17 eV after
using Fe@MoS2 as a piezocatalyst for the durable degradation
of tetracycline. Additionally, Liu et al. reported an adsorption
energy of −2.56 eV after utilizing Fe3O4@CNT as a catalyst
for tetracycline degradation in peroxydisulfate. There seems to
be a similar trend in the literature regarding the highest
reported adsorption energies. This is confirmable by Bahamon
et al., which reported −2.9 eV adsorption energy after studying
the electronic interactions of an SO2 molecule on a CoP
hydrotreating catalyst. This provides commendable computa-

tional evidence that the nanocomposites used in this study for
the photodegradation of TC are insightful materials.
3.6. Photodegradation. 3.6.1. UV Transition. To

comprehend and clearly explain the different kinds of
electronic excitation (rotational and vibrational modes) in
the investigated compound, UV−Vis spectroscopic study has
been obtained using the gd3bj/B3LYP at the def2svp level of
theory.118,146 Table 5 shows the theoretical results for
oscillator strength ( f value), energy of excitation (E), percent
contribution, and potential assignments carried out in the
different compounds studied. From Table 5, the result showed
that all phases of orbitals 136−140 exhibit an excited-state
transition from S0 to S1, S2, and S3 with an assignment of π →
π* (pi orbitals to the antibonding orbital). This study
compared the parameters of the nanomaterials before and
after interacting with tetracycline antibiotics. It was observed
that the energy (eV) of all the compounds increases with an
increase in the excitation, leaving the excitation from S0 to S1
with the least energies in all the compounds (both before and
after the interaction). The energy observed in all the excited
states of the studied compounds ranged between 1.3248 and
1.7970 eV. Although exceptions were observed, the before and
after interaction comparison revealed that the energy of the
studied parameters decreases after interacting with tetracycline,
suggesting a more adsorption stability of the compound
investigated. It was also observed that the wavelength
absorption/λmax (nm) values decrease with increased
excitation states across all studied parameters.
As presented in Table 5, the interaction with the shortest

polythiophene unit (tc_ptp3_Ti@GP/BN) was observed with
the highest UV excitation energy of 1.3878 eV followed by
tc_ptp5_Ti@GP/BN (1.3406 eV) and tc_ptp9_Ti@GP/BN
(1.3441 eV), and last, the interaction with seven polythiophene
units (tc_ptp7_Ti@GP/BN) was observed with the smallest
excitation energy of 1.3391 eV, revealing the most stability-
influencing unit for the degradation of TC. The wavelength
presented in Table 5 also presents insightful information about

Table 5. Excitation State, Wavelength of Absorption, Oscillator Strength, and % Contribution with Assignment of the Studied
Systems at the TD-DFT/B3LYP-gd3bj/def2svp Method

parameters excited state energy (eV) wavelength absorption/λmax (nm) oscillator strength ( f) contribution (%) assignment

ptp3_Ti@GP/BN S0→S1 1.3703 904.81 0.0061 310 → 312 (56.439) π→π*
S0→S2 1.5651 792.18 0.0759 310 → 311 (51.112) π→π*
S0→S3 1.7804 696.37 0.0164 310 → 313 (68.623) π→π*

ptp5_Ti@GP/BN S0→S1 1.3515 917.36 0.0072 352 → 353 (50.367) π→π*
S0→S2 1.5503 799.73 0.0447 352 → 354 (35.436) π→π*
S0→S3 1.5714 788.98 0.0395 352 → 354 (62.514) π→π*

ptp9_Ti@GP/BN S0→S1 1.3248 935.90 0.0139 436 → 437 (78.518) π→π*
S0→S2 1.3680 906.34 0.0076 436 → 440 (39.534) π→π*
S0→S3 1.5657 791.87 0.0654 436 → 438 (44.676) π→π*

tc_ptp3_Ti@GP/BN S0→S1 1.3878 893.41 0.0070 427 → 429 (59.599) π→π*
S0→S2 1.5658 791.81 0.0763 427 → 428 (54.230) π→π*
S0→S3 1.797 689.97 0.0155 427 → 432 (54.913) π→π*

tc_ptp5_Ti@GP/BN S0→S1 1.3406 924.81 0.0075 469 → 470 (52.695) π→π*
S0→S2 1.524 813.54 0.0384 469 → 471 (62.070) π→π*
S0→S3 1.566 791.71 0.0486 469 → 471 (36.611) π→π*

tc_ptp7_Ti@GP/BN S0→S1 1.3391 925.88 0.0109 511 → 515 (39.071) π→π*
S0→S2 1.395 888.79 0.0137 511 → 512 (75.299) π→π*
S0→S3 1.5646 792.46 0.0652 511 → 515 (44.666) π→π*

tc_ptp9_Ti@GP/BN S0→S1 1.3441 922.43 0.0273 553 → 554 (58.976) π→π*
S0→S2 1.377 900.37 0.0182 553 → 554 (39.379) π→π*
S0→S3 1.5561 796.78 0.0657 553 → 555 (46.991) π→π*
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the photodegradation of TC. Herein, longer wavelengths
account for higher photodegradation potentials. It was
observed that the TC interaction with the 3-chain poly-
thiophene unit has the shortest adsorption wavelength (893.41
nm) followed by the 9-units (922.43 nm), the 5-units (924.81
nm), and the 7-chain polythiophene units (925.88 nm). The
wavelength results closely aligned with the results of the
excitation energy, revealing that interactions with lower
excitation account for longer wavelengths aligning with already
established facts in the literature. This suggests that the 7-unit
polythiophene has the highest influence closely followed by the
5-unit polythiophene on the nanocomposites for the photo-
degradation of TC. Previous studies reported the wavelength
and excitation energy: 460.35 nm and 2.6933 eV by Udoikono
et al.;147 249.90 nm and 4.96 eV by Owen et al.;148 and 502.57
nm and 2.4670 eV by Apebende et al.; these are low compared
to the present study. This explains that the nanocomposites as
influenced by the polythiophene units are promising materials
for the photodegradation of TC compared to the cited studies.
The percentage contribution of all the orbitals is reported in
the table with percentage values between 35.436 and 78.518%
among all of the parameters. The transition wavelength of the
various studied interactions is presented pictorially in the UV
spectral as shown in Figure 5.

3.6.2. Hole−Electron, Optical Gap, Exciton Energy. This
analysis was conducted to understand how the arrangement of
polythiophene units impacts the stability and efficiency of Ti-
doped graphene/boron nitride nanocomposites in degrading
tetracycline through photocatalysis. Herein, the excitation
binding energy (Eb) is used to determine the hole and the
electron separation potential, which tells the stability of the
studied compounds with respect to TC degradation. The
exciton binding energy is the energy required to separate an
exciton from its bound electron and hole partners. It is an
intriguing parameter for the investigation of the photocatalytic
characteristics, exciton dissociation potential, and efficacy of
the nanocomposites.149 A higher exciton system indicates more
stability and hence provides insights into the durability of the
degradation. Eb is determined as the difference between the
HOMO−LUMO energy gap and Eopt (first excitation energy,
as presented in the UV section). With the help of Eb, the

interaction of the coulombic forces between the hole and
electron is calculated. The Eb of the compounds is calculated
by using eq 1

E E Eb H L opt= (1)

Here, EH−L shows the band gap of the interaction at their
excited state and Eopt represents the minimal energy required
for the first excitation (S0−S1), also known as the first singlet
excitation energy produced by pairing the hole and electron.150

A lower value of Eb is correlated with a weaker electron−hole
interaction.151 As demonstrated in Table 6, the investigated

compounds exhibit a discernible trend of decreasing exciton
energy, arranged as tc_ptp5_Ti@GP_BN ≥ tc_ptp3_Ti@
GP_BN ≥ tc_ptp7_Ti@GP_BN ≥ tc_ptp9_Ti@GP_BN,
accompanied by the corresponding Eb values of 0.120108 ≥
0.105290 ≥ 0.102832 ≥ 0.081777 eV. Notably, the first three
compounds share proximity in terms of exciton energy,
differing from the compound housing the longest polythio-
phene unit, which displays lower exciton energy. Among these,
the interaction involving the 5-chain polythiophene unit attains
the highest exciton binding energy of 0.120108 eV, aligning
seamlessly with the UV−vis transition analysis and adsorption
studies expounded upon in the preceding sections. This
observed range of exciton binding energies resonates with prior
investigations exploring the diverse landscape of exciton
binding energies in relation to various semiconductors. In
the context of this study, the deliberate incorporation of
polythiophene, an organic semiconductor into the Ti-doped
graphene/boron nitride nanocomposite, serves as a catalyst for
the photodegradation of TC, an organic pollutant. Remarkably,
the scope of exciton binding energies identified within this
study remains consistent with the established range of 0.1−1.0
eV for organic semiconductors.152 However, the outlier,
tc_ptp9_Ti@GP_BN, featuring the longest polythiophene
unit, deviates from the anticipated pattern, showcasing
inconsistency with the established range.
This result aligns with certain previous studies that explored

similar electron−hole properties through exciton binding
energy analysis. For instance, Aldrich et al. reported the
highest exciton binding energy of 0.11 eV,153 which is
approximately in line with the results obtained from this
study. Notably, some previous studies reported lower optical
gaps. For instance, Hao et al. reported the highest exciton
binding energy of 0.07 eV reported by Hao et al.,154 which is
significantly lower compared to the findings of the present
study. The present study demonstrates strong electron−hole
properties compared to Wang et al.,155 which reported the
highest exciton binding energy of 0.10 eV. The differences
observed between the present and the cited study could have
resulted from the different nanocomposites studied. This
provides tangible evidence that the nanocomposites could be
excellent materials for the removal of TC through photo-
degradation. The outcomes gleaned from this comprehensive

Figure 5. UV−vis transition spectra showing the transition wave-
length of the studied interactions.

Table 6. Calculated EL‑H and Eopt of the Studied Interactions
at the TD-DFT/B3LYP-gd3bj/def2svp Method

compounds EH−L Eopt Eb
tc_ptp3_Ti@GP_BN 1.493090 1.3878 0.105290
tc_ptp5_Ti@GP_BN 1.460708 1.3406 0.120108
tc_ptp7_Ti@GP_BN 1.441932 1.3391 0.102832
tc_ptp9_Ti@GP_BN 1.425877 1.3441 0.081777
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exciton analysis strongly suggest that the initial three
polythiophene units harbor the significant potential for driving
insightful degradation properties, corroborated by their
observable impact on hole−electron stability.

4. CONCLUSIONS
Considering the intricate challenges surrounding the secure
disposal of antibiotics, an issue of profound concern for both
the general public and pharmaceutical experts alike, the
imperative to devise effective mitigation strategies becomes
evident. Thus, the significance of this research resides in its
pursuit of elucidating the distinct influence of polythiophene
units on the photodegradation of tetracycline, specifically in
the context of Ti-doped graphene/boron nitride nano-
composite materials. This inquiry, executed within the purview
of density functional theory (DFT) employing the gd3bj/
B3LYP functional with a def2svp basis set, endeavors to unveil
previously uncharted molecular-level interactions and mecha-
nisms. This pursuit engenders a heightened comprehension of
the intricate interplay between the nanocomposite’s architec-
ture and its capacity to facilitate the photodegradation of
tetracycline through photoinduced processes. The investiga-
tion into adsorption energies within various systems yielded
intriguing findings, revealing remarkably minor disparities
among the observed adsorption energies. Notably,
tc_ptp7_Ti@GP_BN (−17.2171 eV) and tc_ptp5_Ti@
GP_BN (−17.2165 eV) emerged as the frontrunners in
terms of energy levels despite the marginal discrepancies.
These outcomes prompt a deeper exploration of the
underlying factors at play.
Upon closer scrutiny through UV−vis transition analysis, an

intriguing correlation emerged between the adsorption
potential of the systems and their corresponding excitation
behaviors. Specifically, the fifth and seventh units of the
polythiophene configuration displayed distinctive patterns of
excitation, characterized by energy levels of 1.3406 and 1.3391
eV, accompanied by the corresponding wavelengths of 924.81
and 925.88 nm, respectively. This alignment between
excitation properties and adsorption potential adds a layer of
complexity to our understanding, suggesting an intricate
interplay between electronic transitions and surface inter-
actions. Delving further into the intricacies of the studied
systems, the examination of exciton binding energy emerges as
a pivotal component in fortifying the outcomes from both
UV−vis transition analysis and adsorption investigation.
Impressively, the calculated exciton binding energies of 0.120
and 0.103 eV for polythiophene units containing 5 and 7
segments, respectively, provide compelling corroborative
evidence. This convergence of data reaffirms the validity of
earlier UV−vis transition analysis and adsorption exploration,
consolidating our grasp of the electronic and energetic
dynamics at play within these complex systems.
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