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Clean water is a fundamental requirement for life on Earth, but human activities
have introduced a wide range of contaminants into aquatic environments. One par-
ticularly concerning group of pollutants is endocrine-disrupting chemicals (EDCs),
which include natural hormones such as 178-estradiol (E2). EDCs interfere with
the normal function of the endocrine system in both humans and aquatic organ-
isms, leading to adverse health effects. Because EDCs can exert biological effects at
very low concentrations, their long-term impacts on human health are not yet fully
understood. Currently, chromatographic methods represent the gold standard for
monitoring these compounds in aquatic environment, but their high cost, complex
instrumentation, and extensive sample preparation limit their suitability for real-
time and in situ monitoring. Electrochemical sensors offer a low-cost and portable
alternative. Beyond water quality monitoring, they also demonstrate significant
potential for medical monitoring applications. Electrochemical sensors performance
can be further enhanced by selecting appropriate electrode materials and strengthen-
ing the adsorption of target analytes on the electrode surface, thereby increasing the
amount of analyte participating in the signal-generating electrochemical reactions.

In this thesis, the adsorption of E2 on a (6,6) single-walled carbon nanotube
(SWCNT) was investigated computationally to gain an atomic-level understanding
of the adsoprtion phenomenon. The objectives of the study were to identify stable
and unique adsorption configurations of E2 on the (6,6) SWCNT surface and to
determine whether the adsorption is governed by physical or chemical interactions.
The study was conducted using density functional theory (DFT), integrated with
the Bayesian Optimization Structure Search (BOSS) algorithm to efficiently explore
the configurational space while reducing both computational cost and human bias.

Fourteen unique adsorption configurations were identified and classified into three
structural groups based on geometric metrics. Analysis of the electronic structure
revealed that E2 adsorption on the (6,6) SWCNT is governed by physisorption,
dominated by van der Waals forces. These results clarify the adsorption mechanisms
relevant to carbon nanotube-based electrochemical sensing. Overall, adsorption-
based electrochemical sensors represent a promising and portable approach for the
sensitive detection of EDCs in aquatic environments. By enabling more accurate and
continuous monitoring, such sensing technologies could support preventive measures
and facilitate compliance with environmental legislation, ultimately contributing to
improved water quality.

Keywords: endocrine-disrupting chemicals, 173-estradiol, single-walled carbon nan-
otubes, adsorption, density functional theory, bayesian optimization structure
search, electrochemical sensors
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Puhdas vesi on eldmén perusedellytys, mutta ihmisten toiminta on johtanut
erilaisten epdpuhtauksien péadtymiseen vesiekosysteemeihin. Huolestuttavaksi
epapuhtauksien ryhméksi on noussut hormonitoimintaa héairitsevit yhdisteet
(EDC-yhdisteet), joihin kuuluvat myos luonnolliset hormonit, kuten 175-estradioli
(E2). EDC-yhdisteet voivat héiritd sekd ihmisten etté vesielididen hormonijérjestel-
mén toimintaa jo matalina pitoisuuksina, aiheuttaen haitallisia terveysvaikutuksia.
Niiden pitkaaikaisia vaikutuksia ei myoskdén vield taysin tunneta. Kromatografiset
menetelméit ovat EDC-yhdisteiden mittaamisen kultainen standardi vesiympéris-
toissd, mutta niiden korkea hinta, monimutkaisuus ja hitaus rajoittavat menetelmien
soveltuvuutta reaaliaikaiseen ja in situ -seurantaan. S&hkokemialliset anturit ovat
lupaava vaihtoehto alhaisen kustannustasonsa ja liikuteltavuutensa ansiosta. Veden-
laadun seurannan liséksi niilld on potentiaalia myos ladketieteellisissa sovelluksissa.
Anturien suorituskykyéd voidaan parantaa sopivilla elektrodimateriaaleilla ja vah-
vistamalla kohdeanalyytin adsorptiota elektrodipinnalle. Tall6in suurempi méaara
analyyttid osallistuu signaalin tuottaviin sahkékemiallisiin reaktioihin.

Téssé tyossa tutkittiin laskennallisesti E2:n adsorptiota (6, 6)-kiraaliselle yksisein4i-
selle hiilinanoputkelle (SWCNT) atomitason ymméarryksen saavuttamiseksi. Tutki-
muksen pédtavoitteena oli tunnistaa vakaat ja uniikit E2:n adsorptiokonfiguraatiot
SWCNT:n pinnalla sekd selvittdd, perustuuko adsorptio fysikaalisiin vai kemialli-
siin vuorovaikutuksiin. Tutkimus suoritettiin hyodyntamallé tiheysfunktionaaliteo-
riaa (DFT), joka yhdistettiin Bayesilaiseen optimointiin perustuvaan rakenneha-
kualgoritmiin (Bayesian Optimization Structure Search, BOSS) konfiguraatioiden
tehokkaaksi kartoittamiseksi. BOSS:n avulla véltettiin laskennallisten kustannusten
kasvu sekd minimoitiin inhimillisiin valintoihin liittyvét virheet jattdmalla ihminen
suurelta osin prosessin ulkopuolelle algoritmin automaation ansiosta.

Tuloksena tunnistettiin neljatoista adsorptiokonfiguraatiota, jotka luokiteltiin kol-
meen ryhmaéén rakenteen perusteella. Elektronirakenneanalyysi osoitti E2:n adsor-
boituvan (6,6) nanoputkelle fysikaalisten vuorovaikutusten, erityisesti dominoivien
van der Waals -voimien, ansiosta. Tulokset edistdvit atomitason ymmarrysté ad-
sorptiomekanismeista, joilla on keskeinen rooli hiilinanoputkipohjaisessa sdhkoke-
miallisessa yhdisteiden havaitsemisessa. Adsorptioon perustuvat séhkokemialliset
anturit mahdollistavat lupaavan ja helposti siirrettavian ratkaisun EDC-yhdisteiden
herkkaan havaitsemiseen vesistoissa. Tarkempi ja ajallisesti kattavampi yhdisteiden
seuranta anturiteknologialla mahdollistaa kokonaisvaltaisemman tilannekuvan saa-
misen vedenlaadusta, mikd parantaa edellytyksid kohdennettuihin toimenpiteisiin
saantelyn avulla.

Asiasanat: hormonitoimintaa héiritsevit yhdisteet, 173-estradioli, yksiseindiset hii-
linanoputket, adsorptio, tiheysfunktionaaliteoria, bayesilainen optimointirakenne-
haku, sahkokemialliset sensorit
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1 Introduction

Water is a fundamental prerequisite for life on Earth. From the earliest biology
lessons in school, it is emphasized that life cannot exist without water. Although
water covers most of the Earth’s surface, only about 3% of it is freshwater, and only
a small fraction of this is readily accessible for essential human uses, including drink-
ing and sanitation. For this reason, concern over risks that affect the quality of these
already limited water resources has increased globally over the past decades. Hu-
man activities have intensified climate change and pollution, highlighting the urgent
need to improve water management, pollution prevention, and advanced treatment
technologies to ensure the long-term sustainability of water environments [1].

Rapid development in various fields, such as packaging, pharmaceuticals, and
plastic manufacturing, together with socioeconomic changes that have increased the
use of new consumer goods, has led to the release of new types of compounds into
aquatic systems. These compounds can contaminate water environments and cause
negative effects on human and animal health upon exposure.

A particularly concerning group of pollutants are endocrine-disrupting chemicals
(EDCs). These are chemicals that interfere with the normal function of the endocrine
system and can cause adverse effects in both humans and wildlife. Substances such
as natural and synthetic estrogens, bisphenol A (BPA), and phthalates are classified
as EDCs. |2] Among natural estrogens, the female hormone 17/5-estradiol (E2) is one

of the most extensively studied due to its high biological potency. EDCs disrupt
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hormonal signaling by mimicking natural hormones, blocking hormone receptors,
or altering hormone synthesis, transport, and metabolism [3]. Because endocrine
signaling is highly sensitive, even small disruptions can lead to significant biologi-
cal consequences. Exposure to EDCs has been associated with fertility disorders,
abnormal sexual development, early puberty, neurological and metabolic dysfunc-
tions, and certain cancers. |2] Pregnant women, infants, and children are especially
vulnerable during critical periods of development [3].

Exposure to EDCs is widespread in modern society due to their extensive use
in various products, including pharmaceuticals, agricultural pesticides, consumer
goods, and industrial processes. From there they are often unintentionally released
into the environment during production, disposal, leakage, and through inadequate
removal during wastewater treatment. Therefore they are frequently detected in
environmental compartments such as soil, air, and water. [4] Human exposure to
EDCs occurs through multiple pathways, including ingestion of food, pharmaceuti-
cals, and drinking water, inhalation, and dermal contact. A major concern is that
the effects of EDCs are often not immediately observable in humans or wildlife but
may manifest only after long-term exposure, even at very low concentrations [2].
In animals, particularly aquatic species, exposure to EDCs originating from agricul-
tural runoff and insufficient water treatment has been associated with developmental
abnormalities, reproductive dysfunction, and population-level effects [5, 6.

This delayed impact highlights the need for early detection and effective pre-
vention strategies. In response, regulatory authorities have begun to address EDCs
through chemical and environmental legislation. For example, the European Union
has introduced regulatory frameworks that require continuous monitoring of certain
EDCs in aquatic environments and the establishment of exposure limits intended
to prevent adverse effects [7]. However, the chemical diversity of EDCs and their

occurrence at trace concentrations make reliable and accurate detection challenging,
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emphasizing the need for improved analytical and sensing technologies to support
regulation and environmental protection |2, 7].

Currently, chromatographic techniques, which are analytical methods used to
separate, identify, and quantify chemical compounds in mixtures based on their
physical and chemical properties, are considered the gold standard for monitor-
ing EDCs due to their high accuracy, selectivity, and very low detection limits [7].
However, their practical application is limited by several factors, including high
equipment costs, complex operation, and long analysis times [8|.

One alternative approach to overcome these limitations is the use of electro-
chemical sensors, which are analytical devices that detect target compounds by
measuring electrical signals generated during chemical reactions at sensor’s surfaces.
These kind of sensors have already been successfully applied in environmental and
biomedical monitoring. They offer detection accuracy comparable to conventional
analytical methods while also providing low-cost, simple, and sensitive platforms
suitable for on-site and real-time measurements [4]. Importantly, sensor selectivity
and performance toward target compounds can be enhanced through the adsorp-
tion of these compounds onto the sensor surface. Adsorption enables molecules to
participate in electrochemical reactions, which generates the measurable signal. In
addition, the choice of surface material determines device performance. Recently,
carbon-based materials have emerged as promising sensor surface materials because
aromatic compounds, such as all natural estrogens, are known to adsorb effectively
onto them, making carbon nanotubes (CNTs), graphene, and their derivatives a
promising surface materials due to their large surface area, high electrical conduc-
tivity, and stability under varying environmental conditions [4, 9, 10].

Although adsorption of aromatic compounds can be studied experimentally, even
advanced techniques, such as atomic force microscopy, often struggle to provide

sufficient resolution to accurately characterize interactions involving structurally
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complex molecules, limiting detailed insight into sensor—compound interactions [11].
In addition, many experimental approaches used for development and optimization
of electrochemical sensors rely heavily on trial-and-error procedures, which are not
resource-efficient and, in the worst case, can result in significant time consumption
and waste of tested surface materials and chemicals.

To address the limitations of experimental studies, investigations of the ad-
sorption of aromatic compounds should be guided by a deeper understanding of
atomic-level interactions, which can be achieved through computational simula-
tions. However, computational studies face their own challenges, particularly the
high computational cost that arises from extensive structural sampling required to
identify stable minimum-energy molecular configurations, which correspond to the
most physically realistic structures likely to occur in nature. As a result, some stud-
ies may rely on chemically intuitive initial configurations rather than performing an
exhaustive search of the full configurational space, potentially missing relevant ad-
sorption states. One effective strategy to reduce human bias and computational cost
is the integration of machine-learning algorithms into the computational simulation
pipeline. These approaches enable more efficient exploration of the energy surface
and systematic identification of favorable adsorption configurations.

In this thesis, an adsorption structure search of E2 on a pristine (6,6) single-
walled carbon nanotube (SWCNT) in vacuum was conducted. The study builds
upon previous computational investigations of E2 adsorption on graphene, reported
by Sippola [12]. This work follows a similar computational research framework,
employing a workflow consistent with a previous study to extend the understanding
of E2 adsorption from graphene to carbon nanotube systems, thereby providing a
broader perspective on E2 adsorption across different carbon-based structures.

The computational part of this thesis was carried out using Bayesian Optimiza-

tion Structure Search (BOSS) integrated with density functional theory (DFT).
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BOSS employs an active-learning approach based on Bayesian optimization (BO),
which allows efficient exploration of the adsorption energy surface (AES) without
requiring exhaustive DFT calculations across the entire configurational space [13].
Instead, the method iteratively predicts and samples the most informative configu-
rations, significantly reducing computational cost. The choice of E2 and the (6,6)
SWCNT is motivated by experimental studies conducted by the Materials in Health
Technology research group at the University of Turku, in which the same materials
were employed.

However, no computational studies were found that specifically focus on E2
adsorption on pristine (6,6) SWCNT and therefore no direct comparison is currently
available for the work presented in this thesis. Most of the available literature
instead addresses other SWCNT chiralities or alternative carbon-based materials.
For example, Zaib et al. conducted a computational investigation of E2 adsorption
on (18,0) SWCNTs and graphene [10], while Sippola et al. studied E2 adsorption
on graphene [14]. In addition, de Oliveira et al. focused on graphene oxide as
the adsorption surface [15]. Despite differences in surface structure, these studies
reported similar adsorption behavior, indicating that E2 adsorption on carbon-based
materials is mainly governed by physical interactions and -7 stacking between the
molecule and the surface.

In this context, the present work aims to bridge the existing research gap
by systematically investigating E2 adsorption on pristine (6,6) SWCNTs using
computational methods and by improving the understanding of molecular-level
interactions between E2 and SWCNTs. In the future, studies of this kind can sup-
port the development of advanced electrochemical sensors for various applications,
including environmental water-quality monitoring as well as biomedical uses such

as fertility monitoring and dynamic tracking of hormone levels.
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The research questions of this thesis are the following:

e RQ1: What does the existing literature indicate about the ability of carbon
nanotube-based electrochemical sensors to detect 175-estradiol (E2) in water

samples?

e RQ2: What are the most stable and energetically favorable adsorption con-
figurations of 17/-estradiol (E2) on a (6,6) single-walled carbon nanotube

surface?

e RQ3: What types of interactions occur between E2 and a (6,6) single-walled

carbon nanotube, and are any covalent bonds formed?

During the preparation of this thesis, Al-based tools were used as writing aids.
Tools such as ChatGPT (version 5.2) and Google Gemini (Gemini 3) were employed
to assist with grammar correction and wording refinement. The suggested correc-
tions primarily addressed spelling, grammatical forms, prepositions, and punctua-
tion.

The thesis begins with a detailed introduction to EDCs, along with currently
available methods for their detection and monitoring in water. This is followed
by a presentation of electrochemical sensing principles and adsorption phenomena,
and concludes with a detailed discussion of CN'Ts as sensor surface materials. The
computational methodology used in the simulation part of the thesis is then de-
scribed. Subsequently, the methods and results of the computational study are
presented. Finally, the thesis concludes with a discussion of the results, including
their implications and limitations, and outlines future research directions related to

the development of electrochemical sensors.



2 Technologies for water pollution

detection

Water is a universal solvent, which makes it highly vulnerable to contamination
from a wide range of substances. Water pollution refers to the presence of chemical,
biological, or physical contaminants that alter the natural properties of water and
make it unsafe for living organisms to consume. The origins of water pollution
can be broadly classified as natural sources, such as volcanic eruptions and soil
or sediment erosion, and sources resulting from human activities. Human-caused
pollution arises from point sources, such as industrial and wastewater discharges,
which release contaminants directly into water bodies and are generally regulated by
authorities, as well as from non-point sources, such as agricultural runoff, which are
harder to identify because pollution accumulates gradually over time. [16] Because
water is essential for life, changes in its composition and quality can have widespread
consequences for both humans and ecosystems. Even very small concentrations of
certain pollutants can cause harmful and long-term effects, making water pollution
a critical environmental and public-health concern.

The most concerning water pollutants are heavy metals, micro- and nanoplas-
tics, and various synthetic organic compounds. Heavy metals are persistent and can
bioaccumulate through the food chain, posing long-term risks to ecosystems and

human health [17]. Micro- and nanoplastics can act as carriers for other pollutants
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due to their large surface area and can facilitate their transport through aquatic sys-
tems. One particular concern is their ability to pass through biological membranes,
accumulate in tissues such as the liver and blood vessels of aquatic organisms, and
increase in concentration through food chains. [16] In addition, a growing range
of pharmaceuticals, personal-care product chemicals, and other synthetic organic
compounds has been detected in aquatic systems. Many of these substances ex-
hibit endocrine-disrupting properties and can interfere with hormonal regulation in
wildlife and humans even at low concentrations.

Reducing water pollution requires more than end-of-pipe solutions that focus
only on treating pollutants after their release into the environment. It demands
proactive prevention strategies supported by legislation, continuous monitoring, and
sustainable industrial and agricultural practices. However, detection itself is often
challenging: some pollutants occur at extremely low concentrations, exist in com-
plex mixtures, or remain entirely unidentified. Without accurate and selective de-
tection, developing effective purification technologies becomes nearly impossible, as
the presence and distribution of harmful substances cannot be reliably determined.
[18] Therefore, advancing both detection and purification technologies is essential to
safeguard public health and ensure resilient ecosystems.

In this chapter, water pollutants classified as endocrine-disrupting chemicals and
their impacts on both human health and wildlife are reviewed. Furthermore, cur-
rent pollutant detection technologies are examined, their limitations are highlighted,
and emerging advancements aimed at improving early detection are explored. These
advancements enable more accurate environmental monitoring, support the devel-
opment and enforcement of effective legislation, and ultimately contribute to more

precise and efficient pollution removal strategies.
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2.1 Endocrine-disrupting chemicals

Endocrine-disrupting chemicals (EDCs) are natural or synthetic substances that
interfere with the normal functioning of hormonal systems. Commonly known ex-
amples of EDCs include compounds used in plastic products, such as bisphenol A
(BPA), phthalates, and polychlorinated biphenyls, as well as natural hormones such
as 17(-estradiol (E2). Although EDCs do not share a single structural pattern,
many possess features such as aromatic rings, halogen atoms, or specific functional
groups that allow them to mimic or otherwise interfere with natural hormones [2].

EDCs affect through endocrine system, which is a complex network of glands,
hormones, and receptors providing the key communication channel and link between
nervous system and vital body functions like reproduction, immunity, metabolism
and behavior. Unlike the nervous system, which operates rapidly, endocrine sig-
naling relies on slower biochemical communication and feedback loops. This makes
hormonal balance highly sensitive to disruption, as even small disturbances may
interfere with homeostasis. EDCs can mimic or block the action of endogenous hor-
mones, most directly by binding to hormone receptors and activating or inhibiting
them [3|. They may also disrupt endocrine signaling indirectly by altering hormone
synthesis, degradation, transport proteins, or receptor expression [3|. While recep-
tor binding resembles natural hormone action, the indirect mechanisms primarily
disturb hormonal homeostasis.

Because endogenous hormones act at very low concentrations, even minimal ex-
posure to EDCs can alter normal endocrine functions such as gene expression and
cellular signaling. The extent of disruption depends on the binding affinity of the
EDCs and the specific tissue they target. Notably, EDCs do not always follow the
traditional toxicological principle of a dose-dependent response. Instead, many hor-
mones and EDCs exhibit non-monotonic dose-response relationships, meaning that

increasing the dose may produce different or even opposite biological effects. This
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occurs because different concentrations can activate or inhibit hormone receptors
in distinct ways, and multiple overlapping mechanisms, for example receptor bind-
ing, feedback regulation, and metabolic pathways, can dominate at different doses.
[19] This poses significant challenges for risk assessment and regulation, as standard
toxicology assumes that greater exposure leads to greater effect.

Sensitivity to EDCs also varies throughout the human life cycle. During critical
developmental windows such as fetal growth, infancy, puberty, and menopause, hor-
mone levels are naturally low or unbalanced. At these stages, even tiny exposures
to EDCs can activate unbound receptors and induce biological responses that would
not normally occur. |3, 20] For example, prenatal phthalate exposure has been
shown to cause severe reproductive abnormalities in male rats, known as "phthalate
syndrome" [5]. In addition to direct effects, exposure during sensitive periods may
induce heritable epigenetic modifications, including changes in DNA methylation, hi-
stone modifications, or altered expression of non-coding RNAs, leading to long-term
physiological consequences [20]. Prenatal exposure to polychlorinated biphenyls and
BPA has been associated with altered DNA methylation and epigenetic regulation in
genes involved in neurodevelopment, immune function, and brain-related processes
[21, 22|. These findings raise significant concern regarding the potential cumula-
tive and multigenerational risks posed by EDCs and highlight the importance of
considering not only immediate toxicological effects but also long-term epigenetic
consequences.

The importance of effective EDCs regulation is reflected in their substantial eco-
nomic and health costs. As noted by Duh-Leong et al., EDCs-related diseases are
estimated to cost approximately 340$ billion annually in the United States, while
in the European Union the estimated burden is around 163€ billion per year [23].
These values demonstrate that insufficient regulation of EDCs has consequences not

only for human health but also for economic sustainability. Nevertheless, regulation
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of EDCs is currently complex and fragmented [2]. Due to their chemical structure
diversity, broad range of sources, and the difficulty of establishing safe exposure
limits resulting from their non-monotonic dose-response behavior, EDCs cannot be
governed by a single regulatory framework and are instead addressed across multiple
legislative domains and authorities, leading to regional differences in regulation be-
tween regions and countries [2|. For example, in the United States, the regulation of
EDCs is shared between federal and state authorities. While the U.S. Environmental
Protection Agency provides a national framework, individual states may introduce
additional controls. Although this system allows flexibility and faster regional re-
sponses, it can lead to inconsistent protection levels and uneven risk management
across regions [2].

At the international level, regulation of EDCs is guided primarily by the United
Nations Environment Programme (UNEP) and the World Health Organization
(WHO) through the International Programme on Chemical Safety (IPCS) [2]. This
program coordinates risk assessments, develops common approaches to evaluating
chemical safety, and responds to emerging environmental health issues. One
outcome of the collaborations has been the European Commission’s consensus
statement on EDCs, which provided a scientific basis for defining EDCs and
identifying priority areas for further research, such as developing more accurate,
reliable, and selective detection methods, as well as improving our understanding
of their mechanisms of action and long-term effects [2].

In the European Union (EU), EDCs are regulated through both chemical and
environmental legislation. Chemical regulation is centralized under the Registra-
tion, Evaluation, Authorisation and Restriction of Chemicals (REACH) framework,
overseen by the European Chemicals Agency. REACH applies broadly to chemical
substances used in consumer and industrial products and places responsibility on

manufacturers and importers to demonstrate their safety. Under this framework, the
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EU has the authority to restrict or ban substances that pose unacceptable risks, and
several EDCs, including BPA and certain phthalates, have already been restricted
12, 24].

In environmental context, the EU introduced the Water Framework Directive
(WFD) in 2000 as the primary framework for water protection across Europe. The
WEFD aims to prevent the deterioration of water bodies and to achieve good eco-
logical and chemical status in surface and groundwater systems [25]. In response
to the increasing diversity of pollutants in aquatic environments, the directive was
complemented by the Watch List mechanism [7]. The Watch List is a list of com-
pounds that may pose environmental or health risks and for which additional data
are required. It is revised every two years to add new substances and remove those
for which sufficient data exist for further assessment. This mechanism supports tar-
geted monitoring and the systematic collection of needed data on the compounds
included in the list. The first Watch List was published in 2015 and included several
steroidal estrogens, marking the beginning of broader EU-wide monitoring of these
compounds |7].

In addition, the aquatic environment itself presents analytical challenges, as a
single water sample may contain numerous different chemical compounds, of which
only a few are regulatory interest. Detection and monitoring methods must therefore
be highly selective toward the target substances in the presence of numerous inter-
fering compounds. Moreover, improved monitoring techniques would enable regula-
tory authorities to better track EDCs in environmental pathways such as wastewater
treatment effluents and agricultural runoff, thereby identifying critical sources and

informing strategies to reduce the release of these compounds into aquatic systems.
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2.1.1 Estrogens

Estrogens are a group of steroid hormones derived from cholesterol that exhibit
estrogenic activity, such as regulating the ovulatory cycle, pregnancy and promoting
the development of secondary sexual characteristics. Estrogens also have a role in
the maintenance of bones, skin and central nervous system making a impact in
humans overall health [26]. Estrogens are also classified as EDCs, because when
released into the environment, they pose risks to ecosystems, aquatic organisms,
and human health.

Estrogens primarily influence hormonal system functions by binding to intracel-
lular estrogen receptors (ERa and ERf), leading to modulation of gene expression
and regulation of numerous physiological processes. Imbalanced estrogen levels can
also be linked diseases like osteoporosis, breast cancer and cardiovascular diseases
[27, 28]. Beyond their physiological roles, estrogens also serve important clinical pur-
poses, as they are utilized in menopausal hormone therapy, hormonal contraception,
and feminizing hormone therapy for transgender and gender-diverse individuals.

Estrogens can be categorized into two main subgroups based on their chemi-
cal structure: steroidal estrogens, which possess a steroid backbone with additional
functional groups, and non-steroidal estrogens, which lack the steroid ring system
[29]. They can also be classified based on their origin. Natural estrogens are com-
pounds produced by humans and animals and are released into the environment
mainly through excretion. The four naturally occurring estrogens in women are
estrone (E1), 17p-estradiol (E2), estriol (E3), and estetrol (E4), each exhibiting
distinct potency and physiological functions [30]. Their chemical structures are pre-
sented in the Figure 2.1. Of these, E1, E2 and E3 are the most biologically active and
play dominant roles in endocrine regulation. This thesis focuses on 173-estradiol,
the most potent and biologically active natural estrogen. E2 has been included in

the EU Watch List since 2015, highlighting its environmental relevance and toxico-
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logical significance [7]. In addition, E1 is also included in the list |7]. Following this
general overview of common estrogens, E2 is discussed in more detail in a dedicated

section.

17B-estradiol (E2) Estetrol (E4)

Figure 2.1: Chemical structures of the natural estrogens: estrone (E1), 178-estradiol
(E2), estriol (E3), and estetrol (E4).

Estrone CigHy05 is the oxidized form of E2 and represents weaker estrogenic
activity, because its cyclopentane ring contains a carbonyl group instead of a hy-
droxyl group [29]. Therefore E1 serves as both a precursor and a metabolite of E2,
with interconversion between the two forms catalyzed by 173-hydroxysteroid dehy-
drogenase enzymes. El is primarily produced in the ovaries and, in premenopausal
women, is the second most abundant circulating estrogen after E2. After menopause,
E1 becomes the dominant circulating estrogen. [30] E1 is a major estrogenic com-
pound in aquatic environments and commonly occurs as a degradation product of
E2 [6]. According to the EU Watch List, the maximum accepted annual average
concentration for E1 in surface water is 3.6 ng/L [7, 31].

Estriol CigHy403 is the weakest natural estrogen and contains three hydroxyl

groups, making it more polar and less hydrophobic than E1 or E2. This increased
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polarity contributes to its faster metabolism and lower persistence in biological and
environmental systems [6]. E3 is mainly produced during pregnancy through fe-
tal-placental metabolism, with the highest concentrations observed in the third
trimester. It plays a role in ensuring sufficient oxygen and nutrient supply to the
fetus by maintaining placental blood flow. Because E3 production reflects linked
activity between the fetus and placenta, its measurement in maternal plasma or
urine provides a valuable indicator of fetal condition during pregnancy. [30]

Estetrol CigHy404 is produced only during pregnancy by the fetal liver and pla-
centa, but it has not been detected in other mammalian species, such as mice, rats,
or rabbits, during pregnancy. Because of this unique characteristic, researchers have
investigated whether E4 levels correlate with fetal well-being during pregnancy, but
no such correlation has been found. [32] The four hydroxyl groups in the structure
of E4 make it highly polar and less hydrophobic, resulting in high water solubility
and low environmental persistence due to rapid aerobic biodegradation [33]|. E4 is
the only natural estrogen that exhibits tissue-selective estrogenic activity, meaning
its effects depend on the specific receptors and its location in the body. It can act
through activation (agonistic) or blocking (antagonistic) mechanisms. For exam-
ple, it may exhibit neuroprotective effects in the brain while showing antagonistic
activity in reproductive tissues by reducing follicle-stimulating hormone levels and
thereby inhibiting ovulation, as well as in breast tissue by reducing the proliferation
of breast cancer cells in the presence of E2. [32]

In addition to natural estrogens, environmental estrogens include synthetic chem-
icals, such as BPA and ethinylestradiol (EE2) (Figure 2.2), as well as naturally
occurring plant-derived compounds. These compounds can also interfere with the
normal function of hormonal systems in humans and wildlife. A major challenge
is that many of these compounds do not share structural similarity with natural

steroid hormones, making the prediction of their estrogenic activity difficult [28].
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HO OH

Ethinylestradiol (EE2) Bisphenol A (BPA)

HO

Figure 2.2: Examples of synthetic endocrine-disrupting chemicals: ethinylestradiol
(EE2) and bisphenol A (BPA).

Synthetic estrogens are designed to mimic the biological activity of natural estro-
gens but with improved potency, stability, or biological availability, which is achieved
by adding or modifying functional groups in the structure. They are widely used in
clinical applications, including hormonal contraception, hormone replacement ther-
apy, and cancer treatment in females, such as breast and ovarian cancers. The most
commonly used synthetic estrogen in combined oral contraceptives is EE2 [32]. EE2
Co0H2405 is a synthetic derivative of E2, which is why their structure is almost sim-
ilar, as can be seen in the Figure 2.2. Only difference is the presence of an ethinyl
group, which increases EE2 metabolic stability and persistence in both biological
and environmental systems. Although EE2 is detected at lower concentrations than
estradiol in aquatic environments, it exhibits strong estrogenic activity and has a
maximum accepted annual average concentration of only 0.035 ng/L under the EU
Watch List framework [7, 34]. Multiple studies have shown that chronic exposure to
EE2 causes significant reproductive disruption in fish populations. Reported effects
include feminization of male fish [35], disrupted oogenesis and gamete development
in females [36], skewed sex ratios and reduced offspring production [35] and, in severe

cases, population-level decline [36, 37].
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2.1.2 17(-estradiol

E2 is synthesized enzymatically from cholesterol, primarily in the ovaries, but also
in smaller amounts in the adrenal cortex, adipose tissue, hippocampus, and, in
males, in the testes [30]. E2 is a key regulator of female reproductive physiology,
which supports endometrial growth and maintains vaginal epithelium. Additionally,
E2 plays an important role in neural plasticity and cognition, and its deficiency is
linked to mood and cognitive disorders [38, 39]. E2 levels vary across life stages,
as shown in Table 2.1. In premenopausal women, the menstrual cycle regulates E2
concentrations. E2 levels rise sharply prior to ovulation and remain elevated during

the luteal phase.

Table 2.1: Typical concentrations of E2 in humans at different life stages [40].

Population group E2 Concentration (ng/L)

Prepubertal children < 20
Premenopausal women 30 — 800
Postmenopausal women < 20
Pregnancy up to 20000
Men < 40

The molecular formula of E2 is CigHy405. E2 has two cyclohexane rings, one
aromatic phenol ring and a cyclopentane ring in its structure, as shown in Figure 2.3.
Two hydroxyl groups are positioned such that one is attached to the aromatic ring
and the other to the cyclopentane ring. Structurally, E2 differs from other estrogens
in the number and spatial arrangement of its hydroxyl groups, which directly influ-
ences its binding affinity to estrogen receptors, making it the most potent estrogen
[41]. Due to the rigid and nearly planar conformation of its steroid backbone, E2 can
adopt an orientation that allows its aromatic ring to participate in 7—r interactions
with other aromatic compounds or carbon-based materials [42]. These interactions
arise from attractive forces between the delocalized m-electron systems of aromatic

rings.
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Figure 2.3: Molecular structure of E2 shown as a ball-and-stick model (left) and a
skeletal formula (right).

E2 is widely used as a pharmaceutical compound, particularly in hormone re-
placement therapy and oral contraceptives, due to its potent estrogenic and antig-
onadotropic properties. At high concentrations, estradiol can inhibit ovulation and
suppress the secretion of other sex hormones, making it a key component in many
reproductive health medications [43, 44|. As a result of its widespread use, E2 enters
the environment primarily through human and animal excretion and pharmaceutical
waste [6].

The effects of E2 are not limited to humans. Even trace concentrations of E2
can cause significant endocrine disruption in wildlife. Under the EU Watch List,
the maximum accepted annual average concentration for E2 is set at 0.4 ng/L [31].
Exposure to low ng/L concentrations of E2 has been shown to induce vitellogenin
production, a biomarker of estrogenic exposure, in male fish [45, 46]. In aquatic
organisms, such effects can lead to intersex development [35], disrupted reproductive
cycles [6], and population-level declines [36]. Over time, these effects may propagate
through the food web, raising concerns about indirect impacts on human endocrine
health and ecosystem stability. These findings highlight the importance of sensitive

and reliable methods for detecting E2 in aquatic environments.
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2.2 Current methods for pollutant detection and
monitoring

Current detection methods for EDCs rely heavily on chromatographic techniques,
which remain the global gold standard for water pollutant analysis [31]. Chro-
matographic methods are based on the separation of compounds according to their
different physicochemical properties, such as polarity, solubility, charge, and molec-
ular size. These methods are also referenced in the EU Watch List framework as
suitable approaches for achieving the required analytical performance [7].

In chromatography, separation occurs through the interaction of analytes be-
tween two phases: a stationary phase and a mobile phase. The analytes are dissolved
in the mobile phase, which flows through or over the stationary phase. During this
process, compounds in the mobile phase interact with the stationary phase with
varying strengths. Stronger interactions with the stationary phase slow down the
movement of the compounds, while weaker interactions allow them to migrate more
rapidly, thereby enabling their separation and identification. [47] Depending on the
nature of the mobile phase and the separation mechanism, chromatographic tech-
niques can be classified into methods such as paper, liquid or gas chromatography:.

For the detection of EDCs in water samples, chromatographic and chromatog-
raphy—mass spectrometry methods are widely used due to their excellent accuracy,
selectivity, and sensitivity [4, 7]. Mass spectrometry further enhances chromato-
graphic methods by providing precise molecular identification after chromatographic
separation based on ion mass-to-charge ratios and characteristic fragmentation pat-
terns. Commonly applied techniques include gas chromatography—mass spectrom-
etry, high-performance liquid chromatography, and liquid chromatography—-mass
spectrometry. A major advantage of these methods is their ability to identify multi-

ple compounds in a single analytical run, which is particularly important given the
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chemical diversity of EDCs in wastewater [8]. However, these methods also have
several limitations. One major challenge is achieving sufficient detection accuracy
to meet regulatory requirements. The EU Watch List framework requires Mem-
ber States to continuously monitor substances included on the list and also defines
how accurate monitoring tools and analytical methods must be to ensure reliable
reported values |7, 25]. According to this framework, the limit of quantification
(LOQ), which means the lowest concentration that can be measured accurately and
reproducibly, should be approximately 0.1 ng/L, while the limit of detection (LOD),
corresponding to the lowest reliably detectable concentration, should be around 0.03
ng/L [48]. It has been shown that these requirements present challenges even for
many state-of-the-art and preferred analytical techniques, such as chromatographic
methods, particularly when sample preparation and analytical conditions are not
fully optimized, highlighting the growing need for more sensitive and robust detec-
tion strategies [8, 31].

Furthermore, chromatographic methods rely on expensive, large laboratory
equipment that must be regularly maintained and operated by trained specialists.
In addition, the optimization of analytical parameters, such as temperature and ion
source settings, strongly influences the quality of the obtained results and requires
specific technical expertise [§8]. These techniques are also unsuitable for on-site or
real-time monitoring because sample preparation is extensive and typically involves
pre-concentration, extraction, and purification steps. Consequently, analysis must
be carried out under controlled laboratory conditions, often resulting in long
processing times [4].

Besides the chromatographic-based methods, also several other analytical strate-
gies are used for the detection of EDCs. One important group consists of bioanalyt-
ical techniques designed to determine the biological activity of EDCs. These include

cell- and enzyme-based assays such as cell proliferation tests and luciferase induc-
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tion assays. In cell proliferation assays, estrogenic activity is evaluated by measuring
changes in cell growth in hormone-responsive cells after the exposure to a sample
that has target compounds [49]. Luciferase induction assays rely on genetically en-
gineered cells in which activation of estrogen receptors triggers the expression of a
luciferase gene, producing a measurable bioluminescent product that is proportional
to the estrogenic activity of the sample and can be measured with luminometer [50].
While bioanalytical techniques offer valuable benefits, like providing information
about the biological potency of compounds, they can be labor-intensive. Moreover,
the identification and quantification of specific compounds require complementary
chemical analysis. In addition, their use often requires cell culture, multiple han-
dling steps, and long analysis times, which limits their practicality for routine or
large-scale monitoring [4].

In addition to bioanalytical assays, several optical and immunochemical tech-
niques have also been employed for the detection of EDCs. These methods include,
for example, biofluorescence, enzyme-linked immunosorbent assays (ELISA), and
surface-enhanced Raman scattering (SERS). Biofluorescence is based on detecting
light emitted by fluorescent chemical compounds. In this approach, biological recog-
nition elements are coupled with fluorescent markers such as dyes or labels. When
these markers bind to the target compound, the fluorescence intensity changes. By
measuring this change, the concentration of the target substance in the sample can
be determined. [51] ELISA is method that relies on antibody—antigen interactions,
typically performed using 96-well microplates. This method is user-friendly, com-
patible with a wide range of samples, and commercially available. However, one
drawback is the high cost and labor-intensive production of specific antibodies for
the method. [4] SERS is advanced spectroscopy-based technique that uses metal
nanostructures to amplify the Raman scattering signal of molecules, enabling the

detection and identification of extremely small quantities. SERS offers high sensitiv-
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ity, narrow characteristic peaks, and strong photostability. Despite these advantages,
SERS currently requires specialized laboratory facilities and cannot yet be widely
applied for on-site analysis. [52]

As outlined above, the limitations of current detection methods have increased
the demand for alternative approaches that are accurate, selective, efficient, and
suitable for compact and on-site applications, while still providing analytical perfor-
mance comparable to conventional laboratory-based techniques. These approaches
must also address challenges arising from the nature of EDCs, including their chem-
ical diversity and occurrence at very low concentrations. In this context, electro-
chemical sensing approaches have emerged as promising alternatives. These methods
have already demonstrated high sensitivity in medical diagnostics, where analytes
are present at extremely low concentrations, and offer advantages such as rapid re-
sponse, portability, and low operational cost [53, 54]. As a result, electrochemical
sensors represent a strong candidate for future environmental monitoring applica-

tions and are discussed in detail in the following section.

2.3 Electrochemical sensors for water purification

Electrochemical sensors are a subclass of chemical sensors, classified according to
their operating principle. According to the International Union of Pure and Applied
Chemistry (IUPAC), chemical sensors convert chemical information, like concentra-
tion or composition of an analyte, into an analytically meaningful signal. [55] In
electrochemical sensors, this signal originates from changes in the electrochemical
properties of the sensor’s sensing surface.

An electrochemical sensor is built from two main components: a chemically sensi-
tive surface, typically a semiconductive material, and a physicochemical transducer,
(electrode), which produces the signal. The operating principle of electrochemical

sensors is based on chemical reactions or interactions occurring at the surface of
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the chemically sensitive material, leading to measurable changes in the electrical
properties of the system. This pipeline is illustrated in Figure 2.4. Electrochemical
sensors can be further categorized according to the type of electrical signal they

measure [56].

17B-Estradiol (E2) Captured signal
Current
4 Oxidation current peak
—___-/ >
Sensitive surface material Applied
potential
electrode Reduction

current peak

Figure 2.4: Schematic illustration of the working principle of an electrochemi-
cal sensor: interaction between the analyte and the electrode surface generates a
measurable current signal. Figure adapted from [27|, licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Electrochemical sensors offer several key advantages for environmental monitor-
ing. They enable rapid screening of pollutants and are well suited for portable field
deployment, allowing on-site assessment of water quality. In addition, they require
only small sample volumes with minimal sample preparation, and their simple design
makes them easy to use and resource-efficient.

There also exist electrochemical biosensors in which analyte recognition is based
on specific biochemical interactions between a biological receptor that covers the
electrode surface and the target analyte. Such receptors include antibodies, ap-
tamers, and enzymes. In contrast, the non-biological electrochemical sensors that
are within the scope of this thesis rely on physicochemical interactions between the

analyte and the electrode surface. Because these sensors do not require biologi-
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cal components, they typically exhibit greater stability, durability, and tolerance to
environmental variations, such as temperature and pH changes. Another key advan-
tage is their rapid response time, since signal generation does not depend on binding
kinetics, which is often the case in electrochemical biosensors.

Different electrochemical sensors have already been tested for detecting E2 in
water samples. For example, Moraes et al. [57| developed an electrode based on
reduced graphene oxide combined with a metal-porphyrin complex, which enhanced
the electrochemical response and improved the selectivity toward E2. The modified
sensor demonstrated clear selective discrimination between E2, carbendazim, and
carbaryl, and produced a well-defined irreversible oxidation peak for E2 at approxi-
mately +0.54V due to the electrochemical reaction occurring at the sensor surface.
The monitored peak represents the electrochemical signal indicating the presence
of E2. The peak intensity reflects the sensor sensitivity, while its position indicates
selectivity against interfering compounds. The observed detection limit for this elec-
trode system was 1.4 ng/L, which is typical E2 concentrations reported in natural
surface waters in Europe (approximately 0.1 — 10 ng/L) [58]. In another study,
similar electrochemical behavior was observed. Silva and Pereira [59] evaluated a
sensor modified with a molecular imprinted polymer as the sensing material for the
selective detection of E2 in environmental water samples. Their results showed that
all tested electrode configurations produced an oxidation peak at approximately
+0.60V. This peak corresponded to the irreversible oxidation of the hydroxyl group
located on the aromatic ring of the E2 molecule, confirming the same electrochemical
oxidation mechanism reported in Moraes et al. study [57].

The performance of an electrochemical sensor depends largely on several key
factors, including electrode material properties, analyte—surface interactions, and
operating conditions. Many of these factors can be directly influenced by the choice

of chemically sensitive material on the electrode surface. By optimizing the sur-
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face material, the sensor can be improved to be more selective toward a specific
compound. This can be achieved through surface functionalization with tailored
chemical groups or by developing and testing new materials with enhanced affin-
ity and electrical conductivity. Improved sensitive materials strengthen interactions
between the target molecule and the electrode surface, for example through adsorp-
tion phenomena, increasing the number of molecules participating in oxidation or
reduction reactions and thereby improving the detection signal. In the case of E2,
available evidence suggests that adsorption is a prerequisite for its electrochemical
oxidation and subsequent detection [60]. In addition, increased selectivity enables
reliable sensor operation in complex environments, such as aquatic systems, where
many chemically similar compounds may be present. A selective sensor response
minimizes interference from these compounds and ensures accurate measurements.

Carbon nanotubes (CNTs) have gained considerable attention as electrode ma-
terials due to their unique electrical, chemical, and structural properties, which can
enhance sensitivity toward target compounds [61, 62]. Compared with commonly
used electrode modifiers such as silver or gold nanoparticles, CN'Ts are less expen-
sive, more chemically stable, and widely available, making them an attractive option

for scalable sensor development.

2.3.1 Adsorption of organic compounds onto carbon-based

materials

Adsorption is a phenomenon where atoms, ions, or molecules adhere to a surface
from a gas, liquid, or dissolved solid phase. According to the IUPAC, adsorption is
defined as “an increase in the concentration of a dissolved substance at the interface
of a condensed and a liquid phase due to the operation of surface forces. Adsorption
can also occur at the interface between a condensed and a gaseous phase” [63]. In

general, adsorption occurs at the surface of materials when molecules transfer from
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a gas or liquid phase onto a solid surface, forming a thin interfacial layer. This
layer of substances can interact with the surface through physical forces, such as
van der Waals (vdW) interactions (physisorption), or through chemical bonding,
such as the formation of covalent or hydrogen bonds (chemisorption). During the
adsorption process, the adsorbed substances form a thin film on the surface. The
surface is referred to as the adsorbent, and the substance that adheres to the surface
is called the adsorbate.

Adsorption can be used to improve the detection efficiency of certain analytes in
electrochemical sensors. Through adsorption, a greater number of target molecules
accumulate at the electrode surface, increasing the local analyte concentration and
thereby enhancing their availability for electrochemical reactions such as oxidation
and reduction. In some cases, such as for E2, successful adsorption is a prerequisite
for electrochemical characterization, as interactions with carbon-based materials
have been shown to be adsorption-controlled. Although E2 adsorption does not
directly generate an electrochemical signal, it creates favorable conditions for oxida-
tion—reduction reactions, thereby enhancing signal intensity and detection sensitivity
[60].

Physisorption and chemisorption differ in their interaction mechanisms and en-
ergetics. Physisorption is the weaker form of adsorption, governed by physical forces
such as vdW interactions, dipole-dipole interactions, and dispersion forces [64]. The
most common physisorption forces arise from sudden fluctuations in electron den-
sity that create temporary dipoles, also known as vdW interactions. Because these
forces are relatively weak, adsorbate molecules are loosely positioned on the surface,
typically at a distance of about 3-5 A from the surface. Under favorable condi-
tions, such as high temperatures, these weak interactions can lead to the formation
of multiple molecular layers on the surface. Physisorption is non-specific and can

occur between almost any gas—solid combination under suitable conditions. Because
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the intermolecular forces involved in the process are weak, small changes in external
parameters can easily disturb the adsorption equilibrium, resulting in rapid desorp-
tion. [65] Therefore, physisorption is characterized by low adsorption energies and
high reversibility.

On the other hand, chemisorption occurs when chemical bonds, such as
carbon—carbon or metal-oxygen bonds, form between the adsorbate and the
surface [64]. Chemisorption favors low temperatures and high pressure conditions.
Compared to physisorption, chemisorption is more specific because it depends on
the chemical nature of the surface and the functional groups of the adsorbate.
Chemisorption is typically limited to a single molecular layer on the surface due to
the nature of chemical bonding. Additional layers cannot form through chemical
bonding once the available surface sites are occupied by the first layer of adsorbates.
The distance between the adsorbate and the adsorbent is typically about 1-2 A,
which is characteristic of covalent bonds. |[65] Because covalent bonding governs
chemisorption, breaking these interactions requires significant energy. Consequently,
desorption is often slow or irreversible under standard conditions. In practical
applications, strong chemisorption can sometimes be disadvantageous. For instance,
in electrochemical sensors, excessively strong adsorption of reaction products or
biomolecules may lead to surface fouling, thereby reducing sensor sensitivity and
long-term performance [66].

Studies have shown that the main governing forces in E2 adsorption on carbon-
based materials are physical interactions [67, 68|. Because E2 contains an aromatic
ring, it can interact with the aromatic carbon structures of materials such as CNTs
and graphene through 77 stacking [9, 10, 14]. This interaction improves the sta-
bilization of the molecule on the surface prior to oxidation. Adsorption based on
physical forces can be advantageous in sensing applications where reversible inter-
actions between the target compound and the surface are preferred over strong,

irreversible binding.
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2.3.2 Single-walled carbon nanotubes as electrode materials

As discussed earlier, sensor performance can be significantly improved by careful
selection of the electrode’s surface material. Various types of carbon-based nanoma-
terials have attracted considerable attention due to their unique properties, as well
as the wide availability of carbon compared to many rare or precious metals. In this
thesis, particular focus is placed on single-walled carbon nanotubes (SWCNTs), as
they are employed in the computational part of the thesis.

The CNTs were first described in the early 1990s. Since then, CNTs have at-
tracted significant research interest across various fields due to their remarkable and
unique physicochemical properties. CNTs are tubular nanostructures that belong to
the family of carbon allotropes. In their structure, sp?-hybridized carbon atoms are
arranged in a hexagonal, honeycomb-like lattice forming a graphene sheet that is
rolled into a seamless cylindrical tube. [69] CNTs can be classified into two distinct
groups based on the number of concentric layers of carbon atoms. Single-walled car-
bon nanotubes SWCNTs consist of a single cylindrical layer of carbon atoms, whereas
multi-walled carbon nanotubes (MWCNTS) comprise several concentric layers lead-
ing to enhanced mechanical strength but also increased structural complexity. In
this thesis, particular focus is placed on SWCNTs, as they are employed in the
computational part of the thesis

CNTs also vary in their electronic properties and diameter, which depend on
their chirality, described by the chiral vector (n, m) as presented in the Figure 2.5.
This vector defines how the graphene sheet is rolled to form the cylindrical structure.
Based on the chiral vector, CNTs can be categorized into three main types. Arm-
chair CNTs, characterized by the chiral vector (n = m), exhibit metallic behavior
and a highly symmetric periodic structure. Zigzag CNTs, defined by (m = 0), can
display either metallic or semiconducting behavior depending on their structural pa-
rameters. Chiral CNTs, with (n # m and m # 0), generally possess semiconducting

properties. [69]
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Figure 2.5: Chiral vector of a carbon nanotube and examples of different types
defined by chirality: zigzag (n,0), chiral (n,m), and armchair (n,n).

The diameter of CNTs is typically only a few nanometers, while their length can
extend to several tens of micrometers. This geometry results in an extremely high
surface-area-to-volume ratio, making CN'Ts excellent materials for applications that
require extensive contact surfaces, such as catalysis and sensing. CNTs also exhibit a
wide range of remarkable physical properties arising from their hollow structure and
unique arrangements of electrons, including low density, high electrical and thermal
conductivity, high tensile strength, and high thermal and chemical stability [69].

Table 2.2 summarizes the structural properties of three different chirality types
of SWCNTSs, based on values reported in computational studies [70, 71, 72|. The
unit cell length reported in the table refers to the smallest repeating structural unit
along the SWCNT long axis. Because chiral SWCNT, such as the (6,5) SWCNT,
have a helical atomic structure along the tube axis, their unit cell lengths are much
longer than those of armchair or zigzag types. The unit cell length can influence
the SWCNT’s electronic properties and surface reactivity, which in turn can affect
electron transfer and analyte adsorption.

In the field of environmental technology, CNTs have been employed for pollu-
tion detection in air and water matrices, as well as for pollutant removal in water

through adsorption processes integrated with electrochemical techniques [61, 73, 74].
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Table 2.2: Structural properties of SWCNTs with different chiralities [70, 71, 72].
Chirality Diameter C-C bond  Unit cell

(n,m) Chirality type Electronic type ( A) length ( A) length ( A)
(6,6) Armchair Metallic 8.2 1.42 2.46
(6,5) Chiral Semiconducting 7.47 1.43 40.75
(6,0) Zigrag Metallic 4.83 1.43 4.30

This results from the ability of CN'Ts to become either hydrophilic or hydrophobic
through functionalization and their strong adsorption capacity, including m—n stack-
ing interactions with aromatic compounds |61, 73, 75]. In such applications, CNTs
selectivity and sensitivity are typically improved by introducing functional groups
onto the pristine CNT structure or by immobilizing biological recognition elements,
such as enzymes or aptamers, to create CNT-based biosensors [61]. Beyond envi-
ronmental applications, CN'Ts have also been extensively studied in the biomedical
field for example as carriers for drugs and genes in cancer treatment, as well as in
diagnostic tools such as antibody detection platforms |76].

Both experimental and computational studies have identified that adsorption be-
tween SWCNTs and EDCs, such as bisphenol A, EE2, and E2, is dominated by 7m—m
stacking and hydrophobic interactions between the aromatic structures of the pollu-
tants and the SWCNT surface |9, 10]. These interactions originate from the hexag-
onal carbon lattice and delocalized m-electron system of SWCN'Ts, which facilitate
strong noncovalent binding with aromatic adsorbates. However, adsorption behav-
ior on SWCNT surfaces is not uniform across all chiralities, as it depends on both
electronic structure and surface geometry. For example, Seo et al. demonstrated
that dopamine adsorption differs significantly between (6,5) and (6,6) SWCNTs,
highlighting the possible influence of chirality on adsorption processes [77].

Based on the literature reviewed in this chapter, the answer to RQ1 is that
CNT-based electrochemical sensors have already been investigated for the detection

of E2 in water samples [61, 73, 74]. Many studies report successful detection using
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functionalized CNT electrodes, where surface modification is employed to improve
sensitivity and selectivity. However, because studies has shown that adsorption is a
prerequisite for the electrochemical detection of E2 [60] and evidence also show that
SWCNT chirality can influence adsorption interactions |77], it would be beneficial to
first understand this phenomenon better for pristine CN'Ts before adding the func-
tionalization step. It is possible that even pristine CNTs provide sufficiently strong
interactions for sensing, and this understanding may also lead to more optimized
functionalization strategies.

For this reason, a computational study is conducted to gain a deeper under-
standing of the atomic-scale phenomena governing the adsorption of E2 on a (6,6)
SWCNT. Using simulations, the aim is to identify the most energetically favorable
adsorption configurations and determine the nature of the adsorption interactions
between E2 and the (6,6) SWCNT surface, as addressed in RQs 2 and 3. Ultimately,
this knowledge can support the design of more selective and efficient electrochemical

sensors for E2 detection.



3 Theoretical Background of

Computational Models

Computational materials science is a field that has grown rapidly in recent decades
due to the increased availability and reduced cost of high-performance computing
platforms. While many of the underlying theoretical frameworks were developed
earlier, advances in computational resources have enabled the widespread use of
complex computational methods and realistic simulations to address real-world ma-
terials problems. As a result, computational materials science has gained increasing
potential to contribute to the solution of global technological and environmental
challenges [78]. The field focuses on predicting and explaining material properties
by simulating their atomistic behavior using theoretical models and numerical algo-
rithms. The knowledge gained from those simulations helps to connect an atomic-
scale structure with macroscopic properties, enabling the design and optimization
of materials for a wide range of applications.

By using simulations, researchers can reduce the need for costly or resource-
intensive experiments while enabling high-throughput screening, rapid prototyping,
and predictive modeling [78]. These capabilities support faster innovation in ar-
eas such as clean energy technologies, water purification processes, climate-resilient
infrastructure, medical diagnostics and monitoring, and circular material design.
However, fully realizing this potential requires continued progress in model accu-
racy, data availability, and systematic validation across multiple length and time

scales [78].



3.1 DENSITY-FUNCTIONAL THEORY 33

Adsorption phenomena represent one class of processes that has been studied
computationally [14, 79]. Using computational approaches, adsorption can be mod-
eled at the atomic level, thereby providing insight into adsorption energies, preferred
binding sites, surface selectivity, and adsorption mechanisms, which are often diffi-
cult to access experimentally. With this knowledge, it is possible to optimize and
develop improved materials to enhance adsorption-based processes used in pollutant

detection in water samples and other sensing applications.

3.1 Density-functional theory

One widely used computational method in chemistry, physics, and materials sci-
ence is density functional theory (DFT). DFT is an ab initio quantum mechanical
approach used to study the electronic structure of many-body systems [80, 81].

The conceptual origins of DFT can be traced back to the Schrédinger’s equation.
The equation describes how the wavefunction of a quantum system evolves and de-
termines the physical properties of the material under investigation. Although this
equation became one of the basis function of modern quantum physics, solving it ex-
actly for structures with more than one electron proved to be extremely challenging
due to interactions between electrons, known as the many-body problem. For ex-
ample, traditional wavefunction-based methods, such as the Hartree-Fock method,
attempt to address this challenge by approximating the many-electron wavefunction
of a material. [80, 81] On the other hand, DFT is one of the approaches that ad-
dress this problem by describing the material in terms of the electron density, which
enables the study of more complex atomic and molecular structures.

According to Sholl and Steckel [81], the widely accepted formulation of DFT is
based on the two fundamental theorems of Hohenberg and Kohn, which provide the
theoretical foundation of the method. In their first theorem, they established that

the ground-state energy of a quantum system can be expressed as a functional of
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the ground-state electron density ng(r). Here, a functional refers to a function that
accepts another function as an input, in this case the electron density, and returns a
single number as an output. The second theorem complements the first by stating
that the ground-state electron density is the one that yields the lowest possible value
of this energy functional. However, the theorems do not specify the exact form of
the functional, and therefore practical calculations rely on approximate expressions.

To address this limitation, Kohn and Sham presented their practical approach
to DF'T, where the interacting electron system is replaced with a non-interacting
reference system and the electron density is obtained using a variational principle
[81]. The total energy within the Kohn-Sham framework can be expressed as follows,

as presented by Sippola [12]:

Exs = Tl + / Vo (r) () + Eg[n] + Exy + Exeln)

where T[n] is the kinetic energy of non-interacting electrons, Vi (r) is the
external potential due to nuclei and external fields, Eg[n] is the classical Coulomb
(Hartree) energy, Eyy is the electrostatic interaction between the positively
charged nuclei (NN denotes the total number of nuclei), and FEy.[n] is the ex-
change—correlation energy, which contains all the electron—electron interaction
effects in the model. In the equation, r denotes the spatial coordinate, and n(r) is
the ground-state electron density.

The Kohn-Sham method transforms the complex many-body problem to a set
of single-electron equations that must be solved self-consistently. It is sufficient
to approximate only the exchange—correlation functional Ey.[n|, rather than the
entire energy functional. [81] This creates an optimization challenge: reducing the
computational cost requires the use of approximations, but those approximations
inevitably affect the accuracy of the results. As a result, many exchange—correlation

functionals exist to balance accuracy and computational efficiency for different types
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of materials and properties. The functionals are often arranged according to Jacob’s
ladder, a conceptual framework in DFT that places them in an order from the
simplest to the most accurate 82, 83|. Among these functionals, the Generalized
Gradient Approximation (GGA) functional Perdew—Burke-Ernzerhof (PBE) [84]
was employed to conduct the calculations in the computational part of this thesis.

GGA functionals occupy the second level of Jacob’s ladder. Compared to the
simplest level, the Local Density Approximation (LDA) functionals, which assume
that the electron density is locally uniform and depends only on its value at each
point in space, GGA functionals are more accurate because they account for both
the electron density and its gradient at each spatial point. This makes them better
suited for real atomic structures where the electron density varies, such as the system
studied in this work. At higher levels of Jacob’s ladder than GGA are meta-GGA
functionals, which add even more information, such as the kinetic energy density,
to achieve higher accuracy. Above these are hybrid functionals, which combine the
standard DFT exchange functional with a portion of exact Hartree-Fock exchange,
improving performance especially for molecular systems. At the top of the ladder
are fully nonlocal functionals, which can describe long-range interactions such as
vdW forces that lower-level approximations often miss. [82, 83| Despite their higher
accuracy, these methods are associated with significantly increased computational
cost, making them impractical for calculations involving large systems with hun-
dreds of atoms and requiring extensive sampling. For this reason, GGA provides
a good balance between accuracy and computational efficiency for the present sys-
tem. However, since standard GGA functionals do not accurately describe vdW
interactions, many-body dispersion (MBD) corrections were applied in this study to
capture these effects |85, 86].

Although DFT is widely used across many research fields and provides advan-

tages such as scalability and compatibility with machine learning approaches, it
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also has important limitations [78, 81]. Besides the fact that the accuracy of DFT
depends strongly on the chosen exchange—correlation functional, DFT also often
struggles with long-range interactions such as vdW forces and tends to underes-
timate band gaps in semiconductors and insulators [81]. Although DFT is sig-
nificantly more efficient than wavefunction-based methods, simulations of large and
structurally complex configuration models remain computationally demanding. This
challenge becomes particularly evident when exploring the potential energy surface
(PES) of organic-inorganic interfaces, where many competing structural molecules
may exist [13]. Due to the high computational cost of sampling the entire PES, DFT-
based studies often rely on reduced or simplified models or evaluate only a limited
set of candidate structures based on human intuition [13, 79]. As a consequence,
the predicted structures may not fully represent the behavior of real materials. For
these reasons, DFT predictions often require validation or correction when applied
to real-world materials [78]. In addition, implementing large-scale DFT simula-
tions requires high-performance computing infrastructures with significant energy
and cooling demands, raising sustainability concerns.

Compared to classical force-field approaches, which use classical physics instead
of quantum mechanics to model interactions, DF'T provides an explicit description
of the electronic structure, which is essential for accurately modeling adsorption pro-
cesses. In atomistic simulations, two independent choices must be made: how atomic
motion is treated and how interatomic interactions are described. Atomic motion
can be studied either through static calculations or optimizations, or through molec-
ular dynamics (MD), which simulates the motion of atoms over time by integrating
Newton’s equations of motion. The interactions between atoms can be described
using classical empirical potentials or using ab initio methods such as DFT. [81]
In many DFT studies, the atomic structure is first optimized through a geometry

relaxation procedure, meaning that atomic positions are iteratively adjusted until
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the forces acting on all atoms fall below a predefined threshold [14, 79, 87]. In
adsorption studies the process ensures that the obtained structure corresponds to a
local minimum on the PES and represents a physically stable configuration.

Classical MD simulations using empirical force fields allow simulations of large
configurations over long time scales, but they cannot explicitly describe electronic
effects such as charge redistribution or bond formation, which are central to this
study. These effects can be captured using a combination of DFT and MD, but
such simulations are computationally expensive and therefore typically limited to
relatively small atomic structures and short simulation times. [88]. Because dy-
namic effects of atoms were not the primary focus and adsorption is governed by
electronic interactions, static DF'T was employed in this study. It provides a suit-
able level of theory for analyzing adsorption configurations and interaction energies
compared to classical force-field or MD approaches. For example, the electronic
structure obtained from DFT can be analyzed using the density of states (DOS),
which describes the number of available electronic states at each energy level and
provides insight into the distribution of electronic states near the Fermi level. [81]
Changes in the DOS upon adsorption can reveal how the interaction between a
molecule and a surface modifies the electronic structure of the material. Another
useful quantity for analyzing adsorption processes is charge transfer between the ad-
sorbate and the surface, which can be evaluated, for example, using Mulliken charge
analysis [89]. This analysis allows the estimation of partial atomic charges, which
can provide insight into charge redistribution upon adsorption and the nature of the
interaction between the two components.

While static DFT is suitable for capturing such electronic properties, it cannot
describe how adsorption may lead to changes in the electronic or optical behavior
of a material over time because it represents only a single static configuration. For

this reason, time-dependent DFT (TDDFT) [90] has been developed to study elec-
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tronic excitation energies and transition probabilities, enabling the investigation of
the electronic and optical consequences of surface interactions. However, since the
objective of this thesis was to determine possible adsorption configurations of E2,

static DF'T was considered sufficient for the analysis.

3.2 Bayesian Optimization Structure Search

Various approaches have been developed to integrate machine learning with DFT
calculations to enhance simulation speed [91], improve structure prediction [92], and
approximate the PES [93]. One such method is Bayesian Optimization Structure
Search (BOSS), a relatively recent technique for structure exploration. BOSS applies
an active learning approach known as Bayesian Optimization (BO) to improve PES
sampling while avoiding systematic bias by adaptively selecting sampling points
instead of following a predetermined sampling pattern. It is designed to efficiently
explore complex energy and property landscapes by constructing and iteratively
refining a surrogate model of the target property. [12, 13, 79|

BO is a probabilistic method used to optimize so-called black-box functions,
where the exact mathematical form is unknown, but values can still be evaluated at
selected points in the search space. The advantage of BO is that it can find the global
minimum or maximum with significantly fewer evaluations compared to traditional
methods, making the optimization of computationally expensive functions feasible.
94)

BOSS works in a way that it does not calculate the entire PES of the atomic struc-
ture but instead learns its shape iteratively by modeling only the necessary points.
It starts with utilizing the BO framework to build from a few DFT-calculated points
a predictive surrogate model of the energy landscape, which is typically a Gaussian
Process (GP). The model represents the objective function and is updated after

each new evaluation using Bayes’ theorem, which gradually improves its accuracy.
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In each iteration step, the GP produces a prediction consisting of two components:
the estimated function value (posterior mean) and the uncertainty of that estimate
(posterior variance). Low variance indicates confidence in the prediction, whereas
high variance signals uncertainty and the potential for undiscovered optima. The
posterior mean and variance are then passed to the acquisition function, which de-
termines the next sampling point by balancing exploration of uncertain regions and
exploitation of promising low-energy areas. In this way, BOSS gradually learns the
shape of the PES and, once the model has converged, identifies the most stable
configuration with as few calculations as possible. [12, 13, 79, 95|

Efficient BOSS exploration relies on representing the structures using a rigid
building-block approach, meaning that compounds are treated as rigid units while
only their relative positions and orientations are optimized. In this way, the dimen-
sionality of the search space can be reduced, because internal atomic coordinates
remain fixed during the search. This is justified, because in molecules containing
aromatic rings or stable functional groups such as E2, structural changes during
the search are typically limited to small bond adjustments rather than complete
rearrangements. This approach accelerates the exploration of large atomic con-
figurations, as it avoids the need to model very small internal variations in the
structure. [13| Before carrying out the search, the relevant building blocks and the
desired degrees of freedom must be defined based on chemical principles. Once
these are set, the algorithm performs the structure search autonomously, ensuring
that important configurations are not biased or excluded due to human intuition.
However, if the degrees of freedom or building blocks are poorly chosen, internal
flexibility in the molecular structure may be overlooked, or the model may pro-
duce nonphysical results such as overlapping atoms or unnecessary computational
effort [14]. Despite these limitations, BOSS still offers advantages over traditional

structure search methodologies. It provides a wide view of the energy landscape,
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including both global and local minima, and enables access to multiple energetic
and electronic properties within the same workflow. Crucially, BOSS offers signifi-
cantly higher computational efficiency compared to traditional grid search methods,
where all potential parameter combinations must be systematically sampled. In-
stead, BOSS constructs a surrogate model of the objective function and iteratively
selects the most informative sampling points, thereby reducing the number of ex-
pensive evaluations required. This makes BOSS a versatile approach for structure
optimization, exploration of adsorption configurations, and multi-objective design

tasks.



4 Methods for Investigating the

Adsorption of E2 on a (6,6) SWCNT

The workflow used in this thesis follows procedures previously described in adsorp-
tion studies of organic molecules [12, 14, 79|, as illustrated in Figure 4.1. The study
consisted of five main phases: (1) structural models of the (6,6) SWCNT and the E2
molecule were prepared and optimized separately, (2) a Bayesian optimization—based
configurational adsorption search was performed to identify potential adsorption
configurations, (3) local minima structures were extracted from the search results
and relaxed, (4) the relaxed structures were analyzed in terms of their structural
properties, and (5) their electronic properties, including the DOS and charge trans-
fer characteristics, were evaluated. The objective of this thesis was to identify the
most stable adsorption configurations of E2 on a (6,6) SWCNT and to determine

the nature of the interactions between the molecule and the SWCNT surface.

STRUCTURAL BOSS STRUCTURE iﬁ‘ggﬁj“:g
MODELS SEARCH RELAXATION v

Figure 4.1: Computational workflow used to identify and analyze the lowest-energy
adsorption configuration of E2 on a (6,6) SWCNT.



4.2 DFT CALCULATION SETTINGS 42

4.1 Computational implementation

To implement the workflow shown in Figure 4.1, the Atomic Simulation Environ-
ment (ASE) [96], the FHI-aims package [97], and the BOSS algorithm [13] were
used. ASE is a Python-based toolkit for atomistic simulations, providing tools for
constructing atomic structures, manipulating geometries, and analyzing simulations.
In this study, ASE was used to construct the initial structure of the (6,6) SWCNT,
generate adsorption configurations, and apply translations and rotations to the E2
molecule relative to the SWCNT surface during the structure search. All DFT cal-
culations were performed using the FHI-aims package (version 240507), which is
a computational chemistry software package used to calculate the electronic struc-
ture of atoms, molecules, and solids using first-principles methods like DFT. The
configurational search was carried out using the BOSS framework [13], interfaced
with DFT calculations through a Python user function script. In this setup, BOSS
proposed candidate sampling locations at which DFT calculations were performed.
The resulting adsorption energies were then returned to BOSS to iteratively update
the surrogate model of the energy surface. All calculations were performed using
the Finnish national high-performance computing resources provided by CSC — IT

Center for Science Ltd.

4.2 DFT calculation settings

The performed DFT calculations, including the optimization of the initial structures,
as well as the configurational search, were performed with light default settings and
tier 1 basis sets, meaning that less stringent numerical parameters were employed
in the calculations. This resulted in lower numerical accuracy during the initial
stage of the calculations while significantly reducing the computational cost. To

achieve higher accuracy in the analysis phase, stricter numerical parameters were
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applied. Therefore, the subsequent refinement and electronic structure analysis were
conducted using tight default settings and tier 2 basis sets. The exchange—correlation
functional was treated within the generalized gradient approximation using the PBE
[84] functional and MBD [85, 86| was employed to account for vdW interactions. All
calculations were performed in a spin-unpolarized manner with dipole corrections
applied. A 1 x 1 x 6 k-point grid with Gaussian smearing of 0.1 eV was used. A
convergence threshold of 1076 eV in total energy change was used as the convergence
criterion for the electronic self-consistent field cycle. Structural relaxations were
considered converged when the forces on all atoms were below 1072 eV /A.

The structural models presented in Figure 4.2 were generated separately in the
gas phase, meaning that the calculations were conducted in vacuum. The initial
structure of the E2 molecule was obtained from a previous adsorption study in-
volving a first-principles structure search of E2 on graphene [12, 14]. In this work,
the structure was re-relaxed using MBD vdW corrections, as MBD provides a more
accurate description of many-body dispersion effects than the original scheme. The
resulting optimized structure served as the input model for the adsorption configu-
ration search. The center of mass (COM) of the E2 model was defined as the origin
and used to describe its position relative to the SWCNT surface.

The (6,6) SWCNT was selected because it has been experimentally studied in
the Materials in Health Technology research group at the University of Turku and
provides a relatively simple structure compared to other chiralities, making it a suit-
able starting point for simulation studies. The initial structure of the (6,6) SWCNT
unit cell was generated using the nanotube builder function of the ASE Python pack-
age [96]. Periodic boundary conditions were applied to model the system, where the
structure is represented by a repeating unit cell. The unit cell parameters, corre-
sponding to the smallest repeating structural unit along the SWCNT axis, were first

optimized to obtain the lowest total-energy configuration, followed by relaxation of
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Figure 4.2: Initial structural models generated separately in vacuum. (A) Side and

top views of the E2, with characteristic molecular dimensions and the center of mass
indicated. (B) Unit cell and supercell models of the (6,6) SWCNT, including their
structural dimensions.

the atomic positions. The relaxed (6,6) SWCNT structure was characterized by a
C-C bond length of 1.429 A, a unit cell length of 2.47 A, and a diameter of 8.19 A.
The obtained structural parameters were consistent with previously reported values
[70]. To enable the adsorption configuration search, the SWCNT unit cell model
was expanded into a supercell, a larger simulation cell constructed by repeating the
original unit cell along the SWCNT long axis, because the unit cell length was in-
sufficient compared to the 12 A backbone length of the E2 molecule, as illustrated
in Figure 4.2. The needed supercell was created by repeating the unit cell structure
11 times along the long axis, yielding a input model for structure search with a total
length of 27.22 A, as shown in Figure 4.2. The corresponding lattice vectors were
defined as a; = [50.0, 0.0, 0.0], as = [0.0, 50.0, 0.0], and a3 = [0.0, 0.0, 27.220],
with the SWCNT long axis aligned along the z-direction. The Cartesian axes were
defined as x = [1, 0, 0], y = [0, 1, 0], and z = [0, 0, 1]. A vacuum spacing of 50 A was

introduced in the x and y directions to prevent effects between adjacent SWCN'Ts.
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The adsorption energy of each low-energy configuration was determined from the

total energies of the relaxed components using the formula

Eaps = Eror — (Eswont + Egsa),

where Eror denotes the energy of the combined system after the adsorption,
Eswont states the energy of the isolated and relaxed (6,6) SWCNT and Eg, is the

energy of the isolated and relaxed E2 molecule.

4.3 Structure search

BOSS was interfaced with DFT calculations to perform adsorption structure searches
on PES,; here referred to as the adsorption energy surface (AES). Each iteration
proceeded as follows: (1) BOSS proposed a new sampling point on the AES; (2)
the corresponding configuration is generated by translating or rotating the molecule
using ASE; (3) a single-point DFT calculation is performed; (4) the adsorption
energy is extracted; and (5) the surrogate model of the energy landscape is updated
accordingly. This process is illustrated in Figure 4.3.

Certain restrictions on the degrees of freedom were applied to reduce the com-
plexity and computational cost of the search phase calculations. In this approach,
the (6,6) SWCNT and E2 molecules were treated as rigid building blocks, with only
their relative positions varied while their internal geometries were kept fixed. It
was expected that E2 would preferentially adopt a horizontal adsorption orientation
above the SWCN'T surface. Previous studies on related aromatic systems, such as
dopamine and benzene [67, 98|, support this expectation by reporting 7—7 stacking
interactions that favor horizontal adsorption geometries.

The complete adsorption configuration consisting of the E2 molecule above the

(6,6) SWCNT surface was constructed using a Python script that utilized the ASE



4.3 STRUCTURE SEARCH 46

Next sampling '/

location

&

Updated Adsorption
energy surface (AES)

‘ 'i:: Fitted ¢
surrogate model

New data

Figure 4.3: Iterative workflow of the BOSS search. Adapted from [11], licensed
under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

package. The script read the structural information of the (6,6) SWCNT and the E2
molecule from separate input files and constructed the combined adsorption complex
by applying the translations and rotations corresponding to the selected degrees of
freedom. At each iteration, the script systematically varied these degrees of freedom
to sample different adsorption configurations of the molecule above the SWCNT
surface.

Three one-dimensional (1D) BOSS searches were performed before the full four-
dimensional (4D) configurational search to evaluate the effect of molecular orien-
tation on adsorption and to determine whether the molecular height above the
SWCNT should be fixed to the value that yields the most favorable result in the 1D
searches. The tested configurations included the molecular backbone aligned paral-
lel and perpendicular to the SWCN'T long axis, with the E2 methyl group oriented
away from the SWCNT surface, as well as a parallel orientation in which the E2
methyl group was oriented toward the SWCN'T surface. In these searches, only the

molecule height above the SWCNT surface (p) was allowed to vary during search,
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within a range of 3-7 A. For the configuration in which the methyl group was ori-
ented toward the SWCNT, the range was adjusted to 4-7 A to prevent the methyl
group from coming into contact with the surface at the lower bound of the range.
A non-periodic radial basis function (rbf) kernel was employed, with the objective
function approximated in the range [—2, —1] eV. Each search was initialized with
two Sobol points and the model was updated with 15 new points.

Based on the insights obtained from the 1D searches, the full 4D configura-
tional search was then performed. Four degrees of freedom were allowed to change
during the search, which were expected to influence the adsorption energy. These
dimensions were the molecule’s vertical distance above the SWCNT surface (p),
the molecule rotation around the SWCNT (¢), the molecule’s translation along the
SWCNT long axis (z), where mirror symmetry was also applied and molecule rota-
tion perpendicular to the surface (7). The dimensions are illustrated in Figure 4.4.

Periodic boundary conditions were applied to the (6,6) SWCNT supercell, mean-
ing that the unit cell was periodically repeated in all three spatial directions. There-
fore, the search space in the 4D search only needed to cover the coordinates of the
smallest repeating unit of the (6,6) SWCNT: z = 0-2.47 A and ¢ = 0—60°, where
¢ is the angular coordinate around the tube. The corresponding search space is
illustrated in Fig. 4.4 by the red box in panel A). A full 360° search in ¢ is not re-
quired because the hexagonal symmetry of the armchair SWCNT causes the atomic
structure to repeat periodically around the circumference with a period of 60°. As a
result, all symmetry-unique adsorption environments are already represented within
a 60° angular interval, which fully captures all distinct adsorption sites around the
(6,6) SWCNT surface. Symmetry along the (6,6) SWCNT z-axis, illustrated in Fig-
ure 4.4 panel A), allows the search space to be reduced. The symmetry line divides
the red rectangular search region, meaning that any adsorption point at position

z1 is equivalent to another point at zo = 2.47 — 2; within the same unit cell. To
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Figure 4.4: Degrees of freedom in the 4D structure search. (A) Side view of a (6,6)
SWCNT illustrating the translation of the molecule along the SWCNT long axis (z)
and the rotation around the axis (¢). The red rectangle indicates the search space,
and the middle line represents the symmetry plane used for the z coordinate. (B)
Cross-sectional view showing the vertical distance of the molecule from the SWCNT
surface (p) and the rotation of the molecule perpendicular to the surface (7).

exploit this, for every evaluation at z1, the script manually added a corresponding
data point at z,. In this way, each iteration produced two data points rather than
one, effectively doubling the amount of information available to the surrogate model
without increasing the number of requested acquisitions. In addition, the rotation
of the adsorbate perpendicular to the SWCNT surface was sampled across the full
0 — 360° range and the adsorption height (p) was restricted to 3.5-6 A to ensure
physically meaningful configurations.

In the 4D search, variables ¢, z and v were modeled using the standard periodic
(stdp) kernel, while p was modeled with a rbf kernel. Parallel optimization was
employed to accelerate the calculations on the Mahti supercomputer. The search
was initialized with 15 Sobol points and updated with new points selected using

the exploratory Lower Confidence Bound (eLCB) acquisition function to guide the
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search efficiently [95, 99]. In total, 1163 iterations were completed during the con-
figurational search, corresponding to 2326 evaluated data points when the applied
symmetry was taken into account.

After determining the convergence of the structure search, the Broy-
den—Fletcher-Goldfarb—Shanno algorithm [100] was employed on the 4D adsorption
energy surrogate model to ensure that the identified local minima were fully
converged during the search. For the application of the algorithm, the methodology
presented in the study by Jarvi et al. [79] was followed. Using this approach, local
minima were extracted approximately every 50-70 iterations, where one iteration
was selected for final evaluation.

The resulting candidate minima from selected iteration were analyzed to identify
unique low-energy adsorption configurations. Configurations that were duplicates
arising from geometrical symmetry related to the periodicity of the (6,6) SWCNT
or from energy variations introduced by the surrogate model were removed. The
remaining structures were subsequently subjected to consecutive DFT relaxations,
first using light default settings and then refined with tight default settings. Dur-
ing these relaxations, a single carbon atom of the SWCNT was fixed to prevent
translational drift.

To examine the relaxed configurations in more detail, key structural metrics
were defined, including the adsorption distance, molecular orientation relative to
the SWCNT long axis, two different metrics for the adsorption site of the molecule,
and the distance of the phenolic oxygen from the SWCN'T surface.

The adsorption distance and the phenolic oxygen distance were calculated as the
distances between the SWCNT surface and the COM of the E2 molecule and the
phenolic oxygen atom, respectively. The molecular orientation was quantified as the
angle between the backbone of the E2 molecule and the long axis of the SWCNT,

where 0° corresponds to alignment parallel to the SWCNT axis. The backbone of
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E2 is defined by the bond between the phenolic oxygen and the adjacent aromatic
ring carbon atom. The adsorption site was defined based on the position of the
E2 COM relative to the underlying carbon atoms on the SWCNT surface. Three
adsorption-site types were considered: 1) top, where the COM is located above a
carbon atom; 2) hollow, where the COM is located above the center of a carbon ring;
and 3) bridge, where the COM is located above the midpoint of a C—C bond. These
site types are illustrated in Figure 4.5. The adsorption site for each configuration
was determined by calculating the distances between the E2 COM and all possible
adsorption-site reference positions on the SWCNT surface. For each site type, the
minimum COM-site distance was identified. A distance threshold of 0.01 A was
applied to account for numerical uncertainty: differences in distances below this
threshold were considered negligible, and in such cases the configuration was assigned
to multiple possible adsorption sites. Otherwise, the configuration was assigned to
the site type corresponding to the shortest distance. To gain further insight into
the adsorption position of the E2, the same method was applied to determine the
adsorption site of its aromatic ring by evaluating the position of the ring’s COM

relative to the SWCNT surface.
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Figure 4.5: Definition of adsorption site types (top, hollow, and bridge) on the (6, 6)
SWCNT surface.

Additional structural metrics were evaluated to assess the effects of adsorption on
the SWCNT and the internal structure of the E2 molecule. The root-mean-square

deviation (RMSD) of the molecule was calculated by comparing each configuration to
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the global minimum adsorption structure in order to quantify structural differences
between configurations. To assess possible (6,6) SWCNT distortions, the RMSD of
the SWCNT carbon atoms was calculated by comparing atomic positions between
the isolated SWCNT gas-phase structure and the relaxed adsorption configurations.
In addition, the radial distances of the carbon atoms from the SWCNT central axis
were analyzed, and their standard deviation and minimum—maximum range were
evaluated to characterize structural variations between adsorbed configurations.
Finally, electronic structure analyses were conducted by calculating the DOS
and the partial density of states (pDOS). The pDOS represents the contribution of
specific atoms or components to the total electronic states, allowing investigation
of how E2 and the (6,6) SWCNT individually contribute to the overall electronic
structure. Furthermore, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) were visualized. Molecular orbitals describe
the spatial distribution of electrons in a system, with the HOMO corresponding
to the highest-energy occupied state and the LUMO to the lowest-energy unoccu-
pied state. These frontier orbitals provide insight into regions of electron donation
and acceptance and are therefore useful for assessing charge transfer and electronic
interactions between the molecule and the SWCNT. In addition, Mulliken charge
analysis was performed to investigate how adsorption affects the electrical proper-
ties of the systems, such as charge transfer, which has a direct impact on sensing

performance.



5 Results

In this chapter, the results of the structure search are presented to identify the most
stable adsorption configurations and to gain insight into the interactions between
E2 and the (6,6) SWCNT. The results of the preliminary 1D searches are first intro-
duced, as they were used to determine appropriate bounds for the adsorption height
(p). Since these limits were not obvious beforehand, unlike for the other variables,
representative edge cases were examined to guide their selection.The convergence
of the 4D search is then described by presenting the adsorption energy landscapes
and the global minima prediction plots. The determination and extraction of local
minima candidates are also described, followed by a discussion of the number of
configurations identified within the considered energy range. Finally, the identified
local minima structures are examined in detail through structural analysis using
geometric metrics, including the spatial orientation, position, and distance of the
adsorbed molecule relative to the SWCNT surface. In addition, the configurations
are investigated through electronic structure analysis to gain deeper insight into
how adsorption affects both the molecule and the SWCN'T, and to identify the key

interactions governing the adsorption process.

5.1 Results of the preliminary 1D BOSS search

The results of the 1D structure searches are presented in Figure 5.1, while the pro-

cessed data are summarized in Table 5.1. The adsorption energy profiles illustrate
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how the energy varies as a function of the adsorption height (p) for different molecu-
lar orientations. These searches were performed to determine appropriate bounds for
the adsorption height (p), which was not known a prior and therefore required pre-
liminary evaluation. The lowest energy was obtained for the configuration in which
the methyl group points away from the SWCN'T surface and the molecular backbone
is aligned parallel to the SWCNT long axis, yielding a minimum adsorption energy
of —0.73 €V at a height of 4.4 A above the SWCNT.
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Figure 5.1: Adsorption energy profiles obtained from 1D searches for three molecular
configurations. The y-axis shows the predicted adsorption energy (eV), and the x-
axis represents the adsorption distance (A).

Based on these results, p was not fixed in the subsequent 4D searches. As
shown in Figure 5.1, the adsorption energy profiles for the perpendicular and parallel
configurations exhibit minima at slightly different p values, with the lowest energies
generally occurring in the range of approximately 4-5 A. This variation indicates
that fixing p to a single value could exclude favorable configurations, why it was

allowed to vary within a reduced range of 3.5-6 A in the 4D searches, narrowed



5.2 CONVERGENCE OF THE 4D BOSS SEARCH o4

from the initial 3-7 A range used in the 1D calculations. The range was selected
to include all observed energy minima while excluding regions at shorter and longer
distances where the adsorption energies are consistently higher.

Table 5.1: Predicted optimal adsorption distances and energies for different E2
orientations on a (6,6) SWCNT obtained from the 1D BOSS search.

Orientation Distance Adsorption Structure
above SWCNT (A) energy (eV)

Parallel 4.40 —0.73

Perpendicular 4.48 —0.54

Methyl group 4.80 —0.39

down

The configuration with the methyl group oriented toward the SWCNT surface
was excluded from the subsequent 4D BOSS searches because the 1D results showed
clearly weaker adsorption energy compared to the alternative orientations, as shown
in Figure 5.1 and in Table 5.1. This orientation was unlikely to produce low-energy
configurations in the 4D search and was therefore omitted to focus the exploration

on the most relevant regions of the configurational space.

5.2 Convergence of the 4D BOSS search

To assess the convergence of the structure search, the global minimum prediction
plot, which visualizes the predicted minimum adsorption energy at each iteration,
was first examined. The plot from the 4D search, illustrated in Figure 5.2, showed
a trend toward convergence after approximately 300 iterations, but additional lower
minima were still identified around iteration 1000. Before increasing the number of

iterations, other indicators were also examined to evaluate convergence.
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Figure 5.2: Predicted global minimum adsorption energy as a function of iteration
during the 4D BOSS search. The y-axis shows the adsorption energy (eV), and the
x-axis represents the number of iterations.

Next, the kernel lengthscales were plotted. These hyperparameters of the GP
model reflect how sensitively the predicted adsorption energy responds to changes in
the input variables. Stable values indicate that the model’s sensitivity to the input
variables has stabilized. The kernel lengthscales of the 4D search are illustrated in
Figure 5.3. As can be seen from the figure, the lengthscale of the z variable ex-
hibits significant fluctuations between low and high values, whereas the lengthscales
of the other variables remain relatively stable in the low-value region, indicating
convergence. The fluctuations in the z variable affect the smoothness and reliabil-
ity of the energy landscape. Therefore, the evaluation of adsorption configurations
was restricted to regions where the z related kernel parameters, such as the kernel
lengthscale, remained less than or equal to two. This criterion was chosen to ensure
that the lengthscale of the z variable was comparable to those of the other degrees
of freedom, indicating similar sensitivity across all variables.

Despite fluctuations in the kernel parameters, the two-dimensional energy land-

scapes shown in Figure 5.4 display consistent features across iterations. In the figure,



5.2 CONVERGENCE OF THE 4D BOSS SEARCH 56

15.01 — rho
1251 ,
10.0-

7.5

5.0
2.5

i Lﬁ”—‘f“ — 1)

0 250 500 750 1000
Number of Iterations

N

0.0+

Figure 5.3: Kernel lengthscales of the degrees of freedom as a function of iteration
during the 4D BOSS search. The x-axis represents the number of iterations, and
the y-axis shows the kernel lengthscale values.

the color scale represents the adsorption energy: darker blue regions correspond to
lower energies and lighter colors indicate higher energies. As shown in Figure 5.4,
the dark blue regions appear at nearly identical locations in both iterations, indi-
cating that the model reliably identifies the same favorable adsorption regions with
similar adsorption energy magnitudes. The comparable color scales in both iteration
further support the consistency of the predicted energy ranges.

In addition, the local minima plots, illustrated in Figure 5.5, showed repeated
patterns across multiple iteration windows, indicating that similar adsorption en-
ergy levels were consistently identified during the search. In particular, the plateaus
observed in the low-energy region are closely aligned across different iterations, pro-
viding evidence that the optimization repeatedly converged to similar local mini-
mum configurations. Based on this assessment, the structure search was considered

sufficiently converged for analytical purposes.
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Figure 5.4: Two-dimensional adsorption energy landscapes as a function of p and v at
two BOSS iterations (1110 and 1162). The x-axis represents p, the y-axis represents
7, and the color scale indicates the adsorption energy (eV). The similarity of the
landscapes at the two iterations indicates convergence of the search.

5.3 Local minima identification

Following the convergence of the 4D structure search, the local minima of the AES
were refined using the procedure described in Chapter 4. Candidate local minima,
shown in Figure 5.5, were obtained at intervals of approximately 50-70 iterations
during the structure search (iterations 565, 665, 740, 850, 940, 970, 1055, 1110, and
1162). These intervals were selected to investigate the identification of local minima
throughout the search process and because they correspond to regions where the
kernel lengthscale of the z variable were comparable to those of the other variables,
indicating a stable model response.

During the extraction of local minima information, difficulties arose due to the
implementation of the user-defined symmetry function in the code. With the use of
this function, symmetry-equivalent configurations were manually written as separate
entries in the output file for each resulting data point, leading to duplicate entries. As

additional iterations were performed, the code was not able to correctly handle these
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Figure 5.5: Adsorption energies of identified local minima for different BOSS itera-
tions. The x-axis represents the number of local minima, while the y-axis shows the
corresponding adsorption energy (eV). The right panel shows a zoomed-in view of
the lowest-energy region.
duplicated entries, which resulted in inconsistencies in indexing during the post-
processing step. The issue was addressed during the analysis phase by developing
a function to extract the correct index corresponding to each iteration, ensuring
consistent mapping of the data. This issue affected only the identification of the
correct iteration index during data extraction and did not impact the final results.
Figure 5.6 presents the two-dimensional energy landscapes obtained from 1162nd
BOSS iteration.. Both landscapes reveal multiple distinct local minima, highlighted
by the red circles. These minima correspond to the dark blue regions, which indicate
the lowest energy values on the color scale. In the z—¢ landscape (panel a), two
minima are observed at approximately ¢ = 50°, with z ~ 0.2 Aand 2 ~ 22 A,
Higher-energy regions appear in the middle of the landscape. In the p—y landscape
(panel b), three deep minima are identified in regions where p ~ 4 A. Higher-
energy regions occur at larger p values, particularly above approximately 5.2 A.
This indicates that p has a stronger influence on the adsorption energy than -,

which is consistent with the trends observed in the 1D adsorption energy profiles.
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Figure 5.6: Two-dimensional cross-sections of the adsorption energy landscape ob-
tained from the 1162nd BOSS iteration. (a) z—¢ cross-section. (b) p—y cross-section.
The lowest-energy regions are highlighted by red contours.

To identify the most relevant adsorption configurations, local minima were ana-
lyzed within an energy range defined by kT, the thermal energy at room tempera-
ture. At room temperature, molecules can diffuse between different configurations
within the kT range without requiring additional external energy. For this reason,
configurations within this energy range were investigated to identify all possible
structures at room temperature. Starting the local minima identification from the
dataset obtained at the 1162nd iteration, the first post-processing step involved the
removal of duplicate structures within k7" energy range, based on similarities across
the four degrees of freedom. In Figure 5.5, duplicate configurations are located on
the same or nearby energy plateaus, indicating that they correspond to nearly iden-
tical energies and geometries. After that, all remaining structures were visualized
and additional near-duplicates were discarded. These duplicates were not always
detectable from the numerical values alone, as some configurations differed by 30°
in ¢ while still resulting in the same physical structure. This was due to the period-

icity of the ¢ coordinate around the long axis of the (6,6) SWCNT. Structures that
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were similar but had higher energies were also discarded, as these were deemed arti-
facts caused by fluctuations in the surrogate model. After the full filtering process,
15 BOSS-predicted structures remained that were mutually distinguishable. Relax-
ation of these structures revealed that one of them relaxed into the same geometry
as another minimum. The final dataset therefore contained 14 unique structures,
which were then examined with respect to their structural features and electronic

properties.

5.4 Structural analysis

In this section, the 14 resulting configurations are first analyzed using the defined
structural metrics in Chapter 4 and classified into different structural types. Subse-
quently, the corresponding energetics are presented, and the features of the identified
groups are compared.

Most of the resulting structures were relatively similar, as the E2 molecule does
not possess substantial internal flexibility and therefore behaves largely as a rigid
aromatic structure. As a result, the main differences between the identified config-
urations arise from the adosprtion energy, the molecular orientation relative to the
(6,6) SWCNT long axis, the adsorption distance from the SWCNT surface and the
phenolic oxygen distance from the SWCN'T surface. Additional descriptors include
the adsorption site of the molecule based on the E2 COM, and the adsorption site of
the aromatic ring COM, which was analyzed separately to better capture the local
adsorption behavior of the molecule above the surface. These six descriptors were
therefore used as the primary metrics to distinguish the structures into different
groups.

Among the relaxed structures, the adsorption distance varied only slightly, rang-
ing from 3.72 A to 3.80 A, as illustrated in Figure 5.7. This small variation in-

dicates that the molecule generally remains at a similar height above the surface.
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As shown in Figure 5.7, structures with larger adsorption distances correspond to

higher adsorption energies, while shorter distances are associated with lower-energy

configurations.
80
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Figure 5.7: Adsorption energies (left) and adsorption distances (right) for the iden-
tified local minimum configurations obtained from the 4D BOSS search. The y-axis
lists the configuration identifiers, while the x-axes represent adsorption energy (eV)
and adsorption distance (A), respectively.

In contrast, the molecular orientation relative to the long axis of the (6,6)
SWCNT showed more significant variation, as illustrated on the left side of Fig-
ure 5.8. Larger rotation angles correlated with lower adsorption energies. An angle
of approximately 18° produced the most favorable orientation, whereas the smallest
angles were observed in the highest-energy structures. The phenolic oxygen dis-
tance was analyzed to quantify structural changes of E2 upon adsorption, where the
molecular backbone appeared to flatten compared to the gas-phase configuration.
The shift toward the surface was on average approximately 0.5 A across all iden-
tified configurations relative to the gas phase. The variation in distance between
configurations was small, with only 0.24 A separating the minimum and maximum
values. As shown on the right side of Figure 5.8, configurations with lower ad-
sorption energies exhibited larger phenolic oxygen distances, whereas higher-energy
configurations showed shorter distances, indicating that the phenolic oxygen atom

is positioned closer to the SWCNT surface.
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Figure 5.8: Adsorption energy as a function of (left) E2 orientation angle and (right)
phenolic oxygen distance from the SWCN'T surface for the identified local minimum-
energy configurations. The x-axis represents the adsorption energy (eV), while the
y-axes show the E2 orientation angle (deg) and phenolic oxygen distance (A).

The adsorption sites of the configurations were analyzed using the approach de-
fined in Chapter 4, in which the minimum distance between the E2 COM and the
candidate adsorption sites was calculated. The hollow site was the most favored posi-
tion across both low- and high-energy configurations. Only two structures preferred
the bridge site, while three structures favored the top site. These structures were
located in the middle of the adsorption energy range among the fourteen identified
configurations. For some configurations, the distinction between preferred adsorp-
tion sites was not clear, as the differences in distances between candidate sites were
very small. In such cases, multiple adsorption-site assignments were obtained based
on the applied distance threshold. To gain further insight into the adsorption be-
havior of the whole molecule, the same method was also applied to determine the
adsorption site of its aromatic ring, in order to assess whether configurations with
the same E2 COM-based adsorption site differ in terms of the adsorption site of the
aromatic ring.

By combining these metrics, three distinct structural groups were identified to

facilitate comparison between configurations with similar geometric characteristics
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and to analyze their relationship with adsorption energy. All identified adsorption
configurations, along with their structural metrics and groupings, are presented in

table 5.2. The configurations are labeled in order of increasing adsorption energy.

Table 5.2: Identified local minimum-energy adsorption configurations of E2 on a
(6,6) SWCNT and their key metrics, including configuration 1D, adsorption energy
E (eV), adsorption distance (A), E2 molecular orientation angle (°), adsorption site
of the E2 center of mass (COM) adsorption site of the aromatic ring COM, phenolic
oxygen distance (A), and structural group classification. The configuration IDs are
assigned in order of increasing adsorption energy.

Adsorption E2 orient. Adsorption site Phenolic O  Structural

ID E(eV) dist. (A) angle (°) E2COM arom.ring dist. (A) group

1 -0.772 3.736 18.338 hollow bridge 3.446 1
2 -0.770 3.715 18.379 hollow bridge 3.377 1
3 -0.769 3.737 17.006 hollow bridge 3.392 1
4 -0.769 3.768 15.849 hollow  top/bridge 3.474 1
5 -0.768 3.748 19.788 bridge bridge 3.494 1
6 -0.766 3.782 11.355 hollow top 3.415 1
7 -0.760 3.752 17.392 hollow top 3.386 1
8 -0.758 3.774 10.735 top bridge 3.339 2
9 -0.753 3.797 8.829 bridge top 3.315 2
10 -0.752 3.776 10.673 top hollow 3.385 2
11 -0.751 3.781 9.086 top top 3.296 2
12 -0.747 3.781 14.748 hollow top 3.335 2
13 -0.745 3.794 4.201 hollow bridge 3.258 3
14 -0.738 3.801 4.198 hollow hollow 3.364 3

Structural Group 1 Structural Group 1 contained seven configurations, which
were configurations located on the lower-energy side of the energy range, with ad-
sorption energies ranging from approximately —0.77 to —0.76 eV. They exhibited
relatively large long axis orientation angles, ranging from 11.36° to 19.79°, and short
adsorption distances below 3.78 A, with the smallest distance being 3.715 A. The
adsorption site of the molecule’s COM was the same for all configurations in this

group, corresponding to a hollow site. For the aromatic ring, the bridge site was
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most commonly observed, although a few configurations also exhibited the top site.
The phenolic oxygen distance from the surface in this group ranged from 3.38 A to
3.47 A, representing the largest distances among all configurations.

The most lowest energy adsorption configuration belonged to Structural Group 1.
In this global minimum structure, presented in Figure 5.9, the adsorption distance
was 3.736 A, and the long axis orientation angle was 18.3°. The molecule’s COM
was positioned above a hollow site, while the COM of the aromatic ring lay above

a bridge site. The corresponding adsorption energy was —0.772 eV.

Figure 5.9: Lowest-energy adsorption configuration of E2 on a (6,6) SWCNT (struc-
ture ID 1). (a) Side view and (b) top view of the adsorbed configuration. For clarity,
the back side of the SWCNT is omitted in view (b).

Structural Group 2 Structural Group 2 consisted of five configurations. An
example configuration from this group is presented in Figure 5.10. The adsorption
energies in this group ranged from approximately —0.76 to —0.75 eV, placing them
in the middle of the overall observed adsorption energy range. The configurations
in the group 2 exhibited adsorption distances within a narrow range (3.75-3.76 A),
and the long axis orientations were relatively similar across the group (8.8°-14.7°).
For both the E2 COM and the aromatic ring, the top site was the most common
adsorption site. The phenolic oxygen distance ranged from 3.30 to 3.39 A, which
is smaller than in Group 1, indicating that in this group the phenolic oxygen is

positioned closer to the SWCNT surface.
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Figure 5.10: Adsorption configuration of E2 in structural group 2 (structure ID 8)
on a (6,6) SWCNT. (a) Side view and (b) top view of the adsorbed configuration.
For clarity, the back side of the SWCNT is omitted in view (b).

Structural Group 2 differed from the Group 1 most clearly in terms of adsorption
sites and molecular orientation. In Group 1, the adsorption site of the E2 COM was
typically a hollow site, whereas in Group 2 a top site was favored. In addition,
the combination of adsorption sites for the E2 COM and the aromatic ring showed
greater variation than in the other groups. In addition, the molecular orientation

angles were also smaller compared to Group 1.

Structural Group 3 Structural Group 3 contained two configurations, one of
which is illustrated in Figure 5.11. The distinguishing characteristics of this group
were the small molecular orientation angles, the highest adsorption energies, and
the largest adsorption distances, indicating that this group corresponds to the most
weakly bound structures. The adsorption energies ranged from —0.75 to —0.74 €V,
representing the highest values among all configurations, and adsorption distance
was approximately 3.80 A for both configurations. The observed orientation angles
were approximately 4.2° for both configurations, representing the smallest values
among all identified structures and indicating that the molecules were nearly parallel
to the SWCNT long axis. In contrast, the phenolic oxygen distance ranged from 3.26
to 3.36 A, which is smaller than in the other groups, indicating that the phenolic

oxygen is positioned closer to the SWCNT surface. For both configurations, the
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molecule’s COM was adsorbed at a hollow site, while the adsorption site of the

aromatic ring was bridge for one structure and hollow for the other.

Figure 5.11: Adsorption configuration of E2 in structural group 3 (structure ID 13)
on a (6,6) SWCNT. (a) Side view and (b) top view of the adsorbed configuration.
For clarity, the back side of the SWCNT is omitted in view (b).

As mentioned in Chapter 4, additional metrics were calculated to assess the ef-
fects of adsorption on both the (6,6) SWCNT and the internal structure of the
E2. The RMSD values of the E2 relative to the global minimum adsorption struc-
ture were small, indicating only minor structural differences and limited internal
rearrangement. This reflects the relatively rigid nature of E2, which has limited in-
ternal degrees of freedom. Moreover, since the building-block method was used and
the molecule was treated as rigid during structure generation, the observed RMSD
differences mainly arose during the subsequent relaxation steps.

Similarly, the RMSD of the (6,6) SWCNT carbon atoms showed small devi-
ations between the isolated and adsorbed structures. The radial distances of the
carbon atoms from the SWCNT central axis also exhibited only minor variations,
as reflected in their standard deviation and minimum-maximum range. Although
these changes are small, only on the order of 0.01 A, the non-zero RMSD values and
measurable variations in radial distances indicate that slight structural deformations
occur in the SWCNT upon adsorption. A more targeted analysis focusing exclu-
sively on the carbon atoms located directly beneath the adsorbed molecule could

provide clearer insight into the extent of local surface deformation.
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5.5 Electronic structure analysis

Electronic structure analysis was conducted for selected adsorption configurations to
investigate how adsorption affects the electronic properties of the (6,6) SWCNT-E2
system. One representative configuration from each structural group was selected,
corresponding to ID 1, ID 8, and ID 13. For these configurations, the total DOS
and the pDOS of E2 and the (6,6) SWCNT were calculated. In addition, Mulliken
charge analysis was performed, and the HOMO and LUMO of the system were
visualized to further clarify charge distribution, electronic interactions, and changes
resulting from adsorption.

The electronic structure analysis was initiated with the global minimum configu-
ration (ID 1). From the total DOS of the system and the pDOS contributions of E2
and the (6,6) SWCNT, presented on the left side of Figure 5.12, it can be concluded
that the electronic states of the SWCNT dominate the overall electronic structure.
The continuous pDOS of SWCNT across the Fermi level reflects the metallic nature
of the (6,6) SWCNT. In contrast, the pDOS contribution from E2 is relatively small
and does not introduce new electronic states near the Fermi level but instead modi-
fies existing ones. In particular, adsorption of E2 affects the energy levels below the
Fermi level, as evidenced by a shift in the HOMO position in the low-energy region
of the total DOS on the left side of Figure 5.12.

The other selected configurations exhibit the same qualitative behavior in both
DOS and pDOS, as observed for structure ID 1 on the left side of Figure 5.12.
Overall, these results indicate that adsorption does not substantially alter the elec-
tronic structure of either component. This suggests that the interaction is weak and
consistent with a physisorption mechanism rather than covalent bond formation.

Further insights were gained from visualization of the HOMO and LUMO of the
system, as shown on the right side of Figure 5.12. Visualization of the HOMO reveals

partial overlap between molecular orbitals and the surface states of the SWCNT
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Figure 5.12: Electronic structure of E2 adsorption on a (6,6) SWCNT (structure
ID 1). (a) Total DOS of the system and pDOS contributions from E2 and the
SWCNT as a function of energy (eV). (b) HOMO and LUMO of the system, plotted
at an isosurface value of 0.001 e A=3.

along the length of the molecule. A similar type of overlap is observed for the LUMO,
with stronger overlap localized on the left side of the molecule, where the aromatic
ring is. Additionally, beneath the aromatic ring, the electronic state distribution of
the SWCNT exhibits a well-defined honeycomb lattice pattern, whereas regions not
located beneath the aromatic ring exhibit more diffuse, point-like electronic features
rather than a continuous lattice structure. In comparison, the LUMO of the pristine
SWCNT (Figure 5.13) exhibits a more point-like electronic distribution, similar to
the regions not located beneath the aromatic ring. This indicates that adsorption
affects the electronic states, leading to a more connected distribution and a more
clearly defined honeycomb lattice pattern beneath the aromatic ring in the case of
structure ID 1.

To further identify the nature of the forces governing the molecule-surface in-
teraction, Mulliken charge analysis was performed to quantify charge transfer be-

tween the molecule and the SWCNT. The calculated charge transfer was very small,
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Figure 5.13: Visualization of the LUMO of of a standalone (6,6) SWCNT (left) and
the adsorbed system (structure ID 1, right). LUMO of the system is plotted at an
isosurface value of 0.001 e A=3,

amounting to only 0.023 e from the molecule to the SWCNT. This negligible charge
transfer further supports the physisorption character of the interaction.

The initial plan was to analyze one representative configuration from each struc-
tural group in order to assess whether more extensive electronic structure analysis
was necessary. Because the results for the global minimum configuration already
indicated weak interaction and a physisorption mechanism, the analysis was not
extended to all 14 unique local-minimum structures. Instead, representative struc-
tures from each structural group and subgroup were investigated, as introduced at
the beginning of this section.

During the investigation, the HOMO distribution and overall orbital shapes were
similar across the representative configurations from each structural group, with
only minor variations observed in the location and extent of the overlapping states
along the molecule. In contrast, a comparison of the LUMO visualizations between
configurations revealed substantially larger differences, as shown in Figure 5.14.

As mentioned earlier in this section, for the representative structure of Group 1
(Structure ID 1), the honeycomb lattice pattern observed in the LUMO visualiza-
tion was present only on the left side of the SWCNT, beneath the aromatic ring.

In contrast, the right side of the SWCN'T exhibited a more point-like electronic dis-
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Figure 5.14: Visualization of the LUMO for representative adsorption configurations
from each structural group (ID 1, ID 8, and ID 13) of E2 on a (6,6) SWCNT. The
LUMO is plotted at an isosurface value of 0.001 e A=3.

tribution rather than a continuous honeycomb lattice structure. For Group 2, the
representative structure (Structure ID 8) showed also a honeycomb lattice pattern
only on part of the SWCNT surface rather than across the entire surface. No-
tably, the honeycomb lattice appeared on the side of the SWCNT that was not
located beneath the aromatic ring of E2. Finally, in the Group 3 structure (Struc-
ture ID 13), only a small honeycomb lattice pattern was observed, localized directly
beneath the aromatic ring of the molecule, while the rest of the SWCNT exhibited
a more point-like electronic distribution. Compared to the representative structures
of Groups 1 and 2, Group 3 differs mainly in the much smaller extent of the continu-
ous honeycomb lattice pattern. In contrast, Groups 1 and 2 exhibit a similar partial
honeycomb structure distributed over approximately half of the SWCNT surface,

but on opposite sides.



6 Discussion

The objective of this thesis was first to address RQ1 through a review of the exist-
ing literature, which examined the ability of CNT-based electrochemical sensors to
detect E2 in water samples. Based on the literature discussed in Chapter 2, CNT-
based sensors have already been successfully investigated for E2 detection, with
many studies employing functionalized CNT electrodes to improve sensitivity and
selectivity. However, as discussed at the end of Chapter 2, a detailed understanding
of adsorption on pristine SWCN'Ts at the atomic level remains limited and would be
beneficial to establish before introducing functionalization. This motivated the sub-
sequent objectives of this study, which were to identify the most stable adsorption
configurations of E2 on a (6,6) SWCNT and to analyze the nature of the adsorption
using computational simulations, with the aim of generating knowledge relevant for
the development of electrochemical sensors for detecting contaminants in aquatic
environments.

The structure search was carried out by employing a combination of the machine-
learning-based BOSS algorithm and DFT to systematically sample the AES. As a
result, 14 unique adsorption configurations were identified. These configurations
differ mainly in the molecular orientation relative to the (6,6) SWCNT’s long axis,
the adsorption distance, and the adsorption site, defined by the position of the
molecule’s COM above the SWCN'T surface.
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The interaction between E2 and the (6,6) SWCNT is governed by physisorp-
tion. The obtained adsorption distances (=~ 3.7-3.8 A) are too large for covalent
bond formation, which typically requires distances of ~ 2 A. This interpretation is
supported by the electronic structure analysis: the pDOS contribution of E2 to the
total DOS of the system is small and does not introduce new states near the Fermi
level. In addition, the Mulliken charge analysis reveals only minimal charge transfer
from the molecule to the SWCNT, which is consistent with weak vdW interactions.
Typical vdW interaction strengths between individual atom pairs are on the order
of 0.004-0.04 eV, although the total interaction energy can vary depending on the
macroscopic geometry of the interacting substances. In this study, the calculated
adsorption energy is approximately —0.77 eV. This relatively large adsorption en-
ergy compared to simple pairwise vdW interactions is physically reasonable, as the
large size of the system allows the cumulative contribution of several tens of weak
atom—atom interactions, together with 7— stacking between the aromatic ring of E2
and the (6,6) SWCNT surface, to produce an adsorption energy of this magnitude.
A similar interpretation was reported by Sippola for E2 adsorption on graphene,
where physisorption was likewise identified as the dominant interaction [12].

The identified physisorption is advantageous for sensing applications, because
adsorption governed by physical interactions rather than covalent bonding enables
reversible adsorption and desorption of target molecules. In physisorption, changes
in the electronic properties arise primarily from variations in electron and hole carrier
mobility rather than from significant charge transfer [101]|. In addition, the LUMO
visualization reveals that the hexagonal lattice pattern of the (6,6) SWCNT depends
on the molecular adsorption configuration. In some structures, a more extended
hexagonal pattern is observed over the external surface of the SWCNT, indicating
the presence of multiple conductive pathways for electron transport. This may

contribute to stable and reproducible signal generation. Nevertheless, the absence
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of new electronic states near the Fermi level and the low Mulliken charge transfer
indicate that adsorption has a minor effect on electronic structure. As a result,
the sensor signal is likely to be sensitive to subtle environmental changes, because
the adsorption causes only a small change in the electronic structure, which can be
easily affected by external factors such as thermal fluctuations, solvent effects, or
small changes in molecular orientation. While physisorption may enhance sensitivity,
it can also make the response more susceptible to noise and less pronounced than
in systems dominated by strong chemisorption.

Comparison of the present results with previous computational studies is limited,
as only a few comparable studies are available and most are less exhaustive due to
the high computational cost of adsorption structure searches. Typically, molecular
locations on the surface are preselected based on chemical intuition, and different
possible configurations examined by manually changing the molecular position or
orientation rather than systematically.

Zaib et al. investigated the adsorption of E2 and BPA on SWCNTs and graphene
using both experimental and computational approaches [10]. In their computational
section, they employed an (18,0) SWCNT and DFT calculations using the B3LYP
functional. The main difference from the present work lies in the configuration-
search strategy: adsorption structures were generated by randomly placing the
molecule on the surface with minimum molecule—surface distances ranging from 1.5
to 5 A, resulting in more than 10 000 configurations, of which only the lowest-energy
structures were analyzed in detail. In contrast, the BOSS-based approach used in
this study required only approximately 1000 sampled configurations while still iden-
tifying the relevant low-energy structures, demonstrating substantially higher com-
putational efficiency. The lowest-energy E2 configuration reported by Zaib et al. is
structurally similar to the global minimum identified in this thesis: the methyl group

points away from the (6,6) SWCNT surface, molecule is oriented more parallel than
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perpendicular to the SWCNT’s long axis. However, the orientation is described
qualitatively, and no specific angle is reported, which limits direct quantitative com-
parison. They reported an adsorption energy of —26.2 kcal/mol (—1.14 V), which
is comparable in magnitude but somewhat stronger than the value obtained in this
thesis. This stronger interaction may be attributed to the larger diameter and lower
curvature of the (18,0) SWCNT compared to the (6,6) SWCNT, which enhances
orbital overlap between E2 and the surface. This interpretation is supported by the
reported adsorption energy of E2 on graphene —34.1 kcal/mol (—1.48 V) in the
Zaib et al. study. They concluded that adsorption is more favorable on graphene
than on SWCNT5s, as the planar geometry of graphene maximizes m—r interactions
that are partially limited by SWCNT curvature. Although the nature of the adsorp-
tion on SWCNT was not explicitly classified in the Zaib et al. study, the reported
adsorption energies and emphasis on 7—7 interactions suggest that the interaction
is dominated by physisorption.

Similar types of interactions to those reported by Zaib et al. have also been
identified for the adsorption of EE2 on SWCNTs [9] as well as for the adsorption
of E2 on graphene oxide surfaces [15, 42|. These studies consistently indicate that
the dominant interactions arise from noncovalent electrostatic contributions, partic-
ularly 7— interactions between the aromatic rings of the estrogen molecules and the
carbon-based surfaces. Notably, de Oliveira et al. explicitly classified the adsorption
of E2 on graphene oxide as physisorption driven by m— interactions, based on both
computational and experimental evidence [15].

The same computational workflow as presented in this thesis was also used in
the study conducted by Sippola et al. [14], who investigated the adsorption of E2
on a pristine graphene sheet. Their calculations yielded two minimum-energy con-
figurations and an adsorption energy of —1.56 eV, which is significantly larger than

the —0.77 eV obtained in this thesis. Although this result further supports the



CHAPTER 6. DISCUSSION 75

idea that adsorption strength increases as the curvature of the adsorbent decreases,
the observed differences in adsorption energies may also arise from the different
vdW correction schemes used in their study compared to those employed here.
Different dispersion correction methods describe intermolecular interactions using
distinct theoretical approximations, leading to variations in the predicted strength
of molecule-surface interactions [85, 86|. The reported adsorption distance and the
flattening of the molecular backbone compared to the gas-phase structure in the
study by Sippola et al. are consistent with those reported here. They observed
slightly larger adsorption distances for the minimum-energy structures (3.84 A and
3.88 A) compared to the values obtained in this study (3.72-3.80 A). This difference
may be attributed to the definition of the adsorption distance: in their work, the
distance was measured from the lowest atom of graphene to the COM of E2, whereas
in this study, it was defined between the SWCNT surface and the COM of E2. An
indication of molecular backbone flattening, compared to the gas-phase structure,
is the observed 1.1 A lowering of the phenolic O atom at one end of the molecule.
A similar, ~0.5 A lowering toward the surface, was observed in all identified con-
figurations in this study. Notably, the possible shift in the overall height of the E2
molecule between the gas-phase and relaxed structures was not taken into account,
which may partly explain the observed lowering of the phenolic O atom.

The combined computational workflow utilized in this thesis offers several advan-
tages compared to simulations performed using DFT alone. The BOSS framework
employs BO to determine the next sampling location, thereby reducing human bias
while still enabling a thorough exploration of the AES to identify relevant adsorp-
tion configurations. This is evident when compared to the search strategy used in
Zaib et al. [10]. To further reduce the computational cost, expert knowledge was
used to define appropriate degrees of freedom and to apply symmetry constraints

during the simulations. Due to the nature of the BOSS algorithm, the system struc-
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ture was simplified with the use of building-block approach. As a result, internal
structural changes of the molecule were captured only after the structure search,
during the subsequent relaxation steps. The most notable change was the phenolic
O atom moving closer to the surface, while other internal structural changes were
not investigated in detail. In the case of E2, which is a relatively rigid molecule,
this simplification is unlikely to have excluded important adsorption configurations.
Therefore, the structure-search strategy is expected to capture the essential adsorp-
tion behavior without significant loss of information.

One remaining question concerns the impact of the applied symmetry function
on the efficiency and quality of the structure search. Although symmetry constraints
were introduced to reduce the search space and computational cost, the present re-
sults suggest that the underlying adsorption landscape may not strictly follow this
assumed symmetry. A more thorough investigation of the symmetry properties of
the system would therefore be necessary to confirm whether the applied symmetry
constraints were fully justified. Another aspect related to the use of the symmetry
function is that it effectively doubles the amount of generated data during simula-
tions. For large and complex systems, it is therefore important to carefully consider
whether the application of symmetry functions provides additional meaningful in-
sight.

Despite their atomic-level insights, computational studies are not yet sufficient
as standalone tools for sensor design because of the complex nature of sensing sys-
tems and their operating environments. As in this thesis, simulations are typically
performed under vacuum conditions using highly simplified system designs. Such
models cannot fully represent real-world environments. Important factors such as
pH, temperature variations, solvation effects, and the presence of competing or in-
terfering molecules are not included, even though they can significantly influence

adsorption behavior. Without accounting for molecular interference, it is difficult
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to draw firm conclusions about the selectivity of a given material toward a specific
target molecule. These reasons highlight the need for studies that combine compu-
tational and experimental approaches, allowing simulation results to be validated
and refined. Such integration is especially important in the context of water contam-
ination, where detection systems must operate in chemically and environmentally
complex conditions. Moreover, the effective use of the methods described in Chap-
ter 3 requires careful selection of simulation parameters and a good understanding
of the system being studied. While methods such as DFT are widely used and well
established, their accurate application still depends on informed choices regarding
model setup and interpretation of results.

As discussed, increasing human activities such as industrialization, urbaniza-
tion, and climate change have intensified the contamination of limited clean water
resources, making it a growing global concern. To ensure that water resources re-
main capable of sustaining life in the future, improved water monitoring strategies
and more efficient purification technologies are urgently needed.

A clear example of the growing concern over water contamination can be seen
in the United Nations Sustainable Development Goals (SDGs). Many of these goals
are directly or indirectly linked to ensuring access to clean water, safeguarding
aquatic environments, reducing exposure to toxic chemicals, and developing sus-
tainable manufacturing practices that do not pose risks to humans or other living
organisms [102, 103]. The level and sources of water contamination vary signifi-
cantly by region. In developing countries, contamination is often primarily caused
by insufficient wastewater treatment and inadequate sanitation systems, which are
strongly linked to high child mortality rates. According to UNICEF’s Triple Threat
report [104], unsafe water, sanitation, and hygiene conditions result in approximately
1,000 child deaths per day. By contrast, in developed countries, major contributors

include agricultural runoff and industrial discharges [105].
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In situations where contaminated water sources are the only available option, the
development of improved electrochemical sensors alone cannot fully resolve the prob-
lem, because knowledge of contamination does not eliminate exposure. Nevertheless,
monitoring can generate data with broader societal impact. Such data collection is
demonstrated in the study by Bain et al., conducted under the framework of the
SDGs, which included large-scale efforts to monitor drinking water quality through
nationally representative household surveys in low- and middle-income countries
[106]. This type of monitoring enables the identification of risk factors and supports
effective risk management and policy interventions. It can guide decision-making
by identifying where treatment is most urgently needed, supporting the allocation
of resources such as point-of-use treatment systems, and informing public health
advisories. In addition, regular monitoring can function as an early warning system,
enabling corrective actions such as boil-water notices or emergency chlorination and
allowing short-lived contamination events, resulting from chemical leaks or flooding,
to be detected before they cause widespread harm.

Achieving SDG targets, however, requires actions beyond monitoring. UNICEF
has estimated that investments of approximately US$114 billion per year are needed
to meet goals in developing regions [104]. This highlights the need for increased
investment in green technologies, resilient sanitation infrastructure, and water pu-
rification systems that can withstand climate-related stresses. In the short term,
locally adapted and low-cost solutions, such as simple filtration methods and the
use of contaminated water for non-potable purposes, can help reduce exposure risks
some time, but in a long term, sustained investment in infrastructure, governance,
and policy is essential to manage and protect water resources.

In developed countries, the focus is often on regulating industrial and agricul-
tural emissions and the use of chemicals, such as pesticides and pharmaceuticals.

Accurate monitoring is essential for identifying which substances enter the environ-
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ment through runoff and determining their potential ecological and health impacts.
Reliable data are also necessary for establishing exposure limits that do not pose
risks to humans or wildlife, and for ensuring compliance with existing regulations
through continuous surveillance. For these reasons, electrochemical sensors provide
several advantages over conventional chromatographic methods. Sensors are more
easily mass-produced, can be designed for on-site and real-time monitoring, and al-
low rapid response to contamination events. Moreover, because sensor performance
is strongly influenced by electrode materials, electrochemical sensors can be itera-
tively improved and optimized through a combination of experimental testing and
modeling, making them a flexible and scalable solution for addressing current and
future water quality challenges.

Beyond environmental applications, electrochemical sensors have also attracted
significant interest in the medical field for diagnostic and health-monitoring pur-
poses. With the growing trend toward continuous and personalized health moni-
toring, sensor-based technologies offer promising solutions for reducing the burden
on healthcare systems and hospital capacity. In medical research and clinical prac-
tice, accurate monitoring of compounds such as neurotransmitters and hormones
in the human body is crucial for understanding physiological processes and dis-
ease progression. However, many conventional analytical methods remain limited in
their ability to provide efficient and reliable biological monitoring. They are often
costly, time-consuming, and resource-intensive, while also lacking sufficient tempo-
ral and spatial resolution to capture dynamic biological processes. Furthermore,
their practical application is hindered by challenges related to selectivity, as struc-
turally similar compounds may interfere with target detection. In addition, for in
vivo applications, sensors must meet strict requirements for biocompatibility and
minimal toxicity, which are not always satisfied by electrodes based on metal oxides.

In this context, electrochemical sensors with carbon-based electrodes represent a
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promising alternative, as they offer high sensitivity, selectivity, real-time monitoring
capabilities, and good biocompatibility. These advantages highlight their potential
for reliable biomedical monitoring and further emphasize the broader relevance of
sensing mechanisms investigated in this work.

To better connect these sensing applications with the atomistic insights obtained
in this work, a natural next step is to investigate how adsorption influences the
electronic transport properties of SWCN'Ts, such as electrical conductivity. Such
analyses are particularly relevant when assessing the suitability of a surface mate-
rial for electrochemical sensors, as changes in conductivity directly influence sensor
response. Transport properties can be investigated, for example, using Boltzmann
transport calculations [107], which provide a framework for describing charge trans-
port in systems driven out of equilibrium. Adsorption can change the electronic
structure of a SWCNT, thereby modifying charge carrier transport along the sur-
face. Because SWCN'Ts exhibit different electronic characteristics depending on their
chirality, the impact of adsorption on conductivity may vary significantly between
different SWCNT types. Therefore, combining adsorption studies with Boltzmann
transport calculations would enable the establishment of a more direct link between
molecular adsorption and sensor signal generation.

In addition to investigating transport properties during adsorption, future stud-
ies could be extended to examine different SWCNT chiralities in order to determine
whether chirality influences adsorption behavior and whether certain chiralities ex-
hibit enhanced selectivity toward specific molecules, as suggested by the experimen-
tal study of Seo et al. about dopamine adsorption on (6,6) and (6,5) SWCNTs
[77]. An important question is whether adsorption strength increases primarily with
SWCNT diameter or whether chirality itself is the dominant factor governing these
interactions. Furthermore, future simulations should more accurately account for
environmental parameters by incorporating solvent models that represent aqueous
conditions. Including solvation effects would provide insight into how adsorption

behavior changes in realistic water matrices.
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In this thesis, the adsorption of 17/5-estradiol on a (6,6) single-walled carbon nan-
otube was investigated computationally. Adsorption simulations were conducted
using the Bayesian Optimization Structure Search algorithm, and the resulting con-
figurations were analyzed in terms of their electronic structure, energetics, and
structural properties. The aim was to gain atomistic insight into the adsorption
mechanisms governing the interaction between E2 and (6,6) SWCNT surfaces, with
relevance to electrochemical sensor development.

This computational study was placed in a broader context through a literature
review of current detection methods for EDCs, including E2, in water samples. Ex-
posure to EDCs poses significant risks to aquatic ecosystems and human health,
even at very low concentrations, and their effects may only become apparent after
long-term exposure. Current gold-standard analytical techniques, such as chromato-
graphic methods, provide high sensitivity but suffer from limitations related to cost,
complexity, and lack of suitability for in situ and real-time monitoring. These chal-
lenges have increased interest in electrochemical sensors as alternative monitoring
tools.

Based on the results of this thesis, the research questions posed at the beginning
can be addressed as follows:

RQ1: What does the existing literature indicate about the ability of

carbon nanotube-based electrochemical sensors to detect 175-estradiol
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(E2) in water samples? Based on the literature review, CNT-based materials
have been shown to be effective for detecting E2 in water samples, with several stud-
ies reporting successful detection using functionalized electrochemical sensors, where
functionalization is employed to enhance sensor selectivity. However, understanding
the intrinsic adsorption behavior of pristine SWCNTs is essential for evaluating the
role of chirality and identifying SWCNT structures that may not require additional
modification. This study suggests that further investigation of different SWCN'T chi-
ralities and environmental effects is needed to determine whether pristine SWCNTs
can achieve sufficient selectivity under realistic conditions. At present, CNT—based
sensing appears promising, but optimization strategies and application-specific de-
signs are still required, particularly to achieve reliable performance under realistic
concentration levels.

RQ2: What are the most stable and energetically favorable adsorption
configurations of 175-estradiol on a (6,6) SWCNT surface? In the compu-
tational part of this thesis, 14 unique adsorption configurations of E2 on a (6,6)
SWCNT were identified. These configurations were divided into three structural
groups based on geometric metrics defined in this study. Most adsorption configura-
tions shared similar structural characteristics, indicating relatively uniform adsorp-
tion behavior. The adsorption energies ranged from —0.77 to —0.74 eV, while the
adsorption distances varied between 3.71 and 3.80 A. A correlation between adsorp-
tion energy and distance was observed, with lower-energy configurations generally
corresponding to shorter adsorption distances. The molecular orientation relative to
the SWCNT long axis showed the largest variation between configurations, with the
most favorable orientation angle being approximately 18°. A few structures were
nearly aligned with the SWCNT long axis, corresponding to orientation angles of

around 4°.
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RQ3: What types of interactions occur between E2 and a (6,6)
SWCNT, and are any covalent bonds formed? Electronic structure analysis
indicates that E2 adsorption on the (6,6) SWCNT is governed by physisorption
dominated by vdW interactions. The adsorption distances are too large to support
covalent bond formation, and Mulliken charge analysis revealed only minimal charge
transfer between the molecule and the SWCNT. Additionally, DOS calculations
showed no new states or significant peak shifts upon adsorption. The DOS
exhibited only well-defined, sharp individual peaks, which are characteristic of
physisorption, while broader and lower peaks associated with orbital hybridization,
which are typical of chemisorption, were not observed. The calculated adsorption
energies are relatively weak (above —0.8 eV), further supporting the physisorption
mechanism. Additionally, the presence of multiple adsorption configurations within
approximately 25 meV of the global minimum suggests that, at room temperature,
E2 molecules may diffuse across the (6,6) SWCNT surface rather than remain
fixed at a single adsorption site. Consequently, multiple configurations may coexist
dynamically under realistic conditions.

Overall, this thesis demonstrates that adsorption-based electrochemical sensors
offer a portable and scalable alternative to conventional analytical techniques for
monitoring EDCs in water samples. Although this work represents an initial step, it
highlights several promising directions for future research, including examining the
effects of adsorption on the electrical transport properties of SWCNTs (e.g., con-
ductivity), performing systematic investigations of SWCNT chirality, incorporating
environmental factors such as solvation effects, temperature, and pH changes into
simulations, and integrating sensing platforms with water purification systems.

Furthermore, this work highlights how computational approaches, combined with
machine learning methods such as the BOSS, enable more efficient exploration of

complex adsorption landscapes. The integration of computational and experimen-



CHAPTER 7. CONCLUSIONS 84

tal studies can accelerate sensor development and improve performance. Continued
methodological advancements are required to better account for environmental con-
ditions and bridge the gap between simulations and real world systems. Improved
water quality monitoring supports better regulation and legislation, ultimately guid-
ing industries and governments toward more sustainable practices. In this way,
advances in electrochemical sensing and computational modeling contribute to safe-

guarding water resources and protecting future generations.
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