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Chapter 1

Abstract

This thesis explores the fabrication and application of composites of organically capped gold nanoparticles
(GNPs) for gas sensing. These GNPs are encapsulated within an organic matrix, typically consisting of
functionalized monothiol (MT) ligands and dithiol (DT) linkers. The study investigates the incorporation
of mixed functionalized MTs and 1,9-nonanedithiol (9DT) in the organic matrix. The aim is to combine
the robust cross-linking properties offered by 9DT with compatibility with layer-by-layer (LbL) deposition
methods, while also leveraging the chemical tunability of the MT ligand.

The first project presents the development of flexible substrate-supported GNP-based chemiresistors using
printing technologies. The fabrication process involves two key steps: printing interdigitated electrodes
(IDEs) via a dispensing technique and LbL deposition of GNP films using a precise inkjet printing
machine. The MT ligands functionalized with hydroxyl, carboxylic acid, and amino groups are mixed with
the 9DT linker. These functionalized MT ligands enhance chemiresistive sensitivity towards polar vapors,
with characteristic transient response kinetics serving as potential additional features. Furthermore,
the response patterns to six different analyte vapors exhibit consistent results at two different vapor
concentrations, rendering the sensors suitable for analyte recognition. Notably, the GNP films containing
carboxylic acid-functionalized MT ligands exhibit high sensitivity and selectivity towards Lewis base
compounds, making them promising for amine sensing applications, especially in the field of food quality
control.

The second project systematically investigates how the chain length and fraction of MT ligands impact
GNP film’s characteristics. This study demonstrates a facile fabrication route of GNP films via a layer-
by-layer spin-coating (LbL-SC) process. By adjusting the length and structure of MT ligands, along with
the mixing ratio between MT and 9DT molecules, the conductivity and optical properties of the films
can be tailored. These modifications correspond to changes in their sensing behavior. Generally, increas-
ing the length and fraction of MT ligands significantly enhances the sensor’s sensitivity, with resistive
response isotherms transitioning from Langmuir-Henry to Henry type. Electrical, optical and grazing
incidence small angle X-ray scattering (GISAXS) measurements elucidate this increase in sensitivity and
change in isotherm type, attributed to variations in interparticle distance and swelling ability. Moreover,
quartz crystal microbalance (QCM) measurements reveal distinct response patterns, which differ from the
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chemiresistor data, revealing the potential of these GNP films with different organic matrix compositions
to enable the fabrication of a combined sensor array with two different transducers. This offers a more
reliable and precise fingerprint for each analyte, enhancing the sensor’s capabilities in diverse sensing
applications.

The third project addresses molecular dynamics (MD) simulations, which were performed by Karen
Schaefer in the research group of Prof. Dr. Carmen Herrmann (University of Hamburg, Department of
Chemistry), to investigate GNP films prepared with MT/9DT mixtures at the atomic level. To this end,
three alkanethiol (AT) ligands with varying chain lengths are combined with 9DT in four different ratios.
On the experimental side, GNP films are prepared using the LbL-SC procedure as described in the second
project. To ensure data reliability, four GNP films for each composition are produced. When the length
of the added AT ligand is shorter than that of 9DT, the conductivity of the resulting films increases
gradually with the increasing AT fraction and surpasses that of pure 9DT films, which is consistent with
the findings of the second project. However, the localized surface plasmon resonance (LSPR) bands
are positioned at similar wavelength as those of GNP films cross-linked with pure 9DT. In contrast,
when using AT ligands longer than 9DT, the conductivity of the resulting films decreases, especially
at high AT molar fractions, while the LSPR bands of the resulting GNP films show strong blueshifts.
GISAXS data indicate slightly shorter interparticles distances within the GNP films prepared with short
AT/9DT mixtures, and longer interparticle distances for those prepared with long AT/9DT mixtures.
Chemiresistor measurements further reveal a low degree of cross-linking in films consisting of high fractions
of long AT ligands. Overall, the addition of short AT ligands maintains a high degree of cross-linking
in the film, preserving more space for closer cross-linking by the 9DT molecules and resulting in shorter
interparticle distances. Conversely, the addition of long AT ligands leads to the presence of two different
domains: one dominated mainly by the 9DT linkers and the other mainly dominated by the long AT
ligands. The MD simulation data are in agreement with the experimental results, indirectly supporting
the disruption of cross-linking and the ”two-domain” hypothesis when using high fractions of long AT
ligands. In the future, MD simulations can further assist in screening film compositions and predicting
the resulting film’s sensing performance, potentially saving time and resources.

Finally, the fourth project explores the fabrication and utilization of monolithic chemiresistor arrays.
Beside selecting GNP films based on the previous projects, three additional functionalized MT ligands
are incorporated into the sensor array. Through the cross-linking of GNPs by 9DT molecules, the resulting
films are robust enough to be patterned via deep-ultraviolet (DUV) photolithography. In this process,
poly(methyl methacrylate) (PMMA) acts as a sacrificial layer for a lift-off procedure, complementing the
LbL-SC method for deposition of GNP films. The diverse nanostructure and chemical composition arising
from different organic matrices allow the chemiresistive response amplitudes and kinetics of transient
responses to serve as features for analyte recognition. Upon normalization, some of these features are
related to the molecular size and dielectric constant of analytes, while remaining largely unaffected
by the analyte’s vapor pressure and concentration. The chemiresistor arrays are exposed to nearly 20
different volatile compounds, with the resulting features of the response transients utilized as input data
for a linear discriminant analysis (LDA). The analysis reveals the array’s capability to discriminate very
similar analytes, even when applied at different concentrations. Furthermore, the sensor array, comprising
eight different GNP films, demonstrates stable electrical properties and sensing performance two weeks
after fabrication, highlighting its robustness and ability to provide consistent and reliable results.
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Chapter 2

Zusammenfassung

In dieser Arbeit wurde die Herstellung und Anwendung von Kompositen aus organisch funktionalisierten
Goldnanopartikeln (GNPn) für die Gassensoren untersucht. Diese GNPn sind in eine organische Ma-
trix eingebettet, die typischerweise aus funktionalisierten Monothiol (MT)-Liganden und Dithiol (DT)-
Quervernetzer besteht. In dieser Arbeit wurde der Einbau von gemischten funktionalisierten MTs und
1,9-Nonandithiol (9DT) in die organische Matrix untersucht. Ziel ist es, die robusten Vernetzungseigen-
schaften von 9DT mit Layer-by-Layer (LbL)-Abscheidungsmethoden zu kombinieren und gleichzeitig die
chemische Steuerbarkeit des MT-Liganden zu nutzen.

Das erste Projekt beschreibt die Entwicklung von GNP-basierten Chemiresistoren auf flexiblen Sub-
straten unter Verwendung von Drucktechnologien. Der Herstellungsprozess umfasst zwei Hauptschritte:
das Drucken von Interdigitalelektroden (IDEn) mit Hilfe einer Dosiertechnik und die LbL-Abscheidung
von GNP-Filmen mit einer präzisen Tintenstrahldruckmaschine. Die MT-Liganden, die mit Hydroxyl-,
Carbonsäure- und Aminogruppen-funktionalisiert sind, werden mit dem 9DT-Quervernetzer gemischt.
Diese funktionalisierten MT-Liganden erhöhen die chemiresistive Sensitivität für polare Analyten, wobei
die charakteristische Antwortkinetik des Transienten als potentielles zusätzliches Merkmal dient. Darüber
hinaus zeigen die Antwortmuster für sechs verschiedenen Analytengase konsistente Ergebnisse bei zwei
verschiedenen Dampfkonzentrationen, wodurch sich die Sensoren für die Identifizierung von Analyten
eignen. Bemerkenswerterweise zeigen die GNP-Filme mit Carboxylsäure funktionalisierten MT-Liganden
eine hohe Sensitivität und Selektivität für Lewis-Base-Analyten. Dies macht diese Filme vielversprechend
für die Anwendung zur Amindetektion, insbesondere im Bereich der Lebensmittelqualitätskontrolle.

Das zweite Projekt untersucht systematisch, wie sich die Kettenlänge und der Anteil der MT-Liganden
auf die Eigenschaften der GNP-Filme auswirken. Diese Studie zeigt einen einfachen Herstellungsweg für
GNP-Filme über einen LbL-Spin-Coating-Prozess (LbL-SC). Durch Anpassung der Länge und Struk-
tur der MT-Liganden, sowie des Mischungsverhältnisses der MT- und 9DT-Molekülen, können die
Leitfähigkeit und die optischen Eigenschaften der Filme gezielt angepasst werden. Diese Anpassun-
gen resultieren in Veränderungen der Sensoreigenschaften. Im Allgemeinen erhöht die Verlängerung und
der höhere Anteil der MT-Liganden signifikant die Sensitivität des Sensor, wobei sich die resistiven
Antwortisothermen von Langmuir-Henry- zu Henry-Typ-Isothermen ändern. Elektrische, optische und
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Grazing-Incidence-Small-Angle-X-Ray-Scattering (GISAXS) Messungen verdeutlichen den Anstieg der
Sensitivität und den Wechsel des Isotherm-Typs, der auf Variationen in den Partikelabständen und der
Quellfähigkeit zurückgeführen sind. Zudem zeigen Messungen mit der Quarzkristall-Mikrowaage unter-
schiedliche Antwortmuster im Vergleich zu den Chemiresistordaten, was das Potenzial dieser GNP-Filme
mit unterschiedlichen organischen Matrixzusammensetzungen zur Herstellung eines kombinierten Sensor-
Arrays mit zwei verschiedenen Transducern aufzeigt. Dies ermöglicht eine zuverlässigere und präzisere
Identifizierung einzelner Analyten und verbessert die Sensorleistung in vielfältigen Anwendungsbereichen
der Sensorik.

Das dritte Projekt befasst sich mit Molekulardynamik (MD)-Simulationen, die von Karen Schaefer in
der Forschungsgruppe von Prof. Dr. Carmen Herrmann (Universität Hamburg, Fachbereich Chemie)
durchgeführt wurden, um GNP-Filme, die mit MT/9DT-Gemischen hergestellt wurden, auf atomarer
Ebene zu untersuchen. Zu diesem Zweck werden drei Alkanthiol (AT)-Liganden mit unterschiedlichen
Kettenlängen mit 9DT in vier verschiedenen Verhältnissen kombiniert. Auf der experimentellen Seite wur-
den GNP-Filme mithilfe des im zweiten Projekt beschriebenen LbL-SC-Verfahrens hergestellt. Um die Zu-
verlässigkeit der Daten zu gewährleisten, wurden für jede Zusammensetzung vier GNP-Filme produziert.
Wenn die Länge des hinzugefügten AT-Liganden kürzer ist als die von 9DT, nimmt die Leitfähigkeit der
Filme mit zunehmendem AT-Anteil allmählich zu und übertrifft die Leitfähigkeit reiner 9DT-Filme, was
mit den Ergebnissen des zweiten Projekts übereinstimmt. Die Bänder der lokalisierten Oberflächenplas-
monenresonanz (LSPR) liegen jedoch bei ähnlichen Wellenlängen wie die von GNP-Filmen, die mit reinem
9DT vernetzt sind. Im Gegensatz dazu nimmt die Leitfähigkeit der resultierenden Filme bei Verwendung
von AT-Liganden, die länger als 9DT sind, insbesondere bei hohen AT-Molverhältnissen ab, während
die LSPR-Bänder der GNP-Filme starke Blauverschiebungen aufweisen. Die GISAXS-Daten zeigen ger-
ingfügig kürzere Partikelabstände in GNP-Filmen, die mit kurzen AT/9DT-Gemischen hergestellt wur-
den, und längere Partikelabstände in solchen, die mit langen AT/9DT-Gemischen hergestellt wurden.
Chemiresistor Messungen zeigen zudem einen geringen Vernetzungsgrad in Filmen mit hohem Anteil an
langen AT-Liganden. Insgesamt resultiert die Zugabe kurzer AT-Liganden in einem hohen Vernetzungs-
grad im Film, sodass mehr Raum für eine engere Vernetzung durch die 9DT-Moleküle vorliegt, was zu
kürzeren Partikelabständen führt. Die Zugabe langer AT-Liganden hingegen führt zur Bildung von zwei
unterschiedlichen Domänen: eine, die hauptsächlich von 9DT-Quervernetzern dominiert wird und eine,
die hauptsächlich von den langen AT-Liganden dominiert wird. Die MD-Simulationsdaten stimmen mit
den experimentellen Ergebnissen überein und stützen indirekt die Hypothese einer Störung der Vernet-
zung und der ”Zwei-Domänen“-Bildung bei Verwendung hoher Anteile langer AT-Liganden. Zukünftig
können MD-Simulationen die Auswahl geeigneter Filmzusammensetzungen weiter unterstützen und die
Sensoreigenschaften der Filme vorhersagen, was potenziell Zeit und Ressourcen spart.

Das vierte Projekt dieser Arbeit untersucht die Herstellung und Nutzung von monolithischen
Chemiresistor-Arrays. Neben der Auswahl von GNP-Filmen basierend auf den vorhergehenden Projekten
werden drei weitere funktionalisierte MT-Liganden in das Sensor-Array integriert. Durch die Vernetzung
der GNPs mittels 9DT-Molekülen sind die Filme robust genug, um mit Hilfe von tiefer Ultraviolette-
Photolithografie strukturiert zu werden. In diesem Prozess dient Poly(methylmethacrylat) als Opfer-
schicht für ein Lift-off-Verfahren, das die LbL-SC-Methode zur Abscheidung der GNP-Filme ergänzt.
Die vielfältige Nanostruktur und chemische Zusammensetzung, die aus den verschiedenen organischen
Matrizen resultieren, ermöglichen es, die Amplituden der chemiresistiven Antwort und die Kinetik der
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transienten Antworten als Merkmale zur Analyt-Erkennung zu nutzen. Nach der Normalisierung ist
erkennbar, dass einige dieser Merkmale in Beziehung zur Molekülgröße und der Dielektrizitätskonstante
der Analyten stehen, während sie weitgehend unbeeinflusst von dem Dampfdruck und der Konzentration
der Analyte bleiben. Das Chemiresistor-Array wird nahezu 20 verschiedenen flüchtigen Verbindungen aus-
gesetzt, wobei die Merkmale, extrahiert aus den Antwort-Transienten, als Eingabedaten für eine lineare
Diskriminanzanalyse verwendet werden. Die Analyse zeigt, dass das Array in der Lage ist sehr ähnliche
Analyte zu unterscheiden, selbst bei unterschiedlichen Konzentrationen. Zudem weist das Sensor-Array,
bestehend aus acht verschiedenen GNP-Filmen, stabile elektrische Eigenschaften und Sensoreigenschaften
zwei Wochen nach der Herstellung auf, was seine Robustheit und Fähigkeit zur Bereitstellung konsistenter
und zuverlässiger Ergebnisse unterstreicht.
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Chapter 3

Introduction

Nowadays, the field of gas sensing has garnered significant interest due to its applications in non-invasive
and real-time health monitoring, medical diagnosis, environmental detection, food safety control, and
explosives detection. Over recent decades, extensive research has focused on exploring various sensing
materials, including metal oxides, polymers, metal organic frameworks, and metal nanoparticles. Among
these, gold nanoparticles (GNPs) stand out as promising sensing materials due to their unique optical
properties, biocompatibility, and high stability. Additionally, the synthesis of GNPs is well studied,
allowing precise control over their size and shape. Furthermore, the surfaces of GNPs can be easily
modified, facilitating straightforward functionalization and tuning their chemical and physical properties.

Thin films of organically capped GNPs can be prepared using either non-cross-linking ligands (e.g.,
monothiols, MTs) or cross-linkers (e.g., dithiols, DTs). These films have been extensively studied regard-
ing their distinct optical[3–6], electrical[7–9], and mechanical[10–12] properties, which can be finely tuned
by adjusting the composition of their organic matrix. The first GNP-based chemiresistors were demon-
strated by Wohltjen and Snow in 1998, exhibiting sensitivity to volatile organic compounds (VOCs)
through a resistance increase triggered by sorption-induced swelling of the organic matrix.[13] This
swelling of the organic matrix leads to an increase in tunneling distances between neighboring GNPs.[14]
Besides their high sensitivity towards analyte vapors, these sensors offer rapid response/recovery times,
room temperature operation, low power consumption, and they can be miniaturized and integrated.
Moreover, their chemical selectivity can be tuned by surface functionalization with a wide range of com-
mercially available ligand and linker molecules.

Thin films of MT ligands-stabilized GNPs are widely used due to their chemical versatility and flexibility
in the resulting organic matrix. These films show distinct responses to various analyte vapors with
high sensitivity, and can be fabricated using diverse methods such as drop-casting, spray-coating, spin-
coating, and so on. However, the surface functionalization of GNPs often involves laborious handling of
colloidal solutions, as it is usually the case during GNP synthesis or during the ligand exchange after
GNP synthesis.

In contrast, films prepared with DT cross-linkers allow for in situ ligand exchange during the deposition of
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GNP films.[15, 16] By using different structures[17, 18] and chemically functionalized linkers[19–21], the
physical properties and sensing characteristics of the resulting films can easily be tuned. Moreover, the
cross-linked network provides stability to the films[22], enabling post-fabrication steps such as lithographic
patterning and further functionalization[23]. However, despite their advantages, commercially available
cross-linkers are much less versatile compared to MT ligands, which potentially limits the selectivity-
tuning of the resulting GNP films. In addition, a high degree of cross-linking in GNP films also leads to
a low amplitude of sensor responses.[22]

Recent research efforts have explored hybrid approaches, combining MT ligands and cross-linkers to lever-
age the benefits of both components, which also enable a straightforward film fabrication process.[24, 25]
Particularly, Ketelsen et al. demonstrated that MT ligands terminated with various functional groups can
modify the sensor’s chemical selectivity. Additionally, mixing MT and DT molecules in different ratios
results in GNP films with varying response characteristics.[24] Such semi-selective sensors, when inte-
grated into arrays and combined with multivariate data analysis methods, hold promise for a wide range
of applications. Previous studies have shown that features extracted from the responses of these arrays
together with multivariate data analysis methods allow for the non-invasive diagnosis of various diseases
through the detection of volatile compounds in breath and body fluids[26, 27], including Alzheimer’s
and Parkinson’s disease[28], ovarian carcinoma[29], lung cancer[30–33], and COVID-19[34]. Furthermore,
GNP chemiresistor arrays are effective for the detection and classification of bacteria[35], explosives[36,
37], food products[38, 39], and solvent vapors[18, 24, 25]. Although the maximum response amplitude is
commonly used as input data for discriminant analyses, it captures only a single point in time and over-
looks the dynamics of transient responses. This limitation may lead to poor discrimination and imprecise
classification. Some studies have shown that the dynamics of the transient responses are influenced by
the nanostructures of GNP films.[18, 25, 40] For instance, Schlicke et al. demonstrated significant im-
provements by including kinetic response features to discriminate ten different volatile compounds at
varying concentrations.[18]

However, the optimal selection of ligands for specific applications often requires extensive screening tests,
which is time-consuming and labor-intensive. Hubble et al. screened 132 different MT ligands to detect
aryl compounds in water. Finally, only 8 out of 132 functionalized MT ligands were selected for a further
use in sensor array.[41] To simplify this ligand-selection process, molecular dynamics (MD) simulations
offer a promising approach. For instance, GNPs are widely used as strain sensors, and Yeh et al. employed
MD simulations to model assemblies of cross-linked GNPs, successfully reproducing their mechanical
properties in accordance with experimental data.[42] Schaefer et al. developed a model to investigate
the nanostructures of assemblies of cross-linked and non-cross-linked GNPs, with the simulation model
accurately estimating interparticle distances and charge transport properties consistent with experimental
results.[1] By providing insights into the atomic-level behavior of GNP assemblies, MD simulations offer
a deeper understanding of their nanostructures and sensing behavior. This could potentially facilitate the
design of GNP-based sensors with significantly improved performance tailored to specific applications.

The aim of this work is the development of GNP-based sensors and sensor arrays using a mixed lig-
and/linker system. Eco-friendly fabrication methods such as LbL inkjet printing and layer-by-layer spin-
coating (LbL-SC) are employed to fabricate GNP chemiresistors with tunable chemical selectivity. The
research covers comprehensive investigations into interparticle distances and sensing performances influ-
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enced by the added MT ligands’ structures and chemical properties. Experimental techniques including
current voltage (I-V), UV/vis, GISAXS, chemiresistor, and quartz crystal microbalance (QCM) measure-
ments are conducted. Based on findings obtained from experiments and MD simulations, selected GNP
films are integrated as monolithic arrays and exposed to various volatile compounds to explore potential
applications.
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Chapter 4

Objectives

Gold nanoparticle (GNP) composites with an organic matrix are promising candidates for applications
as chemiresistors due to their electrical properties, which are based on a thermally activated tunneling
mechanism. The organic matrix surrounding the GNPs sorbs the target analtyes from the gas phase,
causing swelling and a change in the dielectric properties of the charge transport environment. This can
be detected as an electrical signal. The chemical selectivity strongly depends on the nature of the organic
matrix’s composition. Monothiols (MTs) tailored with different types of functional groups are commonly
used for chemical selectivity-tuning. On the other hand, cross-linker molecules, such as dithiols (DTs),
enable the formation of a robust network by cross-linking the GNPs and, thereby, enable layer-by-layer
(LbL) film deposition procedures involving in situ ligand exchange. 1,9-Nonanedithiol (9DT) molecules
have been widely used as the cross-linker. Their flexible alkyl chain leads to good vapor sensitivity and
their thiol-bifunctional ends enable the formation of robust GNP films.

The aim of this thesis was to produce an array of GNP sensors, which exhibit a broad variety of signal
responses, utilizing cost-effective and time-saving fabrication approaches. To combine the advantages
of both, MT ligands and DT cross-linkers, this thesis employs the mixed ligand/linker strategy, where
9DT serves as the standard the cross-linker, facilitating the LbL deposition process. Additionally, MTs
functionalized with methyl, hydroxyl, carboxylic acid, amine, and nitro groups are used to deliberately
adjust the chemical selectivity toward target vapors. Figure 4.1 provides an overview of the projects
presented in this thesis.

1. The first project in this thesis aims at the fabrication of flexible chemiresistors using different
printing technologies. The interdigitated electrodes (IDEs) are produced using a dispenser robot.
A colloidal batch of 1-dodecylamine-stabilized GNPs is used as the GNP ink. MTs with different
functional groups, structures, and lengths are mixed with 9DT cross-linker molecules and used as
the organic inks. The LbL deposition of GNP films is carried out using a precise inkjet printer.
The resulting GNP films are expected to exhibit characteristic responses towards various volatile
organic compounds (VOCs) and humidity.

2. The second project builds on the successful achievement of the mixed ligand/linker strategy, which
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enables the fabrication of chemiresistors with characteristic responses to different VOCs and humid-
ity. To further advance these findings, a more comprehensive systematic investigation is conducted
to understand how the length and molar ratio of MTs impact on the GNP films’ optical and electri-
cal properties, their chemiresistive responses, as well as their sorption behavior. In this project, all
GNP films are fabricated using a LbL spin-coating (SC) procedure. The optimal MT/9DT mixing
ratios and the appropriate lengths of applied MTs are explored to improve both sensitivity and
selectivity of the resulting sensors.

3. Based on the findings from the systematic investigation of GNP films prepared using ligand/linker
mixtures, the third project is conducted as a collaboration between our research group and Prof.
Dr. Carmen Herrmann’s group. Karen Schaefer from the Herrmann’s group developed a molecular
dynamics (MD) simulation model. This model consists of a sandwich structure, where MT and
DT molecules are intercalated between two Au(111) surfaces. This MD simulation model aims
to explain the conformation of the organic molecules within the organic matrix as well as the
distance between two gold surfaces of the system. According to the second project, the different
lengths and molar fractions of MTs mixed with DT molecules result in changes of their respective
GNP films’ optical, electrical, and chemiresistive properties. On the other hand, the experimental
part was performed by the author to further validate the findings of the second project. For each
ligand/linker composition, four GNP films were fabricated via the LbL-SC procedure with MT
molar fractions adjusted between 50% to 90%. The electrical, optical, and sensing properties of
these films were investigated. Additionally, some of the selected GNP films were characterized using
grazing incidence small angle X-ray scattering (GISAXS) measurements by Dr. Andreas Meyer to
evaluate the interparticle distances of the GNPs in the films. These experimental data were then
compared with the MD simulation data to gain a more comprehensive understanding of how the
length and fraction of the added MT ligands affect the film’s properties.

4. The last project focuses on sensor arrays combined with a supervised learning algorithm. GNP films
prepared with selected mixtures of MT/DT are fabricated via the same facile LbL-SC procedure
used in the second project, followed by deep UV lithographic patterning of the GNP films. Two
monolithic sensor arrays composed of 4 and 8 different types of GNP-based chemiresistors are
fabricated and exposed to various analytes vapors. Linear discriminant analysis (LDA) is employed
for the classification of analyte vapors. Finally, the LDA prediction algorithm is used to identify
unknown analyte vapors at unknown concentrations.
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Figure 4.1: Graphic table of contents as an overview of the projects presented in this thesis.
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Chapter 5

Theoretical Background

5.1 Gold Nanoparticle

5.1.1 Optical Properties of Gold Nanoparticles

Gold nanoparticles (GNPs) have a long history of utilization, dating back to ancient times, due to their
remarkable optical properties. The earliest known applications of GNPs include their use in stained glass
during the Roman period. Notably, artifacts like the Lycurgus Cup, dating back to the 4th century A.D.,
exemplify the intriguing optical effects achieved with GNPs. This cup, manufactured with gold-silver
nanocrystals embedded in glass, exhibits a unique color-change phenomenon, where transmitted light
appears red, while reflected light appears green. The dispersion of nanocrystals throughout the glass
matrix is responsible for this remarkable optical property.[43, 44] In subsequent centuries, nanoparticles
found application in pottery, where colloidal nanoparticle glazes were applied as decorations on ceramics.
However, the systematic scientific evaluation of colloidal nanoparticles began in the mid-19th century
when Michael Faraday accidentally produced a red solution containing GNPs in 1850.[45] Faraday’s
subsequent experiments with phosphorus as a reducing agent for AuCl4- further highlighted the intriguing
optical properties of GNPs. This colloidal GNP solution maintained its optical properties for a long
period. The discovery that the particle size governs the optical performance of GNPs, marked a significant
milestone in the field of colloid science.

Since the 20th century, significant advancements have been made in the synthesis of stable GNPs using
various wet-chemical routes in aqueous media.[46, 47] These methods have provided researchers with pre-
cise control over the size, shape, and stability of GNPs, thereby laying the foundation for their widespread
use in modern scientific research and technological applications. The detailed synthesis methods for GNPs
will be discussed in the following subsection, Section 5.1.2.

Typically, GNP colloids present a ruby red color, in contrast to bulk gold, which shines golden. This
distinct red-color of GNPs is attributed to the so-called localized surface plasmon resonance (LSPR)
effect. Figure 5.1 schematically illustrates the LSPR effect, a key optical phenomenon exhibited by
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Figure 5.1: Schematic illustration of the LSPR effect. The electron cloud of the particle oscillates with the
electric field (E-field) of the incident light.

GNPs. When light propagates through a colloidal particle, the oscillating electric field induces the free
electron cloud of the particle to oscillate along with the incident electromagnetic wave. The oscillation
causes electron displacement and polarization with a resonant frequency. When the resonant frequency
matches the wavelength of the incident light, strong absorption of the incident light is observed. The
energy level of d-d transitions in GNPs causes the LSPR to occur within the visible light spectrum.

Richard Zsigmondy was one of the pioneers, who observed light scattering by GNPs and proved their
presence in the Purple of Cassius using an ”ultramicroscope” instrument.[48, 49] At about the same
time, Gustav Mie proposed the Mie theory, which describes the scattering of light by spherical particles
through the solution of Maxwell’s equations. This theory is often used to model and understand the
optical properties of spherical particles where LSPR may occur. For small particles, specially those much
smaller than the wavelength of the incident light, the Mie theory can be simplified using the dipolar
approximation.[50–54] As shown in Figure 5.1, if the particle is much smaller than the wavelength of
incident light, the electric field is almost constant over the dimension of the particle.

The extinction coefficient, as shown in Equation 5.1[51, 54], is a crucial parameter related to the LSPR
effect. It is influenced by various factors such as the volume of the particle (V m), the wavelength
of incident light (λ), the dielectric constant of the surrounding medium (ϵm), and the real (ϵRe) and
imaginary (ϵIm) parts of the dielectric function of the metal nanoparticle.

ϵ(M-1 · cm-1) = 18π · V m · 104

2.303 · λ
· ϵm

3/2 · ϵIm(λ)
(ϵRe(λ) + 2 · ϵm)2 + ϵIm(λ)2 (5.1)

In contrast to isolated particles, densely packed GNPs, such as those found in thin GNP films, exhibit
unique optical properties, which are described by theories like the Maxwell-Garnett theory.[55, 56] In
such films, interactions between adjacent particles lead to the observation of plasmon coupling. This
interaction results in a redshift of the plasmon band, and the extent of this redshift varies depending
on the interparticle distances. For example, Ung et al. deposited GNP films with varying lengths of
ligands and different thicknesses of silica shells encapsulating the GNPs. They observed differently strong
redshifts in their experiments, which aligns well with predictions from the Maxwell-Garnett theory.[57]
Furthermore, the color of resulting GNP colloids or films is highly dependent on factors such as particle
size, shape, concentration, and the medium surrounding the GNPs. By exploiting these properties, GNPs
can be modified to exhibit specific optical responses to analytes, making them valuable tools for detecting
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and quantifying various substances in a range of fields, including biomedical diagnostics, environmental
monitoring, and chemical analysis.

5.1.2 Synthesis of Gold Nanoparticles

The synthesis of GNPs has been a subject of extensive research since Michael Faraday’s systematic
demonstration in 1857, when he synthesized GNPs in an aqueous medium using a phosphorus-based
reducing agent.[45] Since Faraday’s pioneering work, researchers have pursued various methods to achieve
precise control over the size, shape, and a narrow size distribution of synthesized GNPs by using different
capping agents, reducing agents, Au precursors, and reaction conditions.

One of the most prominent synthesis methods was introduced by Turkevich et al. in 1951.[46] This
method, although slightly modified over time, is still utilized in some recent researches. In this approach,
sodium citrate serves as both a stabilizer and reducing agent. Gold salts are dissolved in heated water,
and sodium citrate is added to induce the formation of GNPs. The resulting GNPs typically have a
diameter of around 20 nm with a relatively narrow size distribution. However, achieving batch-to-batch
reproducibility has remained a challenge. About twenty years later, Frens conducted a more systematic
study using a modified Turkevich method with a higher concentration of sodium citrate.[58] In this study,
the size of the GNPs was controlled by adjusting the amount of the added citrate solution, resulting in
particle diameters ranging from 16 to 147 nm. Subsequent developments in the Turkevich method led
to variations such as the inverse Turkevich method, which offers better pH control during synthesis, and
facilitates faster nucleation and homogeneous growth.[59, 60]

In the early 1990s, Brust and Schiffrin described another synthesis method that enables the rapid pro-
duction of highly stable GNPs in an organic phase.[47] This breakthrough synthesis, known as the Brust-
Schiffrin method, produces spherical GNPs with controlled sizes and surface functionalizations. The
method involves a two-phase one-pot synthesis, where HAuCl4 is transferred from an aqueous phase
to an organic phase (e.g., toluene) with the assistance of tetraoctylammonium bromide (TOAB) as a
phase-transfer agent. Alkanethiol (AT) molecules serve as stabilizing agent to prevent aggregation and
maintain dispersion stability of the GNPs. Following the transfer of the gold salts into the organic phase
and the addition of the AT capping ligands, sodium borohydride acts as reducing agent to form GNPs
with a core diameter typically ranging from 1 to 3 nm.

Later, Leff et al. reported another two-phase synthesis route derived from the Brust-Schiffrin protocol,
where 1-dodecylamine (12A) replaces 1-dodecanethiol (12T) as the stabilizing agent in the reaction.[61]
The resulting GNPs have sizes ranging from 2.5 to 7 nm with a more controllable size distribution. The
use of amine ligands opens up more possibilities for subsequent GNP-surface functionalization, due to the
weaker N-Au covalent bond compared to the S-Au bond. These advancements in synthetic methods have
greatly expanded the range of techniques that can be used to produce GNPs with tunable properties for
a variety of applications.

Another modified Brust-Schiffrin method was reported by Zheng et al.[62], with a simplified one-
phase and one-step synthesis, where the gold precursor, stabilizing agent, and reducing agent are
all dissolved homogeneously in nonpolar solvents. Following the protocol, the gold precursor,
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chloro(triphenylphosphine)gold(I) (AuPPh3Cl) is reduced by tert-butylamine borane (TBAB). Unlike
the Brust-Schiffrin method, which employs TOAB as the reducing agent, the amine-borane complex used
in Zheng’s method is weaker, resulting in a slower reduction rate of gold cations. This slower reduction
rate leads to a narrower size distribution of synthesized GNPs. Similarly, Peng et al. demonstrated
another one-phase and one-step synthesis method. In this method, HAuCl4 serves as the gold precursor,
stabilized by oleylamine, and is then reduced by TBAB. Moreover, tetralin is employed as the solvent.
The resulting GNPs have core diameters ranging from 2.5 to 10 nm with a narrow size distribution, where
the size of GNPs is modulated by the reaction temperature. Lower reaction temperatures result in larger
GNPs. In our research group, we adapted a modified version of Peng’s synthesis with slight adjustments
to obtain GNPs with an average core diameter ranging from 5 to 8 nm.[18, 24] In this modified approach,
12A and n-hexane were used as the stabilizing agent and solvent, respectively, instead of oleylamine and
tetralin. Interestingly, unlike the original Peng synthesis, the GNPs grew slightly larger at higher reaction
temperatures. The syntheses conducted in this thesis at room temperature resulted in particles with an
average core diameter of approximately 6 nm. However, raising the reaction temperature to around 32 °C
led to an increase in the core diameter of the GNPs to roughly 7.5 nm.

The choice of the solvent in the wet-chemical synthesis may significantly influence the formation of
nanoparticles, such as their temperature-dependent size evolution. Different solvents have different di-
electric constants, viscosity, and solvation ability. Moreover, the use of different stabilizing agents may
also result in different nucleation and growth mechanisms. In the original Peng synthesis, the higher
temperature may increase the solubility of reactants, promoting the formation of smaller nanoparticles.
Meanwhile, in the modified Peng synthesis, the higher temperature potentially results in increasing rates
of nucleation and particle growth. This difference underlines the importance of reaction conditions in
controlling the GNP size and morphology.

5.1.3 Gold Nanoparticle Composite Films

With the increasing interest in GNPs, numerous relevant application fields have emerged, including drug
delivery[63], diagnostics[64], catalysts[65], probes[66, 67], electronics[68], and sensors[13, 69, 70]. This
work particularly focuses on the application of GNP-based sensors. GNPs have the ability to self-assemble
into ordered structures to varying degrees. Figure 5.2 illustrates two exemplary arrangements of GNPs
using colloids of 12T capped GNPs. In Figure 5.2a, a thin film prepared by Olichwer et al.[14] via
the drop-casting is shown. Van der Waals interactions between the long alkyl chains of 12T molecules
promote a highly ordered arrangement of GNPs, known as a superlattice structure. Similarly, Huang’s
group also proposed the formation of long-range ordered self-assembled GNPs via the Langmuir-Blodgett
method, cf. Figure 5.2b.[71] By adjusting parameters such as surface pressure during the Langmuir-
Blodgett procedure, the voids and defects within the GNP film can be significantly reduced, resulting in
a long-range ordered GNP assembly. Both of these examples of GNP assemblies are highly ordered, and
their resulting GNP films are a few nanometers to tens of nanometers thick. In addition, even thicker
GNP films are also of great interest, particularly for sensing applications. In 1998, Wohltjen and Snow
reported the first chemiresistor based on organically capped GNP assemblies (with films hundreds of
nanometers thick)[13], which sparked a rapid increase in related studies.
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Figure 5.2: SEM images of two types of GNP assemblies. a) A colloidal solution of 1-dodecanethiol (12T) capped
GNPs with an average core diameter of 3.7 nm was drop-casted on a silicon wafer. Reprinted with permission
from Ref. [14]. ©2016 Royal Society of Chemistry. b) 12T capped GNPs with an average core diameter of 8.5
nm were deposited onto a hydrophobic hexamethyldisilazane modified silicon substrate via a Langmuir-Blodgett
method. Reprinted with permission from Ref. [71]. ©2004 American Chemical Society.

For the applications of chemiresistors, 2-dimensional (2D) and 3-dimensional (3D) assemblies of organ-
ically capped GNPs or GNP films can be generated with different organic non-cross-linking ligands or
cross-linker molecules through different fabrication approaches. Currently, three major approaches are
applied for the fabrication of GNP-based chemiresistors with tunable selectivity, as illustrated in Figure
5.3.

Following Route A, multiple GNP syntheses are conducted in the presence of various ligands.[34, 72–75]
Thus, the surface functionalization of GNPs occurs in situ during the formation of the GNPs. Given
that the solubility and colloidal stability of the GNPs are determined by their surface functionalization,
selecting appropriate solvents and adjusting reaction conditions for each type of ligand are crucial. How-
ever, due to the use of different ligands, the resulting GNP sizes vary from batch to batch. For example,
Lu’s group demonstrated GNP-based sensors with four kinds of terminal-functionalized thiol ligands.
The GNPs were synthesized in the presence of the different ligands resulting in core diameters ranging
between 2.5 to 3.7 nm.[74] After purification, the GNPs are deposited onto substrates. However, prior to
sensor fabrication, each batch of GNP dispersion requires individual purification to eliminate excess lig-
ands and reaction by-products. Consequently, preparing GNP-based chemiresistor arrays through Route
A is laborious and requires substantial use of chemicals and solvents.

In comparison to Route A, Route B simplifies the procedure[39, 76]. In Route B, the same GNP batch is
used to prepare all chemiresistors, avoiding variations in GNP size of different batches. To modulate the
chemical selectivity, the GNP surface is initially coordinated with weakly binding ligands, such as amines.
Due to the weak bonding between amine ligands and GNP surface, these ligands can be exchanged for
functionalized ligands of interest, which bind more strongly to the GNP surface. Similar to Route A,
adjustments of conditions for ligand-exchange reactions and selection of appropriate solvents for each
ligand-exchange system are necessary. These steps ensure the colloidal stability of the resulting GNPs
before their deposition as thin films. Furthermore, individual purification steps for different GNP batches
are essential to remove excess ligands. Afterwards, the GNPs are deposited onto substrates via similar
approaches as Route A. Therefore, while Route B simplifies the procedure, its advantages over Route A
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Figure 5.3: Different approaches to deposit GNP films as resistive transducing elements in chemical sensors.
Routes A and B involve the preparation of GNPs in the liquid phase with different ligand shells to fine-tune
the sensor’s chemical selectivity before depositing the particles onto a suitable substrate. In Route C, surface
modification of the GNPs and film preparation occur simultaneously through cross-linking the GNPs with various
pure linker or ligand/linker mixtures. Reprinted with permission from Ref. [2]. ©2024 The Authors. Advanced
Materials Interfaces published by Wiley-VCH GmbH.
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are limited.

Route C involves the fabrication of GNP films using the same GNP stock solution as in Route B. However,
in contrast, surface modification of GNPs and film deposition occur simultaneously through the formation
of a cross-linked network of GNPs using different cross-linker molecules or ligand/linker mixtures.[15, 18,
20, 21, 24, 25, 31, 77–79] Consequently, the structure and chemical nature of the applied cross-linker
and functionalized ligand molecules dominate the chemical selectivity of resulting GNP chemiresistors.
The cross-linked network provides robustness to the GNP assembly, allowing for washing with arbitrary
solvents and patterning the GNP film using lithographic methods.[23] Furthermore, this robustness also
enables post-preparative tuning of the selectivity through a solid-state ligand/linker exchange.[23]

In summary, Routes A and B involve intricate handling of GNP colloidal batches to produce diverse
surface-modified GNPs for film fabrication. Conversely, Route C streamlines the process by forming
GNP films as a cross-linked network of GNPs without the need for a pre-surface-modification of the
GNPs. These fabricated films can easily be washed with any solvent and re-functionalized as needed.
Furthermore, cross-linking enhances the mechanical properties and durability of the film. Additionally,
cross-linking can reduce baseline drifts associated with electromigration of non-cross-linked GNPs.[13]

Presently, Routes A and B are widely employed for the fabrication of GNP chemiresistors, while Route
C is less commonly used, despite its potential advantages. Several variations of Route C have been
reported. For example, Zhong and co-workers introduced a one-step exchange-cross-linking-precipitation
method.[25, 32, 78] In another study, Mol’s group advanced a preparation process reported by Martin et
al.[80], where GNPs in aqueous solution were first partially covered with different thiol ligands dissolved
in a mixed solvent of n-hexane and chloroform. By adding ethanol into the solution, the GNPs were
destabilised and migrated toward the water–organic interface, where their surfaces were partially coated
by the thiol ligand. Simultaneously, GNPs assembled at the water–air interface forming a thin layer.[77]
In a different experiment, Zamborini et al. used GNPs with mixed ligand shells comprising AT and ω-
mercaptocarboxylic acid molecules to fabricate chemiresistors.[81] Following a layer-by-layer self-assembly
(LbL-SA) approach, the terminal carboxylic acid groups complexed with Cu2+ ions form cross-linking
bridges between adjacent GNPs. Further, vapor phase thiol place-exchange reactions were applied to
produce differently functionalized GNP films, which were then used to fabricate chemiresistor arrays, as
reported by Yang et al.[82]. Adapting Bethell et al.’s LbL-SA method[83], chemiresistors were fabricated
by cross-linking amine-stabilized GNPs. The stabilizing amine ligands were replaced by a variety of
dithiols (DTs)[16] and dendrimers[15–17, 20, 21, 84]. The LbL-SA process generally involves multiple
assembly and washing steps. Therefore, the more economic and efficient layer-by-layer spin-coating (LbL-
SC) method[18, 23, 85] was proposed to simplify the laborious LbL-SA process. Additionally, the LbL-
SC approach is compatible with industrial fabrication routines, including standard photolithographic
patterning[23]. Another simple LbL deposition method is LbL inkjet printing, where the GNP-based
chemiresistors’ chemical selectivity can be tuned with functionalized ligand and cross-linker molecules.[24]

In the three discussed fabrication routes, Routes A and B typically utilize non-cross-linking and terminal-
functionalized ligands (e.g., monothiols (MTs), amines), while Route C applies cross-linking molecules
(e.g., DTs, disulfides). Commercially available functionalized ligands, with their diverse molecular struc-
tures, lengths, and functional groups, are preferably used as they enable a straightforward tuning of
the chemical selectivity. For instance, Haick’s group developed a GNP chemiresistor array using various
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lengths of straight and branched ATs, as well as functionalized MTs. This chemiresistor array enabled
the diagnosis of lung cancer[32] and the detection of COVID-19[34]. Similarly, Willis’ group employed
commercially available functionalized MTs and amines for the fabrication of a chemiresistor array. Such
sensor array successfully classified tea aromas[39], and detected explosives[37]. The selection of commer-
cially available ligands for sensor preparation is more diverse than that of cross-linkers. Additionally,
non-cross-linked GNP-based chemiresistors generally exhibit higher sensitivity than their cross-linked
counterparts, attributed to the reduced swelling ability of cross-linked GNP films during analyte sorp-
tion.[14, 16, 22] Non-cross-linking ligands provide a broad diversity of functional groups for easy selectivity
tuning and high sensitivity, while cross-linking molecules offer high stability of resulting GNP films and
a straightforward fabrication route (Route C).

To complement the benefits of both non-cross-linking ligand and linker molecules, a mixed ligand/linker
system may be effective. Few early studies on mixed ligand systems were reported. Zamborini et al.
deliberately mixed different lengths of ATs and ω-mercaptocarboxylic acids. Different combinations of
non-cross-linking and cross-linking molecules resulted in changes in the microstructures and the electron
tunneling pathways within the organic matrix, leading to distinct swelling behavior in the resulting GNP
assemblies.[81] Chow et al. described GNP films with tunable chemical selectivity using a mixture of 1-
hexanethiol (6T) (with nonpolar tail) and 4-mercaptophenol (4MPO) (with polar functional group).[86]
Three different ratios of 6T mixed with 4MPO were embedded into the organic matrices, impacting their
hydrophilic-lipophilic balance, which also influenced the vapor sensing selectivity. Additionally, the ligand
shell packing density can be modified by using a mixture of two types of MTs. Lu’s group combined
1-octanethiol (8T) and 4-tert-butylbenzenethiol (4TBT) molecules, resulting in a looser ligand shell
structure and slightly larger initial interparticle distance compared to a pure 8T ligand shell-coated GNP
film, enhancing chemiresistive sensitivity.[87] In a recent development, our research group successfully
fabricated GNP-based chemiresistors using the cross-linker 1,9-nonanedithiol (9DT) in combination with
various functionalized MTs.[24] The cross-linker facilitated the layer-by-layer deposition of GNPs, while
the incorporation of functionalized MTs resulted in versatile chemiresistive response patterns. This
achievement with a mixed ligand/linker system demonstrates the potential to advance the field of GNP-
based sensors.

In the previous paragraphs, a brief introduction to the three main fabrication routes and the application of
ligands, linkers, and a mixed ligand/linker system was described. Generally, GNP films can be fabricated
via various deposition methods onto the desired substrates. Some of the most common methods are
spray-coating[13, 74], drop-casting[32, 37, 39, 88], Langmuir-Blodgett[71], LbL-SA[16, 17, 20, 81, 89],
LbL-SC[18, 23, 85], and inkjet printing[24, 72, 90]. This work focuses on developing the facile fabrication
of GNP-based sensors via Route C using a mixed ligand/linker system.

In the first part of this study, the LbL inkjet printing approach was applied. Inkjet printers fall into
two main categories: continuous inkjet (CIJ) and drop-on-demand (DOD). In the early 1950s, CIJ was
introduced to the market and remains popular up to date.[91] The concept of DOD was later introduced,
allowing the controlled deposition of a single droplet onto a specific substrate location. DOD printers
hold the advantages of reducing the use of ink and providing more precise deposition. DOD printers use
either piezoelectric or thermal actuators.[92] Most consumer inkjet printers typically use thermal DOD
printing, where heating elements on the printhead rapidly vaporize the ink in the chamber, forming a
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bubble. Then, the increasing pressure in the chamber propels a droplet onto a substrate. Alternatively,
a piezo-driven element deforms when voltage is applied, changing the volume of the ink chamber, and
ejecting a droplet through the nozzle. The applied voltage pulse influences the droplet characteristics
during the printing process.[92, 93] Figure 5.4 schematically illustrates unipolar pulse and bipolar pulse
waveforms. A trapezoidal unipolar pulse waveform has three phases—rise time (trise), dwell time (tdwell),
and fall time (tfall). A bipolar pulse waveform consists of a double trapezoidal waveform: a positive
phase (highest voltage point: V1) and a negative one (lowest voltage point: V2). A positive trapezoidal
pulse enables the jetting of a droplet efficiently, however, it generates residual vibrations. To dampen
any of these residual vibrations, a positive pulse is followed by a negative trapezoidal pulse, as shown
in Figure 5.4b.[94, 95] The parameters, such as applied voltages (V1 and V2) and jetting pulse periods
(trise, tdwell, tfall, techo, and tfinalrise), must be carefully adjusted for reliable printing conditions. In this
work, the GNP films were fabricated using a MicroFab inkjet printer with a bipolar pulse waveform.
Further details on adjusted printing parameters and results will be presented in the Experimental Part
and Results and Discussion chapters.

Figure 5.4: Schematic diagrams show a) a unipolar pulse waveform, and b) a bipolar pulse waveform. Reprinted
with permission from Ref. [95]. ©2015 Elsevier.

In addition to inkjet printing, the LbL-SC approach was employed to prepare GNP films, which was
well-established in 2011 by our research group.[85] In this approach, colloidal amine-stabilized GNPs and
cross-linker (e.g., DTs) solutions are alternately deposited onto rotating substrates. The amine molecules
used to stabilize the GNPs are rapidly replaced by the DT molecules. Each deposition cycle involves one
droplet of GNP colloid and two droplets of linker solution. The thickness of the resulting GNP films is
determined by the number of deposition cycles. To ensure compatibility with the LbL-SC method, we
selected 9DT as the standard cross-linker for the mixed ligand/linker system used in this work. This
choice allowed for effective LbL deposition.
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5.2 Electrical Properties

Electrical conductivity is a crucial property of metals that finds application across various fields. Bulk
metals are known for their high conductivity, a characteristic that can be explained by two prominent
models: ”electron sea model” and ”molecular orbital (MO) and band theory”. In 1900, Drude first
proposed a simple model, explaining the electron transport in the solid state of metals.[96, 97] This
model was further developed by Lorentz as the Drude-Lorentz model, or a more well-known name, the
electron sea model.[98] In bulk metals, numerous atoms arrange themselves into a crystal-lattice structure,
and their valence electrons are delocalized, creating a sea of electrons. Moreover, these electrons move
freely across the metal lattice, obeying the Maxwell-Boltzmann distribution of velocities. Another model
is the MO and band theory, which is rooted in chemical bonding models. The neighboring atomic orbitals
(AOs) overlap with each other, forming MOs with discrete energies. In bulk metals, the large number of
atoms results in an infinite number of overlapped AOs, generating a continuum of MOs. Consequently,
the energy gap between these orbitals becomes negligible, forming a continuous band. However, with
increasing temperature, the atoms in the lattice vibrate, which restricts the movement of free valence
electrons, causing a decrease in electrical conductivity.[99]

Unlike bulk metals, the electrical properties of metals at the nanometer scale undergo changes due to
quantum confinement effects. When the dimensions of a metal are reduced to the nanoscale, the finite
number of atoms results in a breakdown of the band structure into discrete energy levels.[100] Granular
metals, composite materials composed of both metals and insulators, exhibit non-metallic behavior in
their electrical properties. The electrical conductivity increases with increasing temperature. Neugebauer
and Webb proposed a model to describe the charge transport in such granular metals.[101] In the exper-
iments, thin metal films were evaporated onto glass substrates, forming multiple metal islands (several
tens of Ångstroms) separated by small distances. The charge transport process involves two key steps: i)
creation of thermally activated charge carriers, where electrons are transferred between initially neutral
particles (resulting in the formation of charged particles), and ii) drifting of charge carriers in the pres-
ence of an electric field, leading to electron transfer between charged and neutral particles. Experimental
data confirmed a linear correlation between the logarithm of conductivity and the reciprocal tempera-
ture (T −1), following Arrhenius behavior. The fabricated thin films also displayed ohmic behavior while
applying low bias voltage. Conclusively, the authors suggested a thermally activated tunneling mecha-
nism within these granular materials, taking into account Coulomb charging energy of the particles. (cf.
Equation 5.2)

σ = σ∗
0e− E∗

a
kT (5.2)

Here, σ∗
0 is a pre-exponential factor, E∗

a is the thermal activation energy, k is the Boltzmann constant,
and T is the absolute temperature in Kelvin. Several subsequent studies evidenced such Arrhenius-type
model, showing a temperature dependent electrical conductivity ln σ ∝ T −1 in metal composites.[102–
106] However, other studies demonstrated a deviation from this inverse temperature relationship. Instead,
a linear correlation between T − 1

2 and the logarithm of conductivity was observed.[107, 108]

For sensor applications, assemblies of organically capped GNPs are of particular interest. The charge
transport in such granular materials can be described by a model proposed by Terrill et al., which is
based on previously established charge transport models. This model accounts for thermally activated
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charge tunneling processes according to the following Equation 5.3.[105, 109]

σ = σ0e−βδe− Ea
kT (5.3)

Here, σ0 is a pre-exponential factor, β is the tunneling decay constant, δ is the edge-to-edge distance
between neighboring GNPs, and Ea is the activation energy.

The first term of the equation describes the tunneling process. From a quantum mechanical perspective,
in a metal-insulator-metal junction, the potential barrier (insulator) has a finite height, which is much
smaller than the typical barrier height. The typical barrier height is effected by the work function of the
metal and the properties of the insulator. For gold, the work function is approximately 5.1 eV.[7, 110]
Therefore, electrons can tunnel through the barrier. The probability of electron tunneling through the
barrier can be expressed by the transmission probability, |T |2.

|T |2 ≈ e−2KL (5.4)

Here, K is the tunneling decay constant, and L is the thickness of the barrier. The decay constant K

depends on the height of the barrier (Ū), as shown in Equation 5.5.

K =
√

2mŪ

ℏ
(5.5)

Here, m is the mass of the electron and ℏ is the Planck’s constant. Using Fermi’s golden rule, the net rate
of electron tunneling from one electrode to another can be calculated and translated into a net tunneling
current I flowing from one electrode to the other.[7]

When considering the organic matrix capped GNP assemblies, the organic matrix consists of ligand or
linker molecules (e.g., MTs or DTs) and acts as an electrical barrier. Compared to the previously men-
tioned tunneling process, such metal nanoparticle (MNP)-organic matrix-MNP configurations vary the
effective potential barrier height. This is based on the alignment of the Fermi-level of the MNPs with the
applied ligand or linker molecule’s highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). Within the ligand or linker molecule, the electrons tunnel through a su-
perexchange pathway provided by the side orbitals.[7, 111] The tunneling efficiency shows an exponential
dependence on the length of the molecules.[112] Similarly, Wuelfing et al. reported that GNP assemblies
show an exponential dependence of electrical conductivity on the chain-length of the ligand molecules
within GNP assemblies.[106] Further, when using conjugated molecules containing double-bonds or de-
localized π-electrons, the charge can be transported more efficiently, leading to a smaller decay constant
value. This is attributed to a narrower HOMO-LUMO gap or the positioning of the Fermi level of metal
NPs closer to the HOMO or LUMO level of the molecule.[112] In experiments, the decay constant β

can be determined by plotting ln σ against T −1, where the obtained y-intercept represents the infinite
temperature conductivity, which is equal to σ0e−βδ. The decay constant, β, is obtained from the slope
of the ln (σ0e−βδ) versus δ plot. For DT-crosslinked GNP assemblies, a tunneling decay constant of
βN ∼ 0.61[16] was obtained, where βN is the decay constant per methylene unit of the alkyl chain of
the DT molecule. This experimentally determined value is in good agreement with the values provided
by Cui et al., where βN is approximately 0.57 at zero bias.[113] In their measurements, DT molecules
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comprised of different numbers of methylene units were co-assembled within a MT-coated gold surface,
and the outer free thiol groups were contacted to a gold nanocrystal probe.

The second term in Equation 5.3 describes the activation energy for charge transport. Different ap-
proaches have been used to determine the charging energy of nanoparticle assemblies. The activation
energy can theoretically be expressed based on Abeles’s electrostatic model in granular metals.[114] This
model takes into account the contribution of inter-particle capacitance to the charging energy by con-
sidering the surrounding particles as a concentric metal layer. The expression of the Coulomb charging
energy is given as:

EA,GM = e2

8πϵϵ0
(1
r

− 1
r + δ

) (5.6)

Here, e is the electron charge, ϵ the relative permittivity of the surrounding medium, ϵ0 the vacuum
permittivity, r the radius of the particle, and δ the interparticle distance. Brust et al. prepared 3D
pellets of DT-crosslinked GNPs, utilizing DT molecules of varying lengths and two different sizes of GNPs.
The experimentally determined activation energy values were consistent with the theoretically estimated
values.[103] The self-assembled films of MT-stabilized GNPs prepared by Terrill et al. were used to
determine their activation energy, where the experimentally determined and theoretically estimated values
were also consistent.[105] In accordance with this model, a larger particle size and a smaller interparticle
distance lead to a smaller activation energy, resulting in higher electrical conductivity. Therefore, below
a certain particle size, the typical linear I-V characteristic observed in MNP films may transition into a
nonlinear I-V characteristic. Very small particles exhibit very low electrical capacitance. As a result, the
electron transfer between the MNPs remains blocked until the energy provided by the applied electric
field is high enough to overcome this barrier, which is known as the Coulomb blockade.[100]

Another model to describe the activation energy for electron transfer was developed by Marcus[115, 116],
which can be expressed as follows:

∆G∗ = λ

4 = e2

16πϵ0
( 1
2r1

+ 1
2r2

− 1
r

)( 1
ϵop

− 1
ϵs

) (5.7)

Here, ∆G∗ is the free energy of activation based on the repolarization of the organic matrix, λ is the
outer sphere reorganizational energy, r1 and r2 are the radii of neighboring NPs, r is the nanoparticles’
center-to-center distance, and ϵop and ϵs are the medium optical and static dielectric constants.

Abele’s model, based on electrostatic interactions and tunneling, describes the electrostatic potential
energy and the work required to move charges within an electrostatic field. Marcus theory, on the other
hand, is based on quantum mechanics and thermodynamics, focusing on the changes in the Gibbs free
energy and the reorganization energy related to the electron transfer process. Nevertheless, both models
can be used to describe electron transfer, with the activation energy being a key factor in determining
transfer rates.

26



Chapter 5 C.-Y. Liu

5.3 Gold Nanoparticle-Based Films and Sensors

5.3.1 Resistive Chemical Sensors

Composite films composed of organically capped GNPs possess unique physical and chemical proper-
ties, making them highly versatile for various applications, particularly in sensing. These properties are
strongly influenced by factors such as particle size, shape, and the composition of the organic matrix sur-
rounding the GNPs. As discussed in the previous section, GNPs have been extensively studied, and their
synthesis methods allow for precise control over their size, shape and size distribution. Additionally, the
selection of ligand or linker molecules for capping GNPs is highly versatile, enabling deliberate tuning of
their chemical nature. These aforementioned advantages make GNP composite films excellent candidates
for sensing applications. These composite films can generate electrical signals in response to chemical or
physical stimuli, making them suitable for use in gas sensors[13–15], ion-sensing in liquid phase[117, 118],
and strain sensors[90, 119–121]. The observed electrical signals are caused by the controllable aggregation
of GNPs or swelling of the organic matrix surrounding the GNPs, which in turn, varies the grain size
and the interparticle distance of the GNPs, respectively.

A chemiresistor is a type of sensor, which exhibits changes in resistance upon exposure to an analyte. For
GNP composite films, when exposed to analyte vapor, the organic matrix sorbs the analyte molecules
from the gas phase, resulting in swelling. This swelling effect enlarges the interparticle distance of GNPs.
The vapor-induced resistive signal can be expressed by the following equation, which is derived from
Equation 5.3.

∆R

R0
= eβ∆δ · e∆Ea/kT − 1 (5.8)

Here, R0 is the baseline resistance of the sensor, ∆R is the relative change in resistance due to sorption
of analyte by the film, β is the tunneling decay constant, ∆δ is the change in the interparticle distance
between neighboring GNPs, ∆Ea is the change in the activation energy, k is the Boltzmann constant, and
T is the absolute temperature. The chemiresistive signal is considered as the relative resistance change
normalized by the baseline resistance ∆R

R0
.

In 1998, Wohltjen and Snow pioneered the development of the first GNP-based chemiresistors.[13] The
chemiresistor they fabricated, which consisted of GNPs capped with 1-octanethiol (8T) ligands, exhibited
a notable change in resistance upon exposure to different types of analyte vapors. Specifically, they
observed a positive change in resistance (positive signal) when exposed to less polar or nonpolar vapors
such as toluene and tetrachloroethylene. In contrast, exposure to polar vapors like 1-propanol and water
resulted in a negative change in resistance (negative signal). The directional disparity in signals is
attributed to two opposing effects acting on the charge transport mechanism, as described by Equation
5.8. Based on Equation 5.8, two factors influence the resistive response, which can be referred to as
the ”swelling effect” (first term) and the ”permittivity effect” (second term). The swelling effect results
in increased interparticle distances, leading to a positive signal. In contrast, the permittivity effect
results from an increase in permittivity within the organic matrix during analyte sorption. As described
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by Equation 5.6, exposure to analytes with a higher dielectric constant (higher polarity) increases the
permittivity of the environment of the GNPs. Consequently, this lowers the activation energy, thereby
increasing the electrical conductivity and resulting in a negative resistive response. These two effects are
acting simultaneously, and the dominance of one over the other determines the direction of the signal.
When the swelling effect dominates over the permittivity effect, a positive signal is observed, and vice
versa. This interplay between the swelling and permittivity effects provides valuable insights into the
underlying mechanisms governing the response of GNP-based chemiresistors to different analyte vapors.

The vapor-induced swelling of GNP films is significantly influenced by the amount of analyte sorbed by the
GNP film from the vapor phase, which is primarily determined by the match of the solubility properties
of the analyte and the film’s organic matrix. Olichwer et al. conducted a study in which they combined
chemiresistor and microgravimetric measurements with small angle X-ray scattering (SAXS) to establish
a direct link between the swelling ability, the anlayte sorption and the resistive response of the GNP
films.[14] In their investigation, they found that the organic matrix consisting of 1-dodecanethiol (12T)
molecules (with 12T possessing a long nonpolar alkyl tail) exhibited varying vapor uptake. Remarkably,
when exposed to the analyte with the highest polarity, namely 1-propanol, the GNP films showed the
lowest analyte uptake. Conversely, when exposed to the analyte with the lowest polarity, e.g., toluene
vapor, the GNP films exhibited the highest uptake of analyte. This selective vapor-sorption behavior
of the GNP films had a significant impact on their swelling extent. Specifically, the enhanced uptake
of toluene vapor led to the largest interparticle distance change and highest amplitude of the resistive
response observed in these films.

Vossmeyer and coworkers[19] investigated DT cross-linked GNP chemiresistors. They provided indi-
rect evidence of how the flexibility and the number of sorption sites impact the swelling ability. They
reported that the longest DT molecule, 1,20-icosanedithiol (20DT), with a larger number of sorption
sites, demonstrated enhanced flexibility in the organic matrix due to its long alkyl backbone. Addition-
ally, Joseph et al.[16] reported more explicit evidence by preparing GNP films using both flexible 1,12-
dodecanethiol (12DT) and rigid [4]-staffane-3,3””-dithiol (SF4) linker molecules. The 12DT cross-linked
GNP films exhibited positive signals when exposed to various vapors, indicating a dominant swelling
effect. In contrast, SF4-cross-linked GNP films showed negative responses to all vapors, indicating their
restricted swelling ability, which allowed the permittivity effect to predominate.

In summary, for 3D GNP films, the swelling effect generally dominates, resulting in positive chemiresistive
responses. However, the use of shorter and rigid cross-linker molecules weakens the swelling ability of
GNP films, leading to negative responses or reduced response amplitudes. This highlights the potential
for designing the organic matrix to achieve a wide range of desired responses.

5.3.2 Gravimetric Sensors

In addition to chemiresistors, gravimetric sensors serve as another type of transducer for detection of
analytes in the gas phase. These sensors operate on the principle that the resonance frequency of mass-
sensitive devices decreases upon the increase of mass by sorption of the analyte. Renowned for their
remarkable sensitivity, stability, rapid response and recovery times, as well as cost-effectiveness, such
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sensors hold immense promise. Among these, the quartz crystal microbalance (QCM) emerges as the
most prevalent choice in this field.

The piezoelectric effect, first discovered by the Curie brothers[122, 123] in 1880, enables the functionality
of such sensors. When a physical stress is applied to a piezoelectric material (for example, a quartz
crystal), a voltage is generated on the surface of this material. In contrast, when an electrical field is
applied to a piezoelectric material, a mechanical distortion in this material is induced (inverse piezoelectric
effect). Quartz crystals, being anisotropic materials, exhibit piezoelectric coefficients that depend on
crystal orientation. This dependency categorizes quartz crystals based on cutting angles relative to
crystallographic axes, such as AT-cut, BT-cut, and FC-cut. Among them, the AT-cut crystal, with a
cutting angle of 35°15’, shows exceptional frequency stability across temperatures ranging from -40 to
85 °C.[124] AT-cut crystals operate in a pure thickness-shear-mode vibration configuration, making them
more suitable for gravimetric sensing applications.

Figure 5.5: a) Scheme of a quartz crystal microbalance (QCM) from both top and side views. The bottom
scheme shows the resonation of a QCM in the thickness shear mode. Reprinted with permission from Ref. [124].
©2009 Springer Nature. b) Photograph of a GNP film-coated QCM serving as a mass sensitive sensor.

The QCM typically consists of a disc-shaped quartz plate sandwiched between two electrodes, known as
the top and bottom electrodes (depicted in brown in Figure 5.5 a). When an alternating current (AC)
voltage is applied, the quartz crystal undergoes mechanical oscillations, generating standing waves at
its resonance frequency. This resonance frequency (f0) depends on the thickness of the crystal; thinner
crystals exhibit higher f0 values, which are correlated with increased sensitivity. Typically, the resonance
frequency of quartz crystals falls within the low MHz range (∼ 1−10 MHz). Even the smallest frequency
shifts, as small as 1 Hz, are easily measurable, enabling the detection of sorbed masses as small as
a few nanograms. However, bare QCMs lack selectivity towards target analytes. To enable chemical
selectivity, sensitizing materials such as polymers[125–127], graphene[128, 129], and metal nanoparticle
composites[130, 131], are deposited onto QCMs. The utilization of QCMs as mass-sensitive sensor dates
back to the late 1950s, based on the pioneering work of Sauerbrey. In 1959, Sauerbrey reported a linear
relationship between the frequency change (∆f) of an oscillating quartz and its mass change (∆m),
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formulated by the Sauerbrey equation[132]:

∆f = 2f2
0√

ρqµq
· ∆m

A
(5.9)

Here, ∆m denotes the mass change due to analyte sorption or the deposition of the sensitizing material,
ρq and µq represent the density and shear modulus of the quartz crystal, respectively, and A is the active
sensing area. Note, it is assumed that the sensitizing material is uniformly coated onto the QCM and
behaves acoustically rigid like the quartz crystal. For very thin and rigidly coated films, the limit of
applicability of the Sauerbrey equation is usually specified as ∆f/f0 < 0.02, known as the ”Sauerbrey
limit”.

When a QCM resonates, both electrical current and mass oscillate simultaneously. Therefore, the QCM
device can be represented by either a mechanical layout (cf. Figure 5.6a) or an equivalent circuit model
(cf. Figure 5.6b). Here, the mechanical model consists of a spring, a mass (M), and a piston. The
spring represents the restoring force through the elastic deformation of the quartz crystal, and the piston
represents the dissipation of energy by the internal friction. On the other hand, the equivalent circuit
model can be referred to as the Butterworth-Van Dyke (BVD) electrical model, which is useful for
predicting the frequency shifts and losses of an AT-cut quartz crystal in QCM applications. It contains
four elements, the static capacitance C0, the motional capacitance C1, the motional inductance L1, and
the motional resistance R1. Comparing the mechanical and equivalent circuit models, L1 corresponds to
the oscillating mass, C1 represents the elasticity (spring), and R1 is the piston, reflecting the losses of the
energy in the system. Another common method used to describe the electromechanical equivalent circuit
is Mason’s model, which takes into account the acoustic characteristics of the crystal. This model is based
on transmission line theory and acoustic wave theory. The Mason’s Model provides a more detailed and
complex description of the acoustic wave behavior and piezoelectric effects, resulting in a more precise
estimation of the QCM’s performance.[133] However, due to the simplicity of the BVD model, it is more
widely used for general QCM applications.

Figure 5.6: Schematic diagrams of a) the mechanical layout, and b) the equivalent circuit of an unloaded QCM
sensor. The Butterworth-Van Dyke (BVD) equivalent circuit is widely used to model the electro-acoustic behavior
of QCM devices. Reprinted with permission from Ref. [133]. ©2012 John Wiley and Sons.
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According to Figure 5.6b, the impedance Z(ω) of QCM devices based on the BVD model is determined
by the parallel combination of the impedance Z0(ω) of the static (electrical) branch and the impedance
Z1(ω) of the motional branch. The analytical expression of impedance Z(ω) for the BVD model is given
by the following equation:

Z(ω) = Z0(ω)Z1(ω)
Z0(ω) + Z1(ω) (5.10)

Furthermore, the impedance of the motional branch is expressed as:

Z1(ω) = R1 + jωL1 − j

ωC1
(5.11)

Here, j is the imaginary unit and ω is the angular frequency. When the QCM is at the resonance frequency,
the inductive and capacitive components cancel each other out, leaving only the resistive component R1.
Therefore, the impedance Z1(ω) is minimized at this point and is equal to R1. In this scenario, the
current reaches a maximum and the phase shift between the excited and measured oscillations equals
zero.

For QCM measurements, a network analyzer applies an AC voltage, and the current is measured as a
function of the applied frequency. The measured data is then analyzed by the network analyzer, presenting
Bode plots showing impedance and phase shift versus frequency. Figure 5.7 shows exemplary Bode plots.
In the upper plot, the static capacitance C0 in the electrical branch causes signal splitting, resulting in
resonance (left) and anti-resonance (right) peaks, corresponding to frequencies where the phase shift (φ)
equals zero degree in the lower plot. Increasing the resistance (R1) in the motional branch, corresponding
to damping of the QCM’s oscillation, leads to broader resonance and anti-resonance peaks, as well as to
a flattened rectangular phase response.
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Figure 5.7: Simulated Bode plots of QCM devices using the BVD model. R1 represents the resistance in the
motional branch of the BVD model, cf. Figure 5.6b. The upper plot illustrates the effect of increasing R1 on the
resonance (left) and anti-resonance (right) peaks. The lower plot shows the impact of increasing R1 on the phase
response. Reprinted and adapted with permission from Ref. [134]. ©2000 Wiley-VCH.

5.3.3 Response Isotherm and Sorption Behavior

The resistive responses induced in GNP films by analyte sorption are often assumed to be directly
proportional to the quantity of sorbed analyte in the film. The concentration of sorbed analyte in the
film (Cf) depends on the concentration of analyte in the gas phase (Cg), and is related to the partition
coefficient K, as described in Equation 5.12. This partition coefficient is related to two key factors: the
vapor pressure of the analyte and the affinity between the anaylte and the analyte sorption sites in the
GNP films. Analytes with lower vapor pressures tend to be more favorably sorbed on sorption sites
rather than remaining in the gas phase. Notably, the chemical nature of the organic matrix in GNP
films influences analyte sorption preference; for instance, employing a more hydrophilic organic matrix
tends to enhance the uptake of polar analytes. Generally, QCM measurements are used to investigate
the sorption behavior of GNP films.

K = Cf
Cg

(5.12)

Figure 5.8 schematically illustrates three different sorption characteristics. The grey line represents
nonselective adsorption, which obeys Henry’s law with a linear dependence. When GNP films are pre-
pared with extremely long and flexible cross-linkers, their resistive responses increase nearly linearly
with increasing vapor concentration within certain concentration range.[78] Similarly, some MT ligand-
stabilized GNP films also exhibit comparable behavior, such as films from MT-capped GNPs prepared
using a spray-coating approach.[135, 136] However, due to the different film fabrication approaches, the
variation in their nano- and micro-structures may also influence their resistive response isotherms as
well as their sorption characteristics. For example, 12T-stabilized GNP films fabricated via a spray-
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coating method exhibited a linear correlation[136], while other 12T-capped GNP films prepared via a
drop-casting method by Olichwer et al.[14] exhibited a monoexponential increase in response amplitudes
with increasing analyte concentration. This exponential behavior was attributed to the high flexibility of
the MT-constructed organic matrices, where the sorbed analyte triggers a linear or exponential increase
in interparticle distance between GNPs.

Figure 5.8: Schematic illustration of sorption isotherms, showing linear (grey line), positively curved (red line),
and negatively curved (blue line) characteristics.

Selective monolayer adsorption is described by the Langmuir model (cf. Equation 5.13). At low con-
centration ranges, a quasi-linear correlation between the resistive response and vapor concentration is
observed. When the analyte covers all binding sites, the resistive response reaches a plateau. Generally,
for cross-linked GNP films, the resistive response isotherms can be described using either the Langmuir
model[84, 137] or a combination of the Langmuir and Henry model.[15, 24] Equation 5.14 describes the
combination of these two models, which considers both selective sorption and bulk partitioning.

∆R

R0
= (∆R

R0
)sat

KLCg
1 + KLCg

(5.13)

∆R

R0
= (∆R

R0
)sat

KLCg
1 + KLCg

+ KHCg (5.14)

In these equations, ( ∆R
R0

)sat denotes the Langmuir saturation response, KL is the Langmuir binding
constant, and KH is the bulk partitioning constant of Henry’s law.

5.3.4 Stability of Gold Nanoparticle Films and Sensors

GNP composites are promising candidates for applications as sensing materials, e.g., as chemiresistors
and gravimetric sensors. While significant progress has been made in developing fabrication methods
for GNP-based sensor devices, and understanding their electrical and mechanical properties, challenges
remain in translating these findings from the laboratory to practical market applications.
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One critical obstacle is the stability of GNP composites. The stability of a sensor ensures the accuracy
and reliability of electrical signals over a period of time, which can be classified into the short-term and the
long-term stability. The short-term stability can be defined as the consistency of sensor performance on
the same stimulus in the time frame of seconds to minutes. Factors such as electronic noise, vapor-induced
aggregation and rearrangement of GNPs, and environmental fluctuations can influence the short-term
stability. This aspect is particularly crucial for real-time monitoring applications, where precise and
reliable sensing information is essential. On the other hand, the long-term stability refers to the ability of
electronic devices to maintain their sensing capability without significant deviations over weeks, months,
or even years of usage. Aging of GNP composites is the primary factor affecting the long-term stability.
Ensuring the long-term stability is critical for practical applications, allowing continuous detection over
extended periods without frequent maintenance requirements.

Since GNP assemblies are often prepared with MT or DT molecules, several studies have focused on
investigating the degradation of these molecules, providing insights into the aging processes they induce.
In 1992, Li et al. used laser desorption Fourier-transform mass spectrometry to characterize self-assembled
AT molecules on a gold film. This study revealed the oxidation of thiolate upon air exposure, resulting
in the generation of sulfonate. Interestingly, the intensity of the detected sulfonate signal increased when
a shorter chain length of AT molecules was used.[138] Later, Huang et al.[139] also detected sulfonate
signals using the same measuring approach, where the self-assembled monolayer (SAM) of two types
of MTs was irradiated with UV-light. The same finding of chain-length dependent oxidation rate was
reported by Hutt and Leggett[140], where different lengths of straight ATs were employed and exposed
to UV-light. The oxidation rate strongly depends on the chain length of ATs, and correlates with the
degree of order in the SAM of ATs. When the ATs contain less than 8 methylene units, the resulting
SAM on the gold surface is less ordered and shows much faster oxidation, compared to those containing
more than 8 methylene units. At a similar time, some studies also investigated the oxidation phenomenon
under different conditions, such as ambient conditions, under oxygen-poor conditions, under exposure to
light, or in darkness. Under different ozone levels, Schoenfisch and Pemberton reported that ozone is
the primary oxidant responsible for sulfur oxidation.[141] Brewer et al.[142] applied UV light to oxidize
11-mercaptoundecanoic acid (11MUA) SAMs. The oxidized thiolate also partially desorbed from the
gold surface. A more comprehensive investigation on storage conditions was performed by Willey et
al.[143], where 12T SAMs on gold substrates were kept under four conditions: oxygen-poor and in
darkness, oxygen-poor and under light, oxygen-enriched in darkness, and oxygen-enriched under light.
In the absence of oxygen, both samples in the dark and light still contained a high amount of sulfur-
gold bonds, losing only a few molecules. Conversely, both samples under oxygen-enriched conditions
oxidized rapidly, leading to a less orientational order of the SAM. In a more recent study, Maciel et al.
demonstrated that the terminal group of SAM significantly impacts the oxidation rate. Methyl-terminated
SAMs showed the highest stability over 9 weeks of storage in an oxygen-free and dark environment. In
contrast, hydroxyl-terminated SAMs showed the lowest stability. Even under the same storage conditions,
hydroxyl-terminated thiol oxidized after two weeks.[144]

The oxidation phenomenon discussed above were primarily studied using thiol-based SAMs on planar
gold surfaces. In practical sensing applications, 3D GNP assemblies are more often used than 2D SAMs.
Zamborini’s group reported GNP-based chemiresistors with varying degrees of cross-linking. Initially, 6T
molecules were used to encapsulate the GNPs, that were later partially substituted with 1,6-hexanedithiol
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(6DT) molecules. The introduction of 6DT molecules establishes a cross-linked network within the organic
matrix, enhancing the stability. The organic matrices with a high ratio of 6DT exhibited repeatable
resistive responses to the same analyte vapor under identical conditions, indicating a good short-term
stability. In contrast, the organic matrices with a high ratio of 6T showed different responses under
the same measuring conditions.[22] The same research group also investigated the influence of different
capping ligands used in GNP films, such as tetraoctylammonium bromide (TOAB) and 6T. After 12
months, the resistive response amplitude of the GNP films prepared with the 6T ligands to analyte
vapors decreased dramatically by as much as 60%, and the baseline current of these films reduced by
nearly 50%. Conversely, GNP chemiresistors prepared with TOAB ligands showed only minimal changes
in the baseline current, with a reduction in resistive response amplitude of less than 20% after 16 months
of fabrication. This emphasizes a more pronounced oxidation of sulfurs compared to amines.[8] Consistent
with experiments using thiol-based SAMs on flat gold surfaces, different terminal groups strongly influence
the oxidation rate. For instance, Im et al. reported that GNP sensors prepared with aryl-terminated
molecules exhibited high stability, whereas those prepared with hydroxyl-terminated molecules showed low
stability.[145] X-ray photoelectron spectroscopy (XPS) data also revealed partial desorption of oxidized
thiol molecules, suggesting that continuous exposure to analyte vapors may accelerate the degradation
of thiol monolayer. Additionally, Garg et al.[146] used trithiol instead of monothiol molecules to enhance
the stability of fabricated GNP chemiresistors. The structure of trithiol efficiently prevents oxygen from
penetrating the ligand shell and reaching the sulfur-gold bond. More comprehensive oxidation conditions
were studied by Joseph et al.[147], where GNP chemiresistors consisting of alkanedithiol cross-linked
networks were stored under four different conditions. These four storage conditions were the same as
those used in Willey’s study[143] using 12T-based SAM on gold substrates (under ambient conditions
in the light, under ambient conditions in the dark, under inert atmosphere in the light, and under
inert atmosphere in the dark). Similar results were observed, with XPS data demonstrating neglectable
degradation of thiolates for the samples stored under inert atmosphere. However, changes in chemiresistor
behavior suggested alterations in their microstructures.

In summary, both 2D MT-based SAMs on gold surfaces and 3D organically capped GNP films demon-
strated similar results, indicating that chain length, terminal functional group, and storage conditions are
the main factors impacting the rate of degradation. In our research group, we observed a drift in the base-
line resistance of the fabricated sensors, highlighting the critical need to address both the short-term and
the long-term stability concerns. Recently, Ketelsen[148] began investigating the aging behavior of alka-
nedithiol cross-linked GNP films. Sensors were prepared using three different sizes of GNPs cross-linked
by 9DT molecules and subjected to various storage conditions: in a nitrogen chamber, or artificially aged
in a climate chamber under heating and humid conditions. Interestingly, a significant increase in con-
ductance was observed in samples exposed to heating and humid conditions, particularly those prepared
with larger GNPs. This phenomenon may be attributed to a lower degree of cross-linking in GNP films
prepared with larger particles, which leads to faster degradation of 9DT molecules. Apart from changes
in their electrical properties, their strain sensing characteristics also varied accordingly. However, X-ray
diffraction (XRD) and XPS measurements showed only minor changes, suggesting a low degree of degra-
dation of thiolates. A slight decrease in the activation energies for electron transfer in these GNP films
was observed, implying potential growth of GNPs due to the Ostwald ripening mechanism. The aging
behavior of GNP composites is complex, and further characterization methods are required to gain a
deeper understanding of this phenomenon. Nevertheless, it is crucial to consider the influence of aging
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when using GNP composites as sensors. Such sensors should be stored under appropriate conditions.

Based on the findings from pioneering works, all fabricated sensors in this study were stored in a light-
shielded nitrogen chamber to minimize degradation of ligands and linkers and to prolong the the sensors’
stability. To evaluate the sensors’ stability, current-voltage (I-V) curves and chemiresistor characteristics
of GNP-based sensors were periodically recorded.

5.3.5 Sensor Arrays and Pattern Recognition

As the development of GNP-based sensors continues to advance, their potential applications under real-
world conditions are rapidly expanding, including areas such as real-time health diagnosis, environmental
monitoring, and quality control in the food industry. Conventional approaches to detect target analytes
often rely on the lock-and-key principle, where sensors must exhibit high selectivity or specificity to
certain chemical compounds. For example, recent studies have linked acetone concentration in breath
to blood plasma glucose levels, making acetone sensing from exhaled breath a promising approach for
real-time, noninvasive monitoring of diabetes patients. However, acetone has a high vapor pressure
and is only present in the part per billion (ppb) range of human breath, making its detection a major
challenge. To address this, Xie et al. synthesized urea-structured thiol molecules specifically designed
for detecting acetone vapor. These urea-functionalized thiol GNP sensors exhibited high selectivity for
acetone over other chemical vapors, such as ethylbenzene, ethanol, and water, due to the hydrogen
bonding of carbonyl-urea.[149, 150] However, it’s worth noting that such binding moieties may not be
limited to acetone alone but could potentially interact with other compounds containing carbonyl groups,
emphasizing the complexity of designing specific molecules for target analytes.

In 1982, Persaud and Dodd[151] proposed an alternative approach inspired by the mammalian senses of
taste and smell. Instead of using highly specific sensors, they proposed the use of ”differential” or ”gen-
eralized” sensors. An array of broadly cross-reactive sensors, coupled with pattern recognition methods,
enables the classification of a variety of chemical compounds either in the gas phase (resembling an elec-
tronic nose) or in the liquid phase (resembling an electronic tongue).[152] This approach is particularly
useful when dealing with complex backgrounds, such as high humidity and a broad variety of volatile
organic compounds (VOCs) present in human breath. Moreover, since most diseases cannot be detected
by a single VOC such cross-sensitive sensor arrays successfully overcome this limitation and are capa-
ble of sensing multiple analytes simultaneously. Numerous studies have demonstrated the remarkable
achievements of GNP-based chemiresistor arrays in this field. For instance, Cooper et al. developed eight
GNP films composed of various functionalized MT and DT molecules to discriminate between mixtures of
alcohols and mixtures of hydrocarbons in liquid phases.[153] Moreover, in the past decades, more research
groups reported GNP-based chemiresistors in conjunction with pattern recognition algorithms for sens-
ing in the gas phase. Haick’s group developed a wide variety of thiol-capped GNP-based chemiresistors,
allowing for the detection of lung cancer.[32] Later, these sensors have been further expanded to diagnose
multiple types of cancer in a single breath test.[33] Beyond cancer detection, GNP-based chemiresistors
have also been employed in the diagnosis of chronic kidney disease.[154] Further, during the COVID-19
outbreak, these sensors were even utilized to differentiate between infected patients and healthy controls,
highlighting their adaptability to real-world demands.[34]
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The remarkable achievements of sensor arrays have been extensively documented across various appli-
cations, including plant health monitoring[155], explosives detection[37], pollutant identification[41], and
differentiation of tea aromas[39]. However, none of these applications could be enabled without the assis-
tance of pattern recognition approaches. In pattern recognition, features are extracted from each signal
response of individual sensors. Commonly, ”steady-state” features such as the highest relative resis-
tance change over baseline resistance are extracted as input data for classification.[32, 33] In addition to
”steady-state” features, ”transient-state” features provide further information, such as response and re-
covery times of signals.[18] Different pattern recognition algorithms have been applied, including principal
component analysis (PCA), linear discriminant analysis (LDA), artificial neural networks (ANNs), and
so on.

Sensor arrays with a large number of extracted features possess high dimensionality. In order to reduce
the dimensionality of datasets and still preserve their information, PCA is widely employed in many
studies.[32, 33, 88, 155, 156] PCA aims to find a rotated coordinate system, where the variance of the
projected data is maximized. The data processing begins by shifting the origin of the coordinate system
to the center of gravity of the data (mean of the dataset) and then calculating the eigenvectors and
eigenvalues of the covariance matrix. The eigenvectors represent the directions of the maximum variance,
while the eigenvalues indicate the magnitude of the variance spread on each eigenvector. Subsequently,
the eigenvectors are used to transform the data into a lower-dimensional space, known as the principal
subspace.[157, 158]

Another technique for dimensionality reduction is LDA. Firstly, the mean of all data points and the mean
of the data points within the same classes are determined. Subsequently, the scatter between different
classes (between-class matrix) and the scatter within the same classes (within-class matrix) are calculated.
The aim is to construct a lower dimensional space that maximizes the ratio of the between-class matrix
to the within-class matrix. Finally, all data points are projected into the lower dimensional space for
classification.[157–159] The supervised learning method, LDA, is often considered a better way to separate
different classes of analytes than the unsupervised learning method, PCA, which focuses on reducing the
dimensionality of the data by capturing the direction with the maximum variance in a dataset, regardless
of any class labels. This means that PCA is not always effective in separating different classes. On the
other hand, with LDA, the user has provided the computer with labeled data, and LDA attempts to
maximize the separation between different classes by finding the linear combinations of features that best
distinguishes them. Because LDA uses class labels in its computations, it is better suited for tasks such
as classification and pattern recognition, which results in more efficient separation of different classes of
analytes.

In conclusion, sensor arrays coupled with pattern recognition algorithms are powerful tools that mimic
biological systems such as electronic noses or electronic tongues. In this dissertation, organic matrices
composed of a diverse mixture of functionalized MT/DT molecules were selected for the preparation
of GNP-based chemiresistor arrays. Combined with LDA, these sensor arrays could be used to classify
different VOCs such as alcohols, ketones, n-alkanes, and cycloalkanes.
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Experimental Part

6.1 Colloidal Gold Nanoparticles

In total, five batches of colloidal gold nanoparticles (GNPs) were synthesized following the approach pro-
posed by Peng et al.[160] with slight modifications. The resulting GNPs were stabilized by 1-dodecylamine
ligands in n-heptane. Subsequently, these particle batches were analyzed using transmission electron mi-
croscopy (TEM), UV/vis spectroscopy, and small angle X-ray scattering (SAXS).

6.1.1 Materials and Apparatus

(Materials) 1-Dodecylamine (12A, 98%), tert-butylamine borane complex (TBAB, 98%), tetrachloroau-
ric(III) acid (HAuCl4, 99.99%), 1-hexadecanethiol (16T, 99%), ethanol (EtOH, 99.8%), 2-propanol
(≥99.5%), n-hexane (≥99%), n-heptane (99%), and toluene (99.5%) were purchased from Sigma Aldrich,
Alfa Aesar, and VWR. All chemicals were used as received without further purification. Deionized water
(18.2 MΩ·cm) was purified using a water purification system (ELGA LabWater). Polytetrafluoroethylene
(PTFE) syringe filters (pore size of 0.2 µm) were purchased from Carl Roth. (Apparatus) A centrifuge
(Sigma 3-18K) was used for the purification process of the GNP synthesis.

6.1.2 Synthesis

The synthesis of GNPs was conducted using a three-neck flask. Initially, 5.6 g (30.21 mmol) of 12A
was dissolved in 10 mL of n-hexane, and the solution was stirred continuously until it became clear.
Subsequently, 110 mg of tetrachloroauric(III) acid (0.28 mmol) was added to the 12A solution until the
solution turned a light orange color, indicating complete dissolution. Simultaneously, the reducing agent,
0.044 g (0.51 mmol) of TBAB, was pre-dissolved in a 12A/n-hexane solution (0.56g 12A, 3.02 mmol, in 1
mL of n-hexane). Using a syringe, the TBAB solution was injected into the three-neck flask, resulting in

39



Chapter 6 C.-Y. Liu

a rapid color change of the solution to dark red. The reaction was carried out at 25 °C for the synthesis of
batch GNP1 and at 32 °C for the syntheses of batches GNP2-5, all at 900 rpm for an hour. To terminate
the reaction, 50 mL of EtOH was added to the flask and cooled to room temperature. The solution was
gently shaken by hand and then stored in the fridge overnight.

On the following day, the transparent supernatant was removed from the solution, and the remaining
solution was divided into two 45 mL centrifuge tubes for centrifugation (10000 G for 5 min at 0 °C). After
centrifugation, the supernatant was discarded, and the precipitate was re-dispersed in 4 mL of n-heptane.
The GNPs were precipitated again with 12 mL of 2-propanol, followed by centrifugation (15,000 G) for
10 minutes at 0°C. This purification process was repeated twice to eliminate excess 12A and unreacted
TBAB. Finally, the GNPs were re-dispersed in 2 or 4 mL of n-heptane, and the GNP colloid was filtered
through a PTFE syringe filter.

6.1.3 TEM-Sample Preparation and Analysis

To prevent the aggregation of GNPs during the measurements, GNP colloids underwent a ligand exchange
process.[85] To enhance the stability of GNPs, the 12A ligands were replaced by the 16T ligands. For
this purpose, 25 µL of 16T was dissolved in 500 µL of n-heptane, followed by the addition of 25 µL of
GNP solution. The solution was agitated on a shaking tray for one hour. Subsequently, 1 mL of EtOH
was added to the solution, and it was centrifuged at 8000 G for 10 min at room temperature. After
centrifugation, the supernatant was discarded, and the GNPs were blown by using a nitrogen gun. The
dried GNPs were re-dispersed in toluene and diluted until the colloid exhibited a light pink color.

Next, 7 µL of the diluted GNP colloid was dripped onto a carbon-coated TEM grid, and the solvent of
the TEM-sample was evaporated under ambient conditions for at least one hour. TEM measurements
were performed using a JEOL JEM-1011 microscope equipped with a LaB6 filament and operated at an
acceleration voltage of 100 kV. TEM imaging was conducted by Stefan Werner at the department service
center of the electron microscopy of the Institute of Physical Chemistry (University of Hamburg). To
determine the average sizes of the GNPs, the cross-sectional areas of at least approximately 400 GNPs
were extracted from the TEM images using the software ImageJ. The average core diameters of the
synthesized GNPs ranged from 6.0 to 7.5 nm.

6.1.4 Determination of Particle Concentration Using UV/vis Spectroscopy

The GNP colloidal solutions were diluted with n-heptane at dilution factors ranging from 300 to 600 to
achieve a UV/vis absorbance of at least 0.3. Subsequently, the diluted GNP solutions were transferred
into a quartz cuvette with an optical path of 10 mm, and analyzed using a Cary50 spectrophotometer.
During the measurements, light illuminated the sample at wavelengths ranging from UV to visible, from
300 to 900 nm. All recorded spectra were corrected with n-heptane background absorbance. The particle
concentration of the GNP colloids was calculated following the method reported by Haiss et al.[161], which
considers the UV/vis absorbance at 450 nm, the dilution factor, and the average GNP size determined
by TEM.
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6.1.5 Regular Small Angle X-Ray Scattering (SAXS)

To further determine the particle size and size distribution of a GNP colloid, a small angle X-ray scattering
(SAXS) measurement was conducted under ambient conditions by Dr. Andreas Meyer at the Institute of
Physical Chemistry, University of Hamburg. An in-house SAXS apparatus was used, equipped with an
Incoatec—X-ray source IµS and Quazar Montel optics. The wavelength of X-ray beam was 0.154 nm and
was directed at the sample with a focal spot size of 0.6 mm2. The undiluted GNP colloid was filled into
a quartz capillary, and measured in transmission geometry. The SAXS sample was placed at a distance
of 1.2 m from a Rayonix SX165 CCD detector, and the accumulation period of each measurement was
set to 10 min. The analysis and fitting of the SAXS data were conducted by Dr. Andreas Meyer using
the software Scatter.[162, 163]
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6.2 Fabrication of Fully Printed Gold Nanoparticle-Based
Chemiresistors

The GNP batch, GNP1, was used to fabricate the fully printed sensors. The fabrication process of a fully
printed GNP chemiresistor consists of two main parts: i) electrode printing, and ii) deposition of GNP
films.

6.2.1 Materials and Apparatus

(Materials) 1,9-Nonanedithiol (9DT, 95%), 11-mercapto-1-undecanol (11MUO, 97%), 4-mercaptobenzoic
acid (4MBA, 90%), and 4-mercaptophenol (4MPO, 97%), 11-mercaptoundecanoic acid (11MUA, 95%),
1-thiolglycerol (TG, ≥97%), 2-aminothiophenol (2ATP, 90%), 2-propanol (≥90%), acetone (≥99.8%),
and n-octane (≥98%) were purchased from Alfa Aesar, Sigma Aldrich, and Merck. These chemicals were
used as received without further purification. The nylon filter membranes (pore size: 0.45 µm) were
purchased from Finetech. The graphene-doped carbon paste was purchased from Euflex. Polyimide (PI)
foil was purchased from Shinmax Technology Ltd. (Apparatus) Robotic dispensing system (DT-200F,
Dispenser Tech Co., Ltd.), inkjet printing system (JetLab 4, MicroFab Technologies Inc.), homogenizer
(Kennesaw, Omni Ruptor 4000), and plasma system (Delta, TP04) were employed in the fabrication
process.

6.2.2 Fabrication of Interdigitated Electrodes

Prior to the printing process, the conductive carbon paste was homogenized for 3 minutes, and the PI
substrate was cleaned with acetone. A robotic dispensing system equipped with a stainless steel nozzle
with an inner diameter of 110 µm was used to print the interdigitated electrode (IDE) structures onto the
PI substrates. The printed IDE structure comprised 5 pairs of fingers with a finger width of ∼195 µm,
a spacing of ∼160 µm between the fingers, and an overlapping length of ∼5 mm, accompanied by two
5×2.5 mm2 pads on each side. To dry the freshly printed IDE structures, the substrate was placed on a
hot plate heated to 60 °C for one hour.

6.2.3 Fabrication of Gold Nanoparticle Films via Inkjet Printing

The GNP ink was prepared using the diluted GNP batch, GNP1. To ensure optimum printing conditions,
the original GNP1 colloid was diluted by a factor of four using n-octane to create a more stable ink, which
was more suited to the printing procedure. Furthermore, the diluted GNP colloid was filtered through
a nylon syringe filter to remove larger GNPs induced by aggregation. In parallel, the organic inks were
prepared using either pure cross-linker (9DT) or mixtures of monothiol (MT)/9DT solutions. Initially,
the stock solutions of MT and 9DT were prepared in 2-propanol at a concentration of 7.4 mM. The 9DT
stock solution directly served as the 9DT ink. The MT/9DT solutions were prepared by combining MT
and 9DT stock solutions in a volume ratio of 1:3. For pre-printing preparation, both GNP and organic
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(9DT or MT/9DT) inks were filled into two separate small vials, each connected to an individual printing
nozzle. Prior to film deposition, the IDE-mounted PI substrate was treated with plasma cleaning for
5 minutes. For the inkjet printer, the purge pressure of the device was set to 10 psi, which supplied a
constant flow to mechanically impulse printing ink. On the other hand, the back pressure of the devise
was adjusted between -15 to 0 psi to counter the purge pressure, yielding a steady flow to transfer the
ink from the vial to the nozzle. The inkjet printer utilized the piezo-driven printing nozzles with an inner
diameter of 50 µm, actuated by a bipolar pulse, both positive and negative. When applying voltage, the
piezoelectric transducer inside the printing nozzles deforms, inducing pressure inside the inner wall of the
nozzles. This generated forces, therefore, enable either the acceleration or ejection of droplets from the
inks. Moreover, different ink compositions require adjustments to the parameters of the piezo-actuator,
such as rise-, dwell-, fall-, echo- and finalrise-times as well as the voltages of the bipolar driving pulse.

During the printing process, a constant ejection frequency of 700 Hz was maintained and the droplets
were continuously monitored by an integrated CCD camera. The droplet diameter was controlled within
the range of 35 to 65 µm. The specific parameters for the GNP and organic (the pure 9DT or the
mixtures of MT/9DT) inks are presented in Table 6.1. Depending on the printing environment and the
ink composition, these parameters were slightly adjusted to achieve stable droplet formation.

For the deposition of the GNP film, the printing procedure began with using the 9DT ink to establish an
adhesive layer between the substrate and the GNPs. Subsequently, the GNP ink was applied to form a
homogeneous coating, followed by one coating of organic ink to create an organic matrix. This sequential
deposition of GNP and organic inks represented one complete deposition cycle. In total, three deposition
cycles were used to fabricate the printed GNP-based chemiresistors.

Table 6.1: Adjusted parameters for the piezo-driven printing nozzle during the printing procedure. The notation
for these adjusted printing parameters refers to those shown in the exemplary bipolar pulse waveform in Figure
5.4b.

Ink trise [µs] tdwell

[µs]
tfall [µs] techo [µs] tfinalrise

[µs]
Dwell
voltage
[V]

Echo
voltage
[V]

GNP 6 3 5 4 2 20 -20
Organic 3 4 3 3 3 30 -35
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6.3 Glass-Supported Gold Nanoparticle-Based Chemiresistors

The GNP batches GNP2, GNP3 and, GNP4, were utilized to fabricate GNP-based chemiresistors on
glass substrates via a layer-by-layer spin-coating (LbL-SC)[85] procedure. Additionally, a strategy uti-
lizing monothiol (MT) ligand/dithiol linker mixtures was employed to modify the chemical and physical
properties of the organic matrix surrounding the GNPs.

6.3.1 Materials and Apparatus

(Materials) 1,9-Nonanedithiol (9DT, 95%), 1-hexanethiol (6T, 95%), 1-octanethiol (8T, ≥98.5%),
1-decanethiol (10T, 96%), 1-undecanethiol (11T, ≥96%), 1-dodecanethiol (12T, 98%), 1-tetradecanethiol
(14T, ≥97%), 3-mercaptopropionic acid (3MPA, ≥99%), 6-mercaptohexanoic acid (6MHA,
90%), 8-mercaptooctanoic acid (8MOA, 95%), 11-mercaptoundecanoic acid (11MUA, 95%), 4-
mercaptobenzoic acid (4MBA, 90%), methanol (≥99.8%), acetone (99.5%), toluene (99.5%), and 3-
aminopropyldimethylethoxysilane (95%) were purchased from Sigma Aldrich, VWR, Th. Geyer, abcr,
Alfa Aesar, Grüssing, and Acros Organics, and used as received. Glass slides (size: 2.2 × 2.2 cm2,
thickness: 0.2 mm) were purchased from Carl Roth. Deionized (DI) water was purified using a purifi-
cation system (18.2 MΩ×cm, flex3, Purelab). (Apparatus) Equipment including an ultrasonic cleaner
(PTIC-3-ES, Palssonic), high-power expanded plasma cleaner (PDC-002, Harrick Plasma), spin-coater
(table-top Labspin6, Süss MicroTec), precision hotplates (PZ 28-2 SR, Harry Gestigkeit GmbH), and
vacuum evaporator (Classic 250, Pfeiffer) were used during the fabrication procedure.

6.3.2 Fabrication of Gold Nanoparticle Films via Layer-by-Layer Spin-
Coating

Prior to the deposition of GNP films, the glass slides were cleaned with acetone in an ultrasonic cleaner
for 15 min, followed by rinsing with DI water. The glass substrates were dried under a nitrogen flow
and then treated with air-oxygen plasma for 2 min to enhance the surface hydrophilicity. For the GNP
films prepared with the mixtures of 89% 12T/9DT, 95% 12T/9DT, 95% 8MOA/9DT, and pure 8MOA,
pre-surface modification of the substrates was required in advance. The substrates were immersed in a
3-aminopropyldimethylethoxysilane solution (50 µL in 5 mL toluene) and heated to 50 °C on a hotplate
for 30 min. After pre-silanization, the substrates were rinsed with toluene and acetone to remove excess 3-
aminopropyldimethylethoxysilane. The 9DT stock solution was prepared at a concentration of 7.4 mM in
methanol. The monothiol (MT) stock solutions were prepared at a concentration of 14.8 mM in methanol
to maintain the same thiol concentration as the 9DT stock solution. Three different volume ratios of MT
and 9DT stock solutions were mixed to prepare solutions of MT/9DT mixtures. The mixing ratios were
50/50, 80/20, and 90/10 (MT/9DT v/v), corresponding to 67%, 89%, and 95% molar fractions of MTs.

During the deposition of GNP films onto glass substrates, the substrates without pre-silanization required
two initial deposition steps of 100 µL of 9DT stock solution to form an adhesion layer between the
substrate and the GNPs. One deposition cycle of the GNP films began with 1×10 µL of the GNP batch
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followed by 2×10 µL of the MT/9DT or pure 9DT solution. This process was repeated several times
to achieve the desired thickness of GNP films on the glass substrates. The GNP films used for the
systematic investigation in Section 7.3 were prepared from the GNP batches, GNP2 and GNP3, with five
to six LbL-SC deposition cycles. For those used in Section 7.4, the GNP films were prepared using the
batch GNP4 with four LbL-SC deposition cycles. Subsequently, gold electrodes with a thickness of ∼100
nm were deposited onto the resulting GNP films using a cannula (diameter: 0.4 mm) as a shadow mask
in a vacuum evaporator.
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6.4 Silicon-Supported Gold Nanoparticle Chemiresistor Arrays

GNP-based chemiresistor arrays were produced using the GNP batch, GNP5. The fabrication process
includes two main parts: i) the preparation of interdigitated electrode (IDE) structures via the litho-
graphic method, and ii) lithographic patterning of GNP films onto silicon wafers based on deep-UV
(DUV) photolithography.

6.4.1 Materials and Apparatus

(Materials) 1,9-Nonanedithiol (9DT, 95%), 1-dodecanethiol (12T, 98%), 3-mercaptopropionic acid
(3MPA, ≥99%), 8-mercaptooctanoic acid (8MOA, 95%), 6-mercapto-3-pyridinecarboxylic acid (6MNA,
90%), 4-nitrothiophenol (4NTP, 80%), 8-mercapto-1-octanol (8MOO, 98%), methanol (≥99.8%), 2-
propanol (≥99.5%), toluene (99.5%), acetone (99.5%), 4-methylpentan-2-one (4M2P, 98.5%), poly(methyl
methacrylate) (PMMA, average molecular weight: ∼996 kDa), chlorobenzene (99.8%), and 3-
aminopropyldimethylethoxysilane (95%), hydrogen peroxide (30%), triammonium citrate (99.5%), potas-
sium iodide (KI, 99.5%), AZ351B (developer, buffered NaOH and typically used in 1:4 dilution), Tech-
niStrip555 (remover for negative photoresist), and AZ ECI 3000 (negative photoresist) were purchased
from Sigma Aldrich, Chemsolute, Merck, VWR, Th. Geyer, abcr, Alfa Aesar, Grüssing, Acros Organics,
and MicroChemicals, and used as received. Iodine (I2, 100%) was self-filled. Deionized (DI) water was
purified using a purification system (18.2 MΩ×cm, flex3, Purelab). Thermally oxidized silicon wafers (ori-
entation ⟨100⟩, 500 nm SiO2) and unoxidized silicon wafers (orientation ⟨100⟩, thickness: 380±20 m, 8-25
Ωcm) were purchased from Si-Mat. (Apparatus) Ultrasonic cleaner (PTIC-3-ES, Palssonic), high-power
expanded plasma cleaner (PDC-002, Harrick Plasma), spin-coater (table-top Labspin6, Süss MicroTec),
precision hotplate (PZ 28-2 SR, Harry Gestigkeit GmbH), vacuum evaporation system (UNIVEX 350G,
Oerlikon Leybold Vacuum), mask aligner equipped with a Hg lamp (Karl Süss MJB-3), and hot plate
(Präzitherm) were utilized for the fabrication of the GNP chemiresistor arrays. A custom-built DUV
lamp was also used to lithographically pattern GNP films. This light source has a main emission peak
at 254 nm with an irradiance of 520 mW/cm2.

6.4.2 Fabrication of Interdigitated Electrodes Using Lithography

A 10 nm thick titanium layer was deposited onto a thermally oxidized silicon wafer as an adhesion layer,
followed by the deposition of a 40 nm thick gold layer using a vacuum evaporation system. Subsequently, a
negative photoresist was applied to the Ti/Au coated substrate to cover the entire surface. The substrate
was then spun at 3000 rpm for 60 s using a spin-coater to obtain a uniform layer. The substrate was
then soft-baked on a hot plate at 90 °C for 90 s. In the next step, a photomask, previously fabricated
by our group[23] and equipped with an array of eight IDEs on a quartz substrate, was used. The Ti/Au
and photoresist coated substrate was exposed to UV light for 8 s through the photomask using a mask
aligner. After exposure, the substrate was post-baked at 110 °C for 90 s, and then developed in a mixture
of AZ351B developer and DI water in a volume ratio of 1:4 for 60 s. Subsequently, the substrate was
rinsed with water and dried under a nitrogen flow.
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To remove the unwanted areas of the gold layer on the silicon substrate, the substrate was immersed in
a solution of KI, I2, and water (a mass ratio of 4:1:200) under agitation for 2 to 3 minutes, and then
rinsed with water. The remaining photoresist was dissolved in TechniStrip555 at room temperature for
30 minutes under gentle stirring conditions, and the substrate was then rinsed with water. Afterwards,
the substrate was immersed in a 5 wt% aqueous solution of triammonium citrate for 9 min to remove
the unwanted areas of Ti layer. This process resulted in the fabrication of a silicon substrate featuring
an array of eight IDEs. Each IDE structure consisted of 10 fingers featuring 50 µm in width, 50 µm in
finger spacing, and an overlap distance of 800 µm. These IDEs were built from a 10/40 nm thick layer of
Ti/Au.

6.4.3 Lithographic Patterning of Gold Nanoparticle Films

Two quartz-supported photomasks were fabricated by our group. The photomask depicted in Figure 6.1a
features a pair of rectangular openings corresponding to the positions on the sides of the IDE structures,
while the one shown in Figure 6.1b has a pair of openings corresponding to the central positions of the
IDEs.

A solution of PMMA dispersed in chlorobenzene (approximately 33 mg/mL) was deposited on the silicon
wafer containing the priorly fabricated IDEs. The substrate was then placed on a spin-coater and rotated
at 4000 rpm for 60 s, followed by soft-baking on a heating plate at 60 °C for 10 min. Subsequently, a
custom-built DUV lamp was utilized to irradiate the PMMA-coated substrate through the photomasks
(see Figure 6.1a and b) for 130 minutes. The PMMA layer was then developed by immersing the
PMMA coated-substrate in a mixture of 4M2P and 2-propanol (1:3, V:V) for 70 s under gentle agitation,
followed by rinsing with 2-propanol. This process resulted in the production of patterned PMMA with
two rectangular openings on the substrate, as shown in Figure 6.1c.

Figure 6.1: Photograph of the quartz-supported photomasks with a pair of rectangular openings a) positioned
on the sides and b) positioned in the center. c) A PMMA-coated silicon substrate (featuring an array of 8 IDEs)
with a pair of openings at the central position, achieved through lithography using the photomask shown in b.

Afterwards, the PMMA-coated silicon substrate underwent a pre-silanization step, and the selected GNP
films were deposited onto it via the LbL-SC procedure as described in Section 6.3.2. Next, a lift-off step
was conducted by dissolving the PMMA layer in acetone, resulting in a patterned GNP film on top of a
pair of IDEs. The lithographic process was repeated four times to deposit four kinds of GNP films on
top of all 8 IDEs.
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6.5 Characterizations of Gold Nanoparticle Films

The fabricated GNP films were thoroughly characterized to evaluate their optical and electrical properties,
film thickness, surface morphology, nanostructure of their corresponding GNP assemblies, and the average
interparticle distance of the GNPs within the films. This section provides a detailed discussion of these
analyses.

6.5.1 UV/vis Spectroscopy

To analyze the optical properties of the glass-supported GNP films, ultraviolet/visible (UV/vis) spec-
troscopy was conducted using a Cary 50 spectrophotometer (Varian) over a wavelength range of 300 to
900 nm. The glass-supported GNP films were positioned in a custom-built sample holder, oriented such
that the film’s surface was perpendicular to the incident beam. The spectra were recorded at four distinct
spots on the GNP films to ensure representative measurements.

6.5.2 Atomic Force Microscopy (AFM)

The thickness of a GNP film was measured by atomic force microscopy (AFM) using a Digital Instruments
Multimode AFM (JPK Nanowizard) equipped with a NanoScope IV controller. The glass-supported GNP
film, ∼1.1×1.1 cm2 in size, was affixed to a magnetic sample plate using double-sided tape. To prepare the
sample, the GNP film was gently scraped multiple times with a cannula and any residue was subsequently
removed under a nitrogen flow. AFM imaging was performed using an ACTA probe in tapping mode to
capture a 20×5 µm2 image of the topography of the scratch edge on the film. The recorded AFM data
were subsequently analyzed using the software Gwyddion (version 2.61) to determine the average film
thickness.

6.5.3 Scanning Electron Microscopy (SEM)

To analyze the morphology and nanostructure of the GNP assemblies, scanning electron microscopy
(SEM) measurements were conducted. The GNP films were deposited onto unoxidized silicon substrates
via the LbL-SC procedure as described in Section 6.3.2, approximately two days before the measure-
ments. The SEM measurements were performed by Robert Schön at the Institute of Physical Chemistry,
University of Hamburg, using a field emission scanning electron microscope (LEO 1550 Gemini, Carl
Zeiss). The operating voltage in the range between 10 to 20 kV was applied during the imaging process.

6.5.4 Grazing Incidence Small Angle X-Ray Scattering (GISAXS)

The grazing incidence small angle X-ray scattering (GISAXS) measurements were performed by Dr.
Andreas Meyer at the Institute of Physical Chemistry, University of Hamburg, under ambient conditions.
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An in-house SAXS apparatus was used for GISAXS measurements, with the apparatus setup details
as described in Section 6.1.5. For GISAXS measurements, selected GNP films were deposited onto
unoxidized silicon substrates via the LbL-SC procedure, and mounted on a motorized stage with the
samples positioned at an incidence angle of 0.3°. The GISAXS samples were positioned 1.2 m away from
a Rayonix SX165 CCD detector, and each measurement accumulated data over a period of 30 minutes.
The analysis and fitting of the GISAXS data were performed by Dr. Andreas Meyer using the software
Scatter.[162, 163]

6.5.5 Charge Transport Measurements

For the charge transport measurements, a parameter analyzer (4156C, Agilent) was used to characterize
the charge transport properties of the fabricated GNP films. The fully printed GNP films deposited
on flexible substrates with IDE structures, as described in Section 6.2, consisted of two electrode pads,
each with a size of approximately 2.5×5 mm2. This configuration gave challenges for achieving optimal
contact with the conductive pins in the test cell. To facilitate electrical measurements on these fully
printed sensors, the electrode pad area was manually enlarged using conductive carbon paste to improve
contact with the conductive pins. The glass-supported GNP films consisted of a ∼100 nm thick gold
electrode, with a sensing channel being approximately 400 µm long (l) and 1.1 cm wide (w). Both the
flexible substrate-supported GNP films and glass-supported GNP films were placed in a custom-built
aluminum test-cell (∼20 mL) equipped with conductive pins. The GNP-based sensor arrays fabricated
on silicon wafers with the IDE structures, as detailed in Section 6.4.2, were placed on a custom-built probe
station and electrically contacted using gold-coated microprobes connected to the parameter analyzer.
Current-voltage (I-V) curves were measured over a range between -5 to +5 V at room temperature.
The conductance (G) of the GNP films was determined from the slopes of the I-V curves using a linear
function. The conductivity (σ) of glass-supported GNP films was calculated using Equation 6.1, taking
into account the electrode geometry and film thickness (t).

σ = G · l

w · t
(6.1)
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6.6 Vapor-Dosing Experiments

To investigate the sensing characteristics of GNP films, the fabricated GNP films, the GNP-based chemire-
sistors, and the GNP-film coated QCMs were exposed to different analyte vapors at defined concentra-
tions ranging from 5 to 10000 ppm. Detailed experimental setups for each device, including chemiresistor,
QCM, and in situ vapor/GISAXS measurements, are described in the following sections.

6.6.1 Materials

Ethanol (99.8%), 1-propanol (99.5%), 2-propanol (≥99.5%), n-butanol (99.8%), isobutanol (99%), n-
hexane (≥97%), n-heptane (99%), n-octane (99%), isooctane (≥99%), cyclopentane (98%), cyclohex-
ane (≥99.5%), methylcyclohexane (≥99%), cyclooctane (≥99%), toluene (99.5%), acetone (99.5%),
4-methylpentan-2-one (4M2P, 98.5%), 2-pentanone (99.8%), ethyl acetate (99.8%), and n-butylamine
(99.5%) were purchased from Sigma Aldrich, Merck, VWR, Th. Geyer, Alfa Aesar, Fluka, Grüssing,
Honeywell, and Acros Organics. All chemicals were used as received without further purification. DI
water was purified using a purification system (18.2 MΩ×cm, flex3, Purelab). Nitrogen 5.0 (Linde) was
used as the carrier gas and zero gas (ZG) in the vapor dosing measurements.

6.6.2 Vapor Dosing System Setup

Different analyte vapors at various concentrations were generated using a gas calibration system
(CGM2000, MCZ Umwelttechnik). The measurements were all conducted under ambient conditions.
Figure 6.2 presents schematically the flow plan of the gas calibration system. Nitrogen served as both
the carrier gas and zero gas (ZG). During measurements, each exposure cycle comprised 2 minutes of
analyte vapor followed by a 4-minute purging phase with ZG. The system received ZG from an in-house
gas supply, which then split into two lines regulated by mass flow controllers (MFCs). One line provided
pure ZG, while the other line generated the analyte gas (AG) by passing a gas flow through a vessel con-
taining the target analyte in liquid form (heated up to 30 °C to vaporize the analyte solvent). Nitrogen,
serving as the carrier gas, transported the generated analyte vapors into a condenser set to 20 °C. The
concentration of the saturated analyte vapors was quantified using the Antoine equation (cf. Equation
6.2). After exiting the condenser, the saturated analyte vapors were mixed with ZG in a mixing chamber.
ZG was used to dilute the saturated analyte vapors to achieve the desired vapor concentration. The test
cell was positioned between a valve and a pump. The valve controlled the flow of either ZG or AG into
the test cell. The pump, consisting of an MFC, maintained a constant gas flow of 500 mL/min into the
test cell.

log10 P = A − B

T + C
(6.2)

Where, T is the temperature in degrees Celsius, and A, B, and C are substance-specific constants.

While the basic setup was adequate for most measurements, the second dilution unit shown in the brown
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dashed box in Figure 6.2 was necessary to generate relatively low vapor concentrations or handle analytes
with high vapor pressures. The second dilution unit was positioned after the mixing chamber (in the
basic setup, grey dashed box), which further diluted the AG generated from the vapor saturation system
to achieve the desired vapor concentration.

Figure 6.2: Schematic illustration of the setup of the gas calibration system for the vapor dosing measurements.
The grey dashed box represents the basic setup of the vapor saturation system, containing three MFCs controlling
different flow-rate ranges to direct the carrier gas into the vessel containing liquid analytes. The second dilution
unit, enclosed within the brown dashed line box, is only necessary for generating extremely low vapor concentra-
tions or when dealing with high-vapor-pressure analytes.

6.6.3 Chemiresistor Measurements

Chemiresistor measurements were conducted using two types of test cells, as illustrated in Figure 6.3.
Both flexible substrate-supported and glass-supported GNP chemiresistors were placed in a polytetraflu-
oroethylene (PTFE) test cell (Figure 6.3a), with a capacity of approximately 20 mL. Two pairs of conduc-
tive pins mounted on the test cell lid contacted the electrode pads of the GNP chemiresistors when the
test cell was sealed. These GNP chemiresistors were connected to a parameter analyzer (4156C, Agilent),
which supplied a constant bias of 5 V to the chemiresistors and recorded current changes throughout
the measurement to determine the resistive responses. The device recorded data points at one-second
intervals. The chemiresistive signal was quantified as the relative change in resistance ∆R/R0, where ∆R

is (Rmax −R0). Here, Rmax represents the maximum response, calculated as the average resistance during
exposure to analyte gas (AG) between the 110th and 115th seconds, while R0 is the baseline resistance
during exposure to zero gas (ZG).

In a separate setup (cf. Figure 6.3b), GNP chemiresistor arrays were attached to a printed circuit board
(PCB) using wire bonding. Each sensor in the array was connected to the PCB, which was then mounted
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with stacking header pins. This assembly was put into an aluminum test cell (approximately 16 mL). Each
sensor was linked to a commercial surface mount device (SMD) shunt resistor in series via a ribbon cable.
The resistances of these shunt resistors were ∼1 to 10% of the baseline resistance of the corresponding
sensor. A sourcemeter (2601A, Keithley) provided a constant bias of 5 V to all sensor/shunt pairs. The
voltage drop across each shunt resistor was measured using a multimeter (2002, Keithley). Multi-signal
readouts were processed using a custom-designed multiplexer, based on reed relays, with a measurement
frequency of ∼0.5 Hz. The resistance of each sensor in the array was determined using Equation 6.3. The
resistive responses of the sensor array were extracted using the same approach used to define the relative
responses of the the glass-supported GNP sensors.

RSensor = V Source − V Shunt
V Shunt/RShunt

(6.3)

Here, RSensor denotes the resistance of the sensor, V Source the applied bias (a constant 5 V) by the
sourcemeter, V Shunt the measured voltage at the shunt resistor by the multimeter, and RShunt is the
resistance of the shunt resistor.

Figure 6.3: a) Schematic of the PTFE test cell with a capacity of ∼20 mL. Both flexible substrate-supported
and glass-supported GNP chemiresistors were placed on the left plane, with the conductive pins (on the test cell
lid) making contact with each side of the electrode pads (as illustrated below the test cell). On the right side,
the test cell was equipped with two pairs of metal-encased apertures. For quartz crystal microbalance (QCM)
measurements, the QCM was first mounted onto a wire holder and then plugged into two of the apertures. b)
Schematic of the aluminum test cell with a capacity of ∼16 mL. The PCB-supported chemiresistor array was
plugged into the mating socket. This test cell was sealed with an optical glass with an O-ring to prevent leaking.

6.6.4 Quartz Crystal Microbalance (QCM) Measurements

To determine the uptake mass of the analytes in GNP films, QCM measurements were conducted. The
GNP films with various organic compositions were deposited onto QCMs (resonant frequency: 10.00 MHz,
diameter: 14 mm, Ti/Au electrodes, QuartzPro) via the LbL-SC procedure as described in Section 6.3.2.
Each electrode on the QCM was attached to a wire holder, with conductive pins (as shown in Figure 5.5b).
The QCM was plugged into the hole inside the test cell (∼20 mL) as shown in Figure 6.3a. Gravimetric
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measurements were performed using a network analyzer (E5100A, Agilent).

Initially, the blank QCM was measured to obtain its reference resonance frequency under nitrogen con-
ditions. Subsequently, the GNP film was deposited onto one side of the QCM, while the other side was
gently cleaned with acetone to remove any residues. The GNP-film coated QCM was then placed in the
test cell under nitrogen conditions, and its resonance frequency was measured. The mass of the GNP film
can be determined from the change in resonance frequency after the deposition of the GNP film. Dur-
ing the measurements, the resonance frequency of the QCM was recorded using the network analyzer.
A Python script, developed by Dr. Hendrik Schlicke (Dresden University of Technology), controlled
the recorded parameters (anti-resonance frequency, resonance frequency, anti-resonance impedance, and
resonance impedance) using the ”OUTPRESO?” command.[164]

6.6.5 In situ GISAXS Measurements

To evaluate the differences in the swelling behavior of the selected GNP films, in situ saturated analyte
vapor/GISAXS measurements were conducted. The different GNP films were deposited onto unoxidized
silicon substrates via the LbL-SC procedure as detailed in Section 6.3.2. The measurement setup was
consistent with the general GISAXS measurements as described in Section 6.5.4.

After positioning the wafer-supported GNP films, two droplets of toluene were dispensed near the samples
without making direct contact. The measurement environment was then sealed with a lid to ensure
saturation with toluene vapor. Scattering patterns were recorded after a 10-minute equilibration period
in the saturated vapor, with a 30-minute accumulation period for each measurement.
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Results and Discussion

7.1 Colloidal Gold Nanoparticles

The investigations detailed in this thesis focused on gold nanoparticle (GNP)-based films prepared with
mixtures of monothiol (MT) ligands and dithiol (DT) cross-linkers following various fabrication routes.
In order to obtain monodisperse colloidal GNPs, a synthesis method reported by Peng et al.[160] was
employed with minor modifications. Five colloidal batches of 1-dodecylamine (12A) stabilized GNPs
were synthesized and used for composite film fabrication. The average sizes of GNPs determined by
transmission electron microscopy (TEM) ranged from 6.0 to 7.5 nm (cf. Figure 7.1). The synthesized
GNPs exhibited the localized surface plasmon resonance (LSPR) at approximately 520 nm, consistent
with previous findings[23, 24]. The UV/vis absorbance spectra of diluted GNP stock solutions (dilution
factors ranging from 1/300 to 1/600) are shown in Figure 7.1. These UV/vis data were also utilized to
calculate the particle concentration of the GNP batches (cGNP) using Haiss’ method, as expressed by
Equation 7.1.[161]

cGNP = A450 · 1017

d2[−0.295 + 1.36 exp −( d−96.8
78.2 )2]

· 1
NA · fd

(7.1)

Here, A450 is the absorbance measured at a wavelength of 450 nm, d the average diameter of GNPs (in
nm) determined by TEM, NA the Avogadro constant, and fd is the dilution factor of the GNP colloids for
UV/vis measurements. The calculated particle concentrations for GNP1 to GNP5 were approximately
11.3, 4.1, 4.5, 4.2, and 11.8 µM, respectively.
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Figure 7.1: TEM images of five GNP batches (scale bar: 20, 50, 50, 20, and 50 nm from top to bottom), the
corresponding histograms of the GNP diameters fitted with normal distribution curves (with mean core diameter
value, standard deviations (SDs), and coefficient of variations (CVs)), and the respective UV/vis absorbance
spectra (optical path length = 10 mm). Adapted and reproduced with permission from the Supporting Information
of Ref. [2] ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.
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7.2 Fully Printed Gold Nanoparticle-Based Chemiresistors on
Flexible Substrates

Wearable electronics have gained significant attention due to the growing demands for real-time heath
monitoring. These devices require user-friendly systems with a simplified signal read-out, light weight,
small volume, and biocompatibility. GNPs possess properties that meet these requirements—they are
small in size, stable across varying conditions, nontoxic, facile to synthesize, and their surfaces can easily
be modified. Tailoring the surface of GNPs with functionalized molecules enables selective interactions
with target molecules or compounds. This surface modification can occur during GNP synthesis or
through post-synthesis ligand exchange processes. Due to their exceptional properties, GNPs are ideal
sensing materials for wearable electronic devices. Over the past decade, considerable efforts have been
devoted to developing GNP-based wearable sensors for healthcare applications. These sensors can convert
physical motions (such as compression, bending, tension, shear stress, and strain)[90, 120, 121, 165],
as well as the presence of biomarkers[166], volatile organic compounds (VOCs)[24] and humidity[167],
into electrical signals. While GNPs have demonstrated the potential for wearable sensor applications,
challenges such as complicated fabrication procedures and the generation of chemical wastes remain.

This section focuses on the development of GNP-based chemiresistors on flexible substrates using a
cost-effective fabrication approach to meet the requirements for wearable sensors. Printing technology
provides an efficient tool for fabricating wearable electronics. Polyimide (PI) was selected as substrate
for the preparation of flexible wearable GNP-based chemiresistors due to its exceptional properties. PI
can withstand high temperatures up to 400 °C and is resistant to a wide range of chemicals, making
it highly convenient in the manufacturing process. Additionally, it is lightweight, highly flexible, and
mechanically strong, which are essential qualities for ensuring the durability and comfort of wearable
electronics. To systematically adjust the selectivity, a combination of cross-linker and functionalized
ligand molecules were employed. Notably, our research group recently reported the successful fabrication
of fully printed GNP-based chemiresistors for gas/vapor sensing. This involved incorporating hydroxyl
and carboxylic acid functionalized MT ligands in conjunction with a cross-linker.[24] The present work
follows a similar fabrication route, with an emphasis on diversifying the functional groups of the MT ligand
and exploring MTs with various structures. This approach aims to broaden the chemical selectivity of
the chemiresistors, enabling a more comprehensive response to different vapors when employing arrays
of such selectivity-tuned sensors.

This study represents an international collaborative project with Prof. Dr. Ying-Chih Liao’s group at
National Taiwan University in Taiwan. The fabrication of all GNP-based chemiresistors was carried out
by the author (C.-Y.L.) in Prof. Dr. Liao’s lab, with Prof. Liao’s group providing assistance and access
to laboratory equipment. On the other hand, all chemiresistor measurements were conducted in our lab
at the University of Hamburg.
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7.2.1 Fabrication of Fully Printed Gold Nanoparticle Chemiresistors

GNP-based chemiresistors were fabricated using printing technologies, comprising three main steps.
Firstly, electrode structures were fabricated by printing interdigitated electrode (IDE) structures onto
PI foil using a tabletop dispensing machine with a commercial graphene-doped conductive carbon ink,
cf. Figure 7.2a. The IDE structures consisted of 5 finger pairs with a finger width of 195 µm, 5 mm
overlapping, and approximately 160 µm finger spacing, as shown in Figure 7.2b. This design flexibility
was facilitated by controlling the speed, position, and motion of the robot. Secondly, GNP and organic
inks were prepared to be used in the subsequent printing processes. Finally, inkjet printing was em-
ployed to deposit the prepared inks onto the IDE structures on PI substrates. The resulting fully printed
GNP-based chemiresistor is shown in Figure 7.2c. Notably, this fabrication route obviates the need for
conventional lithographic processes. Furthermore, compared to conventional lithographic methods, this
printing technology offers efficient production of electrode structures, providing flexibility in design, high
productivity, and a significant reduction in chemical waste.

Figure 7.2: a) Photograph of the deposition of graphene ink onto a PI substrate by a tabletop dispensing
robot (fabrication of IDEs on PI substrate). b) Optical microscopic image of the printed IDE structure on a PI
substrate. (scale bar: 1 mm) c) Photograph of the fully printed flexible GNP chemiresistor. (scale bar: 5 mm)

The fabrication procedure started with the preparation of the IDE structures, where printing parameters
such as dispensing speed and nozzle positioning were carefully controlled to ensure the printing qual-
ity. The graphene-based ink offers good electrical conductivity, mechanical flexibility and high stability,
essential for wearable electronic applications.

Next, the GNP and organic inks were formulated. The successful fabrication of GNP-based chemiresis-
tors via printing technologies, employing a mixed ligand/linker system, was demonstrated in an earlier
publication from our research group.[24] This approach effectively combined various functionalized MT
ligands with the 1,9-nonanedithiol (9DT) linker within the organic matrix, allowing for chemical selec-
tivity tuning. While this method yielded diverse compositions of GNP films, resulting in a variety of
response patterns to different chemical vapors, achieving higher sensitivities and more pronounced dis-
tinct response characteristics beyond those of GNP films prepared with the pure 9DT linker remained a
priority. In this study, a broader variety of MT ligands featuring different lengths and functional groups
were used to refine and expand the capabilities of the sensing platform, aiming to gain a more compre-
hensive understanding of printed GNP sensors comprising mixtures of ligand/linker and to improve their
sensing characteristics.

In this section, the GNP colloid, batch GNP1, with a particle size of ∼6 nm and a particle concentra-
tion of ∼11.3 µM was used, diluted by a factor of four using n-octane. This choice was made due to
n-octane’s higher boiling point (n-heptane: ∼98.4 °C and n-octane: ∼125.6 °C at ambient pressure),
which contributes to the formation of more stable droplets during the inkjet printing process. To ensure
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comparability with previously reported 9DT cross-linked GNP films, 9DT was selected as the standard
linker molecule. Moreover, 9DT being commercially available and widely used for GNP sensors prepara-
tion[12, 15, 24], was considered especially suitable for this purpose.

To investigate the influence of the structure and size of MT ligands on the physical properties and
sensing characteristics of the resulting GNP films, various MTs were employed. These included MTs
longer than the 9DT molecule, such as 11-mercapto-1-undecanol (11MUO) and 11-mercapto-1-undecanoic
acid (11MUA), as well as MTs with aromatic ring structures, such as 4-mercaptophenol (4MPO), 4-
mercaptobenzoic acid (4MBA), and 2-aminothiophenol (2ATP). 1-Thiolglycerol (TG) was included for
result comparison with previous studies.[24] The selected MT ligands were functionalized with hydroxyl,
carboxylic acid (Lewis acid), and amino (Lewis base) groups, respectively (listed in Table 7.1). Both 9DT
(in 2-propanol) and MT (in 2-propanol) stock solutions were prepared at a concentration of ∼7.4 mM,
consistent with the standard concentration used for the layer-by-layer spin-coating (LbL-SC) procedure
previously reported by our research group[85]. The 9DT stock solution was used directly as the organic
ink, while the mixtures of MT/9DT inks were prepared by mixing the 9DT and MT stock solutions
in a 3:1 volume ratio. In a previous study by our research group, two different ratios of 9DT linker
and functionalized MT ligand were investigated, 1:1 and 3:1, respectively.[24] However, no significant
differences between the resulting chemiresistors prepared with these two different ratios of 9DT and MT
ligand were observed. The high fraction of 9DT in the film is expected to prevent the aging phenomenon
and preserve the stability of the sensor’s performance. Therefore, in this preliminary study, we selected
a 25% molar fraction of MT ligand in the organic ink.

Table 7.1: Dithiol cross-linker and monothiol ligands used in this study, their structural formulas, and sensor
notations.

Thiols Structural Formula Sensor
1,9-Nonanedithiol (9DT) SH SH 9DT
1-Thioglycerol (TG) SH

OH
OH TG-9DT

11-Mercapto-1-undecanol
(11MUO)

SH OH 11MUO-9DT

4-Mecarptophenol
(4MPO)

SH

OH
4MPO-9DT

11-Mercapto-1-
undecanoic acid (11MUA)

SH OH

O

11MUA-9DT

4-Mercaptobenzoic acid
(4MBA)

SH
OH

O

4MBA-9DT

2-Aminothiophenol
(2ATP)

SH

NH2

2ATP-9DT

Figure 7.3 provides a schematic overview of the precise inkjet printing device and outlines the printing
procedures employed in this study. Throughout the printing process, the platform was heated to 40 °C to
facilitate solvent evaporation, which is important for achieving uniform film formation. The deposition
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of GNP films followed a LbL-inkjet printing method, as detailed in the Experimental Section. Before
depositing the GNP film, a 9DT coating is deposited on the PI substrate to form an adhesive layer
between the PI substrate and the GNPs. As shown in Figure 7.3, the GNP films were fabricated using
the LbL-inkjet printing with three deposition cycles. Each deposition cycle consisted of one coating of
GNP ink and one coating of organic ink, and each ink coating composed of four printing layers. The
first printing layer started with a 0-degree printing direction, followed by subsequent printing layers with
90-degree printing shifts. This strategy ensured a uniform coverage on substrates and minimized the
formation of void defects within the GNP films. For the first and second layers, the droplet spacing was
set at 0.05 mm, and the platform moved at a velocity of 35 mm/s, synchronized with a droplet dropping
frequency of 700 Hz. To avoid uncovered void defects, the platform velocity and droplet spacing were
slightly reduced for the third and fourth layers, with the platform velocity set to 28 mm/s and 21 mm/s,
respectively. Previous studies[24, 167] have noted a decrease in the resistance of GNP films with an
increasing number of deposited coatings. In accordance, after three LbL-inkjet deposition cycles, the
resistance of the resulting GNP film fell within the low megaohm range. Consequently, in this study,
all printed GNP films consisted of three GNP ink coatings, and four organic ink coatings in a sandwich
structure.

Figure 7.3: Schematic of the deposition of GNP films via the inkjet printing procedure. The droplet emerging
from the nozzle was continuously monitored by an integrated CCD camera positioned on the left side of the
platform. Organic and GNP inks were each connected to separate printheads. During the printing process, GNP
and organic inks were alternatively deposited onto the PI substrate in one deposition cycle. Each printed coating
comprised 4 printing layers. For each layer, the deposition began at a different position with a distinct printing
direction. The deposition cycle was repeated three times. The film deposition process began with a coating of
9DT ink and ended with a coating of organic ink, with coatings of GNP ink sandwiched between the organic ink
coatings.

This mixed ligand/linker strategy aims to systematically tune the selectivity and sensitivity of the
chemiresistors by adjusting the functional groups and chain lengths of the added MT ligands, thereby
tuning the interaction between GNP films and different volatile compounds. This approach is expected
to improve sensing performance as well as offer a deeper understanding of the role of the MT ligand
structure in the electronic properties of GNP-based chemiresistors.
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7.2.2 Electrical Properties

The electrical properties of the fabricated GNP-based chemiresistors were characterized to evaluate their
performance as sensing elements. Current-voltage (I-V) characteristics of the chemiresistors were mea-
sured using a parameter analyzer connected to the electrodes, with a voltage sweep range from -5 to
+5 V. The results are depicted in Figure 7.4. The I-V curves of all GNP-based chemiresistors exhibited
linearity, indicating Ohmic behavior. This observation suggests that the printed GNP films establish an
efficient percolation pathway for charge transport.

The fabricated pure 9DT cross-linked GNP chemiresistor exhibited a baseline resistance of 0.72 MΩ,
consistent with the literature value[24]. However, except for the GNP films prepared with the TG/9DT
mixture, all chemiresistors prepared with MT/9DT mixtures showed significantly higher resistance than
the one prepared with the pure 9DT linker, corroborating previous findings[24]. This increase in resis-
tance is hypothesized to be due to a reduction in the degree of cross-linking within the organic matrix,
resulting in lower charge transport efficiency. MT ligands with longer molecular lengths than the 9DT
molecule, such as 11MUO and 11MUA, have functional end groups that may form hydrogen bonds, which
can potentially hinder the bonding between the 9DT’s sulfur functional groups and the GNP surface.
Additionally, MT ligands with a larger size of the organic residue with the functional group, such as
aromatic rings (4MPO, 4MBA, and 2ATP), may also reduce the degree of cross-linking via 9DT linker
due to steric hindrance. In contrast, the TG ligand, which is shorter than the 9DT molecule, does not
suppress cross-linking efficiently. Consequently, the resistance of the TG-9DT chemiresistor was only
slightly lower than that of the pure 9DT sensor. These resistance measurements not only reflect the
charge transport properties of the fabricated films but also provide evidence that ligand/linker mixtures
alter the composition of the organic matrix within the film, thereby influencing its characteristics.

Figure 7.4: I-V curves of the printed GNP-based chemiresistors, which were all measured under nitrogen
atmosphere at ambient temperature. These chemiresistors were fabricated using mixtures of 1,9-nonanedithiol
(9DT) linker combined with various functionalized MT ligands, as indicated by the legend. The right plot is a
zoomed-in view of the left plot, as marked by the red box.
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7.2.3 Reproducibility, Repeatability, and Stability

Ensuring reproducibility is critical for sensor applications as it guarantees reliability, quality, and com-
parability from sensor to sensor. The coffee ring effect, a common issue during the printing process is
caused by unequal evaporation rates at the edges of and inside the droplets. This effect can lead to a non-
uniform distribution of GNPs and ligand/linker components, potentially resulting in inconsistent sensor
performance.[168, 169] In addition, minor variations in droplet size during the inkjet printing process can
further lead to deviations in sensor’s characteristics and sensing performance.

In order to examine sensor-to-sensor variations in this study, in addition to the 9DT sensor (as Sensor 1)
mentioned in the previous section, two other sensors (Sensor 2 and Sensor 3) were fabricated with the pure
9DT linker molecules at different dates to account for variations in printing conditions (e.g., humidity,
temperature) and printing device. The electrical properties of the resulting GNP chemiresistors were
characterized by I-V measurements. The resistance values extracted as the inverse slope of the I-V curves
were within the same order of magnitude: 0.72, 0.39, and 0.80 MΩ for Sensor 1, Sensor 2, and Sensor
3, respectively. The deviation in the baseline resistance of Sensor 2 compared to the others may be
attributed to uncontrolled variations of the printing conditions, resulting in smaller droplets ejected from
the inkjet printer and thereby leading to a thinner GNP film.

The conductivity of GNP films, as described by Equation 5.3, exhibits an exponential dependence on
both the interparticle distances of GNPs (δ) and the activation energy of the GNP film (Ea). Conse-
quently, even slight perturbations in these parameters can result in easily detectable electrical signals.
When analyte molecules are sorbed within the film, the organic matrix swells, leading to an increase in
the tunneling distance. As a result, an increase in resistance with a positive signal can be observed. Si-
multaneously, the analyte-adsorbed organic matrix provides a higher permittivity environment, typically
leading to a negative signal due to a reduction in the activation energy. However, in most cases, the
swelling effect of a 3D GNP film outbalances the permittivity effect, resulting in a positive signal. To
quantify these electrical signals (response amplitudes), the relative change in resistance (∆R/R0) was
utilized, where ∆R represents the difference between the maximum change in response (the average of
resistance when exposed to an analyte vapor at 110-115 s) and the baseline resistance R0 (the resistance
when exposed to zero gas).

Chemiresistors measurements were conducted to further examine variations in sensing performance from
sensor to sensor. Three GNP sensors (Sensor 1 to 3) were exposed to nonpolar and polar vapors (toluene
and ethanol (EtOH)) at concentrations ranging from 50 to 1000 ppm. Figure 7.5a and b show the baseline-
corrected time traces of transient responses of Sensor 1 to 3 under exposures to the analytes vapors. The
response amplitudes showed very good reproducibility across all three sensors for both vapors throughout
the entire concentration range of the analyte. Moreover, the kinetics of their chemiresistive responses
were also consistent. Despite slight deviations in film resistance, all three chemiresistors responded
similarly to the vapors. These data clearly confirm that the printing parameters were well-suitable for
the fabrication of GNP sensors with a high degree of sensor-to-sensor reproducibility. Compared to
the fully printed 9DT chemiresistors prepared by Ketelsen et al.[24], the 9DT chemiresistors in this
study exhibited smaller overall response amplitudes. However, the relative response amplitudes between
toluene and EtOH remained similar. This deviation in sensitivity may be attributed to differences in film
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thickness and the use of different GNP batches.

Further, repeatability and stability of each individual sensor are also essential attributes of sensors that
complement reproducibility to ensure consistent, accurate, and reliable measurements in a variety of
applications. Figure 7.5c shows the result of repeatability tests. Sensor 1 was exposed to toluene vapor
at 500 ppm for 2 min, followed by 4 min of zero gas (pure nitrogen). The exposure was repeated 9
times. All response amplitudes were identical with the same shape of transient response. Moreover, the
resistance recovered to its baseline resistance (resistance in a nitrogen atmosphere) after each exposure
to the test gas, indicating reversible interactions between the GNP film and the analyte. Figure 7.5d
illustrates the results of an aging test. The transient responses were recorded again after storing the
sensor for one week in a nitrogen cabinet at ambient temperature. Not only the response amplitudes
remained the same, but also the shape of transient response. Such a high level of repeatability and good
stability confirms that the fabricated sensors provide accurate measurements consistently over time and
under varying conditions.
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Figure 7.5: Reproducibility tests of three 9DT chemiresistors (Sensor 1-3), fabricated on different days. These
chemiresistors were exposed to a) toluene and b) ethanol vapors at concentrations ranging from 50 to 1000 ppm
in nitrogen (concentration profile: 50, 100, 150, 200, 300, 400, 500, 1000 ppm). c) Repeatability tests of Sensor 1
from panels a and b. Sensor 1 was exposed to toluene vapor at 500 ppm in nitrogen and pure nitrogen alternatively,
and the exposure was repeated nine times. d) Aging test of Sensor 1. Sensor 1 was exposed to toluene vapors with
the same analyte concentration profile as in panel a) on two different days. The time trace of transient responses
on the left side was recorded first, and the one on the right side was recorded one week later.
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7.2.4 Chemiresistor Measurements

The GNP films produced by the printing process exhibited variations in electrical properties, confirming
the modification of their respective organic matrices. Preliminary experiments showed exceptional repro-
ducibility, repeatability, and stability of their chemiresistor characteristics, indicating their potential for
sensor applications. To fully evaluate their performance, chemiresistor measurements were conducted. To
this end, seven GNP films with different organic compositions were fabricated, and their chemiresistive
responses were tested against six types of analyte vapors: 1-propanol, 4-methyl-2-pentanone (4M2P),
toluene, water, ethanol (EtOH), and acetone. With the exception of acetone and EtOH, the remaining
analytes, 1-propanol, 4M2P, water and toluene, represent analytes with different polarities, but with
similar vapor pressures (∼25, ∼17, ∼24, and ∼29 mmHg at 25 ◦C, respectively[170]). In this case, the
partition coefficients for analytes sorbed by a GNP film depend strongly on their distinct chemical nature.
In addition to screening the chemical nature of the analytes to test each GNP film individually, two other
analyte vapors were also of great interest: EtOH and acetone. EtOH is known for its effects on cerebral
function and is found in many beverages, while acetone is considered as a biomarker. During ketosis,
acetone is generated as byproduct and exhaled through the lung.[171–174] Moreover, studies have shown
that the concentration of acetone in breath correlates with blood sugar levels, making a real-time acetone
monitor beneficial for diabetes patient[173, 174] and individuals on ketogenic diets[171, 172]. Compared
to the first four mentioned vapors, EtOH has a higher vapor pressure (∼66 mmHg[170]), while acetone
has a significantly higher vapor pressure (∼230 mmHg[170]). These differences in vapor pressure may
result in a lower partition coefficient for analyte uptake by the films, thus affecting the sensitivity and
selectivity of the chemiresistors.

The seven GNP chemiresistors were exposed to the analyte vapors over the concentration range of 50 to
1000 ppm (50, 100, 150, 200, 300, 400, 500, 1000 ppm), and they exhibited linear response characteristics
within the range between 50 to 500 ppm. The sensitivities were determined by the slopes of linear fits
to the response isotherms within this concentration range of 50 to 500 ppm, without forcing the lines to
pass through the origin, as shown in Figures A8 to A14 in the Appendix (extracted from the responses
presented in Figures A1 to A7). Figure 7.6 presents the transient responses of these GNP chemiresistors
exposed to six different analyte vapors at a concentration of 500 ppm, as well as the sensitivities of these
chemiresistors exposed to six different analyte vapors. The transient responses of all printed GNP-based
chemiresistors are shown in Figures A1 to A7 in the Appendix.

The sensitivity of the printed pure 9DT cross-linked GNP chemiresistor to analyte vapors was an order of
magnitude lower than reported in previous studies[15, 24]. This decrease can be attributed to the different
fabrication process. Due to the long hydrophobic alkyl chain of the 9DT linker, the 9DT chemiresistor
possessed a highly hydrophobic organic matrix, resulting in sensitivities following the order: 4M2P >

toluene > 1-propanol > water > EtOH > acetone. This sensitivity order is consistent with the 9DT films
prepared via the LbL-SC method[23], the LbL self-assembly method[15], and the LbL-inkjet printing
method[24]. Except for the sensitivity to 4M2P, the sensitivity order closely reflects the polarity of the
analytes. The slightly higher sensitivity to 4M2P compared to toluene is likely due to the lower vapor
pressure of 4M2P. Moreover, the low sensitivity towards EtOH and acetone vapors is primarily attributed
to the high vapor pressures of these analytes, leading to a lower mass uptake by the film. Additionally,
the transient responses of the 9DT chemiresistor to all analyte vapors exhibited quasi-rectangular shapes,
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Figure 7.6: Transient responses of seven GNP-based chemiresistors upon exposure to six different analyte vapors
at 500 ppm in nitrogen (top). Sensitivities of these chemiresistors towards the six analyte vapors (bottom).
Sensitivities were determined from the slopes of linear functions to the response isotherms in the concentration
range of 50 to 500 ppm (as shown in Figures A8 to A14 in the Appendix). The colors of the bars represent
different GNP chemiresistors prepared with varying organic matrix compositions, as indicated by the legend.
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indicating rapid response and recovery times.

The chemical selectivity of GNP-based chemiresistors can be effectively tuned by manipulating the polar-
ity of the ligand shell surrounding the GNPs or by incorporating different cross-linkers during the assem-
bly of GNP films.[9, 15, 20, 24, 29, 41] These strategies enable the customization of sensor responses to
specific analytes or classes of analytes, making GNPs a versatile platform for gas and vapor sensing appli-
cations. A previous investigation from our research group has demonstrated successful selectivity-tuning
through the addition of short hydroxyl and carboxylic acid functionalized MTs.[24] However, the extent
of selectivity change remained constrained, and the response kinetics were unaffected by the approach
of employing a ligand/linker mixture strategy. To enhance selectivity tuning, various sizes and types of
functionalized ligands were employed and investigated, aiming to detect analyte vapors of interest.

To gain insights into how the ligand structure affects sensing characteristics, three hydroxyl functionalized
MTs with different structural characteristics were investigated: one possessing a long straight alkyl chain
(11MUO), another with a short chain and branched functional groups (TG), and the third containing an
aromatic ring (4MPO). As illustrated in Figure 7.6, the film prepared with the ligand containing an aro-
matic ring (4MPO-9DT) exhibited the highest sensitivity to polar vapors compared to the corresponding
other two films (TG-9DT and 11MUO-9DT). The presence of the aromatic ring in the 4MPO ligand
may occupy more space on the GNP surface, thus reducing the ligand coverage on GNPs and potentially
increasing the analyte uptake or swelling efficiency of the organic matrix.

Moreover, according to the ”like dissolves like” rule, the hydroxyl-functionalized MT composite organic
matrix is expected to exhibit a higher affinity for alcohol vapors. On the other hand, for the detection
of volatile compounds with carbonyl groups, amino-functionalized MT, such as 2ATP, was utilized. The
carbonyl group has a partially positively charged carbon atom, which is an electrophilic center, whereas
the nitrogen atom of the amino group has a partially negative charge, which makes it nucleophilic.
Thus, the amino and carbonyl groups are capable of interacting with each other through nucleophilic
reactions. Previous studies have highlighted the advantages of using amino-modified materials for acetone
sensing.[175, 176] On the other hand, carboxylic acid functionalized ligands have also been widely used
for vapor sensing due to their ability to engage in hydrogen bonding with compounds containing nitrogen,
oxygen, or fluor atoms.[25, 39, 40, 78, 81, 177–181]

As expected, the resulting GNP chemiresistors prepared with functionalized MT ligands showed higher
sensitivity towards polar vapors than the one prepared with the pure 9DT linker. Notably, among all fab-
ricated chemiresistors, the one consisting of the 4MPO ligand exhibited the highest sensitivity towards the
polar vapors. Despite the addition of various polar functional groups, the high vapor pressure of acetone
still limited its partitioning into the films, resulting in low sensitivity across all chemiresistors. However,
some improvements were observed. For instance, compared to the 9DT chemiresistor, the chemiresistor
consisting of the amino-functionalized 2ATP ligand succeeded in doubling the sensitivity to acetone, likely
due to interactions between the carbon (from the carbonyl of acetone) and nitrogen (from the amino of
2ATP) atoms. Moreover, for the chemiresistor prepared with the mixture of 4MPO/9DT, the sensitivity
to acetone could be further increased more than three-fold. Apart from sensitivity enhancement, each
chemiresistor exhibited different sensitivity orders towards the six analyte vapors, demonstrating the
potential for tailoring sensor responses through careful selection of MT ligands and DT cross-linker.
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In addition to tuning the sensor’s selectivity, specific MT ligands can also modify the response kinetics of
the chemiresistors. For instance, the 4MPO-9DT chemiresistor exhibited a fin-like shape in its transient
responses when exposed to 1-propanol and EtOH vapors. This delayed response to alcohol vapors could
be attributed to the shielding effect on the sorption site[147], possibly the hydroxyl functional group of the
4MPO ligand. Conversely, the chemiresistor prepared with the mixture of 2ATP/9DT displayed different
response kinetics, with rapid responses observed when exposed to toluene, 4M2P, and 1-propanol vapors,
followed by a decrease in response amplitude when exposed to the analyte vapors. This phenomenon
may originate from the re-assembly of GNPs triggered by vapor sorption. Initially, the organic matrix
swells significantly during analyte uptake, and the GNPs subsequently rearrange themselves, eventually
settling into more stable positions. The use of functionalized ligand/linker mixtures provides the potential
for modifying the response kinetics, which could serve as a feature for further analysis or as a unique
fingerprint for specific vapor recognition. These unique characteristics of the response kinetics were later
extracted as sensor response features for the GNP-based chemiresistor arrays. In Section 7.5, these
features are combined with classification algorithms such as linear discriminant analysis (LDA), and used
to distinguish between different volatile chemical compounds. However, a more detailed investigation is
necessary to fully understand the influence of functionalized ligands on response kinetic variations.

As previously described, each chemiresistor prepared with a different organic matrix composite displayed
distinct vapor sensitivities and selectivities. For the representation of characteristic response patterns
produced by an array of different sensors for different analytes, it is necessary to handle significant
differences in the values of the response amplitudes caused by variations in the vapor pressure of the
analytes by normalizing the measured chemiresistive response amplitudes. For normalization, for each
analyte, the highest resistive response amplitude among the seven sensors was used as a reference, allowing
the deviation of the relative response magnitudes to be compared to this highest response. Figure
7.7 depicts the radar plots of the relative chemiresistive responses upon exposure to toluene, 4M2P, 1-
propanol, EtOH, water, and acetone at vapor concentrations of 500 and 200 ppm. Once again, these radar
plots confirm noticeable selectivity tuning when applying mixtures of functionalized MT ligands and the
9DT cross-linker for printing the sensors. The responses from these seven fully printed chemiresistors
to each analyte vapor demonstrate unique patterns. Even among the alcohol group vapors, 1-propanol
and EtOH, the response patterns were different. Importantly, these analyte specific patterns remained
consistent despite variations in vapor concentration.
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Figure 7.7: Radar plots of the relative chemiresistive response amplitudes of seven different GNP films upon
exposure to six analyte vapors at concentrations of a) 500 and b) 200 ppm in nitrogen. The colors of the radar
plots represent different analyte vapors as indicated by the legend. Consistency in response patterns is observed
for both vapor concentrations.
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7.2.5 Amine Sensing

Amine sensing has garnered increasing interest due to the significance of amines in food quality con-
trol[182, 183], environmental monitoring[184], and health detection[185]. Amines, as Lewis bases, have
the ability to deprotonate Lewis acids such as carboxylic acids, forming carboxylates. Due to the strong
interaction between amines and carboxylic acids, carboxylic acid-terminated molecules can serve as po-
tential ligands for amine sensing. Snow et al. proposed GNP-based chemiresistors functionalized with
ω-mercaptocarboxylic acid, showing pronounced and selective responses to amine vapors.[177] However,
these sensors experienced significant baseline resistance drifts after exposure to amines, necessitating a
heating process for the recovery of properties. Similarly, in our study, an ω-mercaptocarboxylic acid
with a straight long alkyl chain was employed for the preparation of the fully printed chemiresistors.
Compared to the sensor reported in the literature, our printed chemiresistor containing the 11MUA lig-
and has a much lower ω-mercaptocarboxylic acid fraction within the organic matrix, and the different
fabrication method may also lead to variations in GNP assembly and film microstructure. Nevertheless,
it is worthwhile to examine its capability as an amine sensor.

In the preliminary amine-sensing measurements, n-butylamine was used as the representative amine
gas, possessing a vapor pressure of ∼93 mmHg at 25 ◦C[186]. The 11MUA-9DT chemiresistor was
exposed to n-butylamine vapor at concentrations ranging from 50 to 1000 ppm, with the concentration
profile set at 50, 100, 150, 200, 300, 400, 500, 1000 ppm. Figure 7.8 presents the baseline-corrected
transient responses. Despite the higher vapor pressure of n-butylamine compared to the previously
tested analytes, the response amplitude at the lowest concentration of 50 ppm still reached nearly a 5%
increase in resistance. This notable increase in response amplitude of more than a factor of ten compared
to the previously tested analyte vapors aligns well with previous findings[177], attributed to a strong
Lewis acid-base interaction. However, as depicted in Figure 7.8, the response amplitude did not increase
proportionally with increasing concentrations. The response amplitudes within the concentration range of
50 to 500 ppm remained similar, and increased only slightly when the vapor concentration was increased
to 1000 ppm. This observation suggests that the organic matrix consisting of the 11MUA/9DT mixture
may have reached its maximum swelling ability due to the strong interactions between the analyte and
the sensing film. Consequently, even with an increased presence of n-butylamine molecules in the film,
a higher degree of swelling is not possible and thereby, it cannot cause a significant increase in response
amplitude.

Earlier, Joseph et al.[137] demonstrated that 9DT-cross-linked GNP films prepared via the LbL self-
assembly method showed a modest increase in resistance (∼0.2 %) when exposed to 400 ppm toluene
vapor, and an increase of ∼0.3 % in resistance when exposed to 400 ppm ammonia vapor. This higher
sensitivity to ammonia than to toluene is due to the strong affinity between the amine molecules and the
gold surfaces. In this case, the response amplitude to amine was 1.5 times higher than the response to
toluene. However, in the case of the printed 11MUA-9DT chemiresistor, it showed an increase of ∼0.16%
in resistance to 400 ppm toluene but a significant increase of ∼5% in resistance to 400 ppm n-butylamine,
which is more than 30 times greater than the response to toluene. Therefore, although the interaction
between the amines and the gold surfaces plays a role in the chemiresistive response, the addition of the
11MUA ligand significantly enhances the sensitivity of the films to the amine analyte.
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Figure 7.8: Baseline-corrected chemiresistive responses of the 11MUA-9DT sensor to n-butylamine vapor at
concentrations of 50, 100, 150, 200, 300, 400, 500, and 1000 ppm in nitrogen.

To confirm the limited swelling of the 11MUA-constructed organic matrix, a second n-butylamine dosing
measurement was conducted, starting from a lower concentration of 5 ppm. Figure 7.9 presents the time
trace of resistance change upon exposure to amine vapor without baseline correction (top plot), and
baseline-corrected resistive responses (bottom plot). In order to obtain lower concentrations of analyte
vapor, this measurement was performed with the assistance of a second dilution unit integrated with
the standard gas calibration system, as illustrated in Figure 6.2. As n-butylamine is considered to be a
corrosive compound, the carrier gas flow rate into the vessel containing the n-butylamine solution was
set to a low level. Additionally, it was observed that due to the corrosive nature of n-butylamine, slight
degradation of the o-ring between the condenser and the analyte-containing vessel was observed, which
could have resulted in analyte gas leakage. These two factors may have contributed to some technical
errors during the measurements. Although some technical errors were observed, particularly at vapor
exposures of 10 and 25 ppm, the response amplitude at the lowest vapor concentration of 5 ppm still
reached a 5% change in resistance. This result suggests that even at 5 ppm of n-butylamine vapor,
the 11MUA-9DT sensor is still operating at its maximum swelling ability. However, achieving even
lower vapor concentrations becomes challenging, potentially leading to unstable and unreliable testing
conditions. This instability is evident when dosing 5 ppm of amine vapor, as three repeated exposures
resulted in varying response amplitudes and shapes of transient responses.

The structure of the 11MUA ligand includes a carboxylic acid group, which can react strongly with amines
to form carboxylate compounds. This chemical interaction can lead to irreversible baseline drifts in the
sensor’s response when exposed to amine vapors. Such drifts arise from changes in the assembly of GNPs
and the presence of amine residues in the organic matrix. A previous research by Snow and Ancona has
reported the need of a heating step to restore sensor’s performance and fully desorb amine molecules from
the organic matrix.[177] To evaluate the reversibility of our sensor device after being exposed to amine
analytes, I-V measurements of the 11MUA-9DT sensor were conducted before and after each amine-
dosing experiment (cf. Figure 7.10). Initially, the baseline resistance was around 10 MΩ. After the first
amine vapor dosing experiment, which involved vapor concentrations ranging from 50 to 1000 ppm, the
resistance increased slightly. To ensure complete desorption of amine molecules within the organic matrix,
a 30-minute pure nitrogen purging step was employed after the first experiment. Although the baseline
resistance of the sensor dropped back slightly, it did not fully recover to its original value. Subsequently,
a second n-butylamine vapor dosing experiment was conducted in a lower concentration range of 5 to 300
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Figure 7.9: Time trace of non-baseline-corrected responses (top plot) and baseline-corrected resistive responses
(bottom plot) under exposure to n-butylamine vapor at concentrations of 5, 5, 5, 10, 25, 50, 75, 100, 200, and
300 ppm in nitrogen.
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ppm. Again, the baseline resistance of the sensor increased very slightly. However, over two vapor-dosing
measurements, the baseline resistance of the 11MUA-9DT sensor eventually stabilized at approximately
10 MΩ. This observation suggests that this sensor not only demonstrates high sensitivity and selectivity
towards amine compounds but also exhibits excellent recovery after exposure to amine analytes. The
stability and repeatability underline the potential of the fully printed 11MUA-9DT sensor for reliable
amine detection in practical applications.

Figure 7.10: I-V curves of the 11MUA-9DT sensor measured before and after each amine-dosing experiment.
The right plot is a zoomed-in view of the left plot in the voltage range of 4.5 to 5 V.

7.2.6 Summary and Outlook

In this section, we explored the use of printing approaches combined with a mixed ligand/linker strategy
to fabricate GNP-based chemiresistors. This method offers flexible designs for sensors with potential
for scale-up, while reducing chemical usage and waste production. Seven chemiresistors with differently
functionalized MT ligands were successfully fabricated. We began by examining the electrical properties
of the GNP sensors, observing variations of the baseline resistance, which indicates modifications in their
organic matrix compositions. Subsequently, comprehensive chemiresistor measurements were conducted
by exposing the resulting chemiresistors to various analyte vapors and analyzing their responses. The
results reveal distinct sensitivity orders and response kinetics, indicating the potential for selective gas
and vapor sensing applications, especially when combining the different sensors to form a sensor array.
Furthermore, we investigated the sensors’ performance of the 11MUA-9DT sensor for amine sensing, a
critical area of interest in food quality control, environmental monitoring, and health detection. Despite
encountering some challenges such as baseline drifts and limitation of our gas calibration system for
generating even lower vapor concentrations, the sensor demonstrated promising sensitivity and selectivity
towards n-butylamine.
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Looking ahead, further research could focus on optimizing the organic matrix composition to improve
sensitivity and selectivity, as well as exploring additionally functionalized ligands to expand the range of
detectable analytes. Additionally, considering the promising results from the amine-dosing experiments,
where high sensitivity and selectivity resulted from a Lewis base-acid interaction, further investigations
into the response of sensors containing Lewis base functional groups to acidic analytes would be valuable.
Specifically, the 2ATP-9DT chemiresistor, which contains the Lewis base functional group, may exhibit
high sensitivity to acidic analytes. Conducting acid vapors-dosing experiments using this sensor could
provide valuable insights into its performance and potential applications. In summary, the findings
presented in this section lay a foundation for the development of advanced fully printed GNP-based
chemiresistors for diverse sensing applications.
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7.3 Gold Nanoparticle Films with a Mixed Organic Matrix

In Section 7.2, the utilization of a mixed ligand/linker system demonstrated effective selectivity tuning,
resulting in GNP-based sensors with distinct response patterns to various analyte. However, these sensors
showed relatively low sensitivities to all analyte vapors (with the exception of n-butylamine), and the
selection of added ligands was not entirely based on a deep understanding of the underlying structure-
property relationships. Therefore, in this section, the present study shifts its focus to a systematic
investigation of GNP films prepared with different ligand/linker mixtures. Instead of employing printing
technologies, this study adopts a time-saving and straightforward approach to prepare GNP films with
different organic matrix compositions through a layer-by-layer spin-coating (LbL-SC) procedure[85], as
previously reported by our research group.

Two types of functionalized monothiol (MT) ligands were studied: hydrophobic alkanethiols (ATs) and
amphiphilic ω-mercaptocarboxylic acids. The functionalized MTs with varying alkyl chain lengths were
mixed with the 9DT linker to determine the optimum mixing ratio and chain length of the MT ligand to
achieve high sensitivity and selectivity. The resulting GNP films were analyzed by electrical and optical
measurements, grazing incidence small angle X-ray scattering (GISAXS), scanning electron microscopy
(SEM), chemiresistor measurements, and quartz crystal microbalance (QCM) measurements.

This section contains a summary of results that were published in the following journal article: C.-Y.
Liu, S. C. Bittinger, A. Bose, A. Meyer, H. Schlicke, T. Vossmeyer, ”Tuning the Interfacial Chemistry of
Nanoparticle Assemblies via Spin-Coating: From Single Sensors to Monolithic Sensor Arrays”, Advanced
Materials Interfaces, 2024, 2301058.[2]

7.3.1 Fabrication of Gold Nanoparticle-Based Sensors with Mixed Organic
Matrix

GNP films were prepared using the previously reported LbL-SC procedure[85], as depicted in Figure
7.11. To facilitate highly efficient ligand exchange reactions, amine molecules served as initial ligands to
stabilize the GNPs in colloidal solution. Previous studies have demonstrated that these ligand exchange
reactions can occur in situ during the LbL-SC procedure. 12A, which binds weakly to the gold surface
compared to thiols, allows for efficient exchange for stronger binding linker and ligands such as 9DT and
MT molecules during the LbL-SC procedure.[12]

For this study, two batches of GNPs, e.g., GNP2 and GNP3, were used. The particles of both batches
had an average core diameter of ∼7.3 nm, and similar particle concentrations of ∼4.1 and ∼4.5 µM,
respectively. The characterizations of these batches, including UV/vis absorbance spectra and TEM
images, are presented in Figure 7.1. For fundamental characterizations and screening tests of GNP films,
batch GNP2 was mainly employed, while the 100%3MPA and 100%8MOA films were prepared using
batch GNP3. To investigate the resistive response isotherms, sorption characteristics of different analytes,
and vapor-induced swelling of selected GNP films, the GNP films were deposited onto glass substrates
(resistive sensors), QCMs (mass sensors), and silicon wafers (GISAXS and SEM measurements) using
GNP3 batch. Considering the similar particle sizes and concentrations of batches GNP2 and GNP3, we
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assumed that the properties and sensing performances of the resulting GNP films prepared with these
two batches are comparable. 12A-stabilized GNPs and various mixtures of functionalized MTs/9DT
were alternatively deposited onto a rotating glass substrate, following the procedure detailed in the
Experimental Section.[85] 9DT has been widely used as a cross-linker in chemiresistor applications[15,
24, 85, 137], and is commercially available. To ensure comparability with earlier publications and the
previous section (Section 7.2), we intentionally chose to use 9DT as the standard cross-linker in the
present study.

The 9DT linker was mixed with the hydrophobic ATs and amphiphilic ω-mercaptocarboxylic acids in
different ratios aiming to adjust the cross-linking degree and polarity of the resulting organic matrix within
the GNP films, as detailed in Table 7.2. In an earlier study conducted by our research group, GNP films
were prepared using mixtures of MT/9DT, with the highest molar fraction of MT reaching 50%.[24]
However, this previous investigation showed that this MT fraction did not significantly enhance neither
sensitivity nor selectivity. Therefore, for the present study, high molar fractions of MT were deliberately
chosen to explore GNP films with minimal covalent GNP cross-linking and to optimize the properties
of the organic matrix. Consequently, three different MT molar fractions were investigated: 67%, 89%,
and 95%. The MT ligands applied in this study can be categorized into three groups depending on their
molecular lengths:

1. MTs with lengths shorter than that of 9DT, including 1-hexanethiol (6T), 1-octanethiol (8T),
3-mercaptopropionic acid (3MPA), 6-mercaptohexanoic acid (6MHA), and 4-mercaptobenzoic acid
(4MBA).

2. MTs with lengths comparable to that of 9DT, such as 1-decaenthiol (10T) and 8-mercaptooctanoic
acid (8MOA).

3. MTs with lengths longer than that of 9DT, including 1-undecanethiol (11T), 1-dodecanethiol (12T),
1-tetradecanethiol (14T), and 11-mercaptoundecanoic acid (11MUA).

For the majority of GNP films prepared using mixtures of MT/9DT via the LbL-SC process, it remained
feasible to fabricate films even with relatively low 9DT cross-linker molar fractions, as low as 5%. Firstly,
experiments were conducted using pure MT ligand solutions to test their suitability for the LbL-SC film
fabrication. In these tests, either the GNPs failed to form a film on the substrate during the LbL-SC
procedure, or the resulting films were fragile and easily destroyed during the washing step (Figure 7.11a,
step v). This observation leads to the conclusion that, regarding the AT ligands, a minor fraction of
9DT linker is necessary to enable the LbL deposition of GNP films via covalently cross-linking of GNPs.
Conversely, when pure 3MPA and 8MOA ligand solutions were applied, GNPs were successfully deposited
LbL. This result can be attributed to the formation of hydrogen bonds between the carboxylic acid end
groups, a mechanism supported by previous studies.[25, 78, 177] The end groups of ω-mercaptocarboxylic
acids act as alternative cross-linkers by bridging themselves, and the resulting hydrogen bonds are robust
enough to support the LbL-SC fabrication process. However, with the relatively long 11MUA ligand, a
molar fraction of 33% of 9DT was required to enable the LbL-SC film fabrication. This suggests that for
ω-mercaptocarboxylic acids of such lengths, hydrogen bonds alone were insufficient to form a stable GNP
network. Similarly, in the case of the long 14T ligand, the LbL-SC film fabrication was only feasible when
a 33% molar fraction of 9DT was used; a lower fraction of 9DT mixed with 14T was insufficient to enable
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the LbL-SC procedure. Moreover, the LbL-SC fabrication of the 67%14T-9DT film was challenging in
that, as this material exhibited a tendency to detach from the substrate and resulted in the formation
of an inhomogeneous film. These findings indicate that the long alkyl residue of 14T ligands sterically
hinders the cross-linking ability of the much shorter 9DT linker. Therefore, when using the combination
of very long ATs and the 9DT linker, a higher fraction of 9DT linker in the organic matrix appears
essential to produce stable GNP networks during LbL-SC film fabrication.

For the fundamental characterization and the chemiresistor screening tests, a total of 32 GNP films (listed
in Table 7.2) were prepared by applying five to six LbL-SC cycles (referred to as steps ii and iii in Figure
7.11a). Depending on the applied MT/9DT mixtures, the resulting GNP films exhibited colors ranging
from bluish to purple. Exemplary photographs of the films are provided in Figure A16 in the Appendix.
Film thicknesses determined by AFM measurements were in the range from ∼34 to ∼45 nm (cf. Table A1
in the Appendix). SEM and AFM images of exemplary films are shown in Figure A16 in the Appendix.
The GNP chemiresistor fabrication was finished after the evaporation of approximately 100 nm thick
gold electrodes onto the GNP films using physical vapor deposition (PVD) with a shadow mask (Figure
7.11a, step vi). The distance between gold electrodes was approximately 400 µm and the electrode width
was approximately 11 mm, cf. Figure 7.11b.
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Figure 7.11: a) Overview of the fabrication process for GNP-based sensing films using the LbL-SC method.
Initially, the glass substrate was double-coated with pure 9DT cross-linker solution or the surface of the substrate
was modified with amino silanes to improve the adhesion between GNPs and the substrate (step i). Subsequently,
GNP and MT/9DT solutions were cyclically deposited onto the substrate (steps ii and iii). This procedure was
repeated 4 to 5 times. The substrate was then immersed in the ligand solution overnight (step iv), followed by
washing in an acetone bath (step v). The resulting GNP film-coated substrate was divided into quarters, and
gold electrodes were deposited using PVD with a cannula used as a shadow mask (step vi). b) Photograph of
a fabricated GNP chemiresistor and a schematic representation of a partially cross-linked GNP film. Reprinted
with permission from Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH
GmbH.
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Table 7.2: Cross-linker and MT ligands used in this study, along with the MT molar fractions in MT/9DT
mixtures used for GNP films fabrication, and corresponding sensor notations. Reprinted with permission from
Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

Thiols Structural Formula MT Molar Fraction
[%]

Sensor

1,9-nonanedithiol (9DT) SH SH 0 9DT

1-hexanethiol (6T) SH

67
89
95

67%6T-9DT
89%6T-9DT
95%6T-9DT

1-octanethiol (8T) SH

67
89
95

67%8T-9DT
89%8T-9DT
95%8T-9DT

1-decanethiol (10T) SH

67
89
95

67%10T-9DT
89%10T-9DT
95%10T-9DT

1-undecanethiol (11T) SH

67
89
95

67%11T-9DT
89%11T-9DT
95%11T-9DT

1-dodecanethiol (12T) SH

67
89
95

67%12T-9DT
89%12T-9DT
95%12T-9DT

1-tetradecanethiol (14T) SH 67 67%14T-9DT

3-mercaptopropionic acid
(3MPA)

SH OH

O
67
89
95
100

67%3MPA-9DT
89%3MPA-9DT
95%3MPA-9DT
100%3MPA

6-mercaptohexanoic acid
(6MHA)

SH
OH

O

67
89
95

67%6MHA-9DT
89%6MHA-9DT
95%6MHA-9DT

8-mercaptooctanoic acid
(8MOA)

SH
OH

O

67
89
95
100

67%8MOA-9DT
89%8MOA-9DT
95%8MOA-9DT
100%8MOA

11-mercaptoundecanoic
acid (11MUA)

SH OH

O

67 67%11MUA-9DT

4-mercaptobenzoic acid
(4MBA)

SH
OH

O 67
89
95

67%4MBA-9DT
89%4MBA-9DT
95%4MBA-9DT
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7.3.2 Conductivity and UV/vis Absorbance of Gold Nanoparticle Films, and
GISAXS Measurements

As Equation 5.3 suggests, the conductivity of organically capped GNP films decreases exponentially with
increasing interparticle distance. In other words, the conductivity of the film is strongly influenced by the
tunneling distance between neighboring GNPs. However, it is important to note that the interparticle
distance extracted from conductivity measurements only takes into account the percolation pathway
of charge transport. On the other hand, according to the Maxwell-Garnett theory and confirmed by
numerous experimental studies[57, 83, 187], the localized surface plasmon resonance (LSPR) band of the
GNP films shows a blueshift in spectral position with increasing interparticle distance. In this scenario,
changes in the interpaticle distance observed in UV/vis data represent an average estimate across the
spot size of the spectrometer. Similarly, the GISAXS measurements provide the information about the
order of GNP assemblies as well as their interparticle distances based on the spot size of the instrument.
By analyzing data from these three measurements, we can infer a correlation between the variation of
interparticle distances and charge transport as a function of the composition of mixtures of MT/9DT
within the GNP films.

In the electrical measurements, all the prepared GNP films exhibited linear current-voltage (I-V) curves
within the voltage range of -5 to +5 V. The conductivities and the spectral positions of the LSPR bands of
these GNP films were measured at room temperature as illustrated in Figure 7.12. The conductivity of the
9DT cross-linked GNP film in this study was ∼1·10-2 S·cm-1, falling within the same order of magnitude
as values reported in earlier publications.[12, 15, 23, 24] Interestingly, the GNP films formulated with
mixtures of MT/9DT, which included short ligands such as 6T and 8T, showed similar conductivities as
the film cross-linked with pure 9DT. This suggests that the presence of 6T and 8T in the organic matrix
did not significantly affect the average interparticle distance along the percolating pathway. However, as
the fraction of MT ligands increased, the LSPR band shifted slightly towards the blue, indicating a slight
increase in the average interparticle distances across the spot size of the spectrometer, see the UV/vis
absorbance spectra shown in Figure A17 in the Appendix.

When applying molar fractions of 89% and 95% of the 10T ligand mixed with the 9DT linker, the blueshift
of the LSPR band became more obvious, cf. Figure A17 in the Appendix. In addition, a pronounced
decrease in conductivity was observed for the GNP films prepared with a molar fraction of 10T at 95%.
As the lengths of the MT ligands (11T, 12T, 14T) exceeded that of the 9DT molecule, an even more
substantial blueshift was observed. For instance, when the molar fraction of 11T increased from 67% to
89%, the films’ conductivity dropped by nearly two orders of magnitude, from ∼10-2 to ∼10-4 S·cm-1,
while the LSPR band was blueshifted from ∼615 to ∼590 nm. Similarly, but even more pronouncedly,
the conductivity of the GNP films prepared with mixtures of 12T/9DT continuously dropped from ∼10-2

down to ∼10-5 S·cm-1 (roughly three orders of magnitude) when increasing the 12T molar fraction from
67% to 95%. Concomitantly, the LSPR band blueshifted from ∼615 to 580 nm. Eventually, for the GNP
films prepared with mixtures of 14T/9DT, the conductivity decreased by approximately three orders of
magnitude compared with the pure 9DT cross-linked film, and a ∼50 nm blueshift of the LSPR band
was observed, despite the low 14T molar fraction of only 67%.

Overall, the GNP films comprising mixtures of ω-mercaptocarboxylic acid/9DT displayed consistent
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trends. As the length of the MT ligands increased, the conductivity dropped, accompanied by a blueshift
of the LSPR band, as shown in Figure A18 in the Appendix. Additionally, for the films prepared with
mixtures of 6MHA/9DT and 8MOA/9DT, the conductivities decreased with higher molar fractions of
the MT ligand, along with blueshifts of the LSPR bands (cf. Figure A18, Appendix). In contrast, when
using the shorter-length MT, 3MPA, the resulting films showed increased conductivity with increasing
3MPA fractions, and the LSPR bands consistently shifted to the red, except for the film prepared with
the pure 3MPA ligand. Similarly, when using the other short MT ligand, 4MBT, the conductivities
of the resulting films followed the same trend, but the LSPR bands shifted inconsistently (cf. Figure
A18, Appendix). This increase in conductivity and the red-shift of the LSPR can be attributed to the
increasing permittivity of the organic matrix with an increasing fraction of polar ligands such as 3MPA
or 4MBA molecules. It is noteworthy that for charge transport, the activation energy Ea decreases with
the increasing permittivity (cf. equation 5.6).[105] However, for the long MTs, such as 6MHA, 8MOA
and 11MUA, the increase in interparticle distance due to longer lengths of the ligands outweighs the
permittivity effect. Consequently, with increasing MT fractions, the interparticle distance increased,
leading to a decrease in film conductivity.

Figure 7.12: Room temperature conductivities and spectral positions of the LSPR band of GNP films assembled
with different MT/9DT mixtures. Note, the 100%3MPA and 100%8MOA films were prepared using batch GNP3,
while the remaining films were prepared using batch GNP2. Reprinted with permission from Ref. [2]. ©2024 The
Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

The conductivity and UV/vis data provided insights into the tunneling distance along the charge trans-
port’s percolation pathway and the interparticle distance within the spectrometer’s spot size of the GNP
films. To further validate these findings, GISAXS measurements were conducted on selected samples to
confirm the average nearest neighbor distances (NNDs) of GNPs in films prepared using MT ligands of
varying lengths and with different functional groups. For this purpose, the GNP films were deposited
onto silicon wafers by applying three LbL-SC deposition cycles. Due to the size limitation of the sample
stage, a maximum of three samples could be mounted and measured in one experimental run. The 9DT,

81



Chapter 7 C.-Y. Liu

95%6T-9DT, and 89%12T-9DT films were measured on the same day, while the 95%3MPA-9DT and
95%8MOA-9DT films were measured on a separate day. Slight deviations in GISAXS measurements
may occur due to errors caused by sample alignment. An exemplary GISAXS scattering pattern of the
95%3MPA-9DT film is shown in Figure 7.13a. The intensity profiles of five selected films were derived
by applying line cuts from the center-to-edge of the pattern along the red arrow direction as indicated
in Figure 7.13a. Intensity profiles were also extracted along the yellow arrow direction and fitted with a
2D hexagonal model to estimate the particle size, resulting in an average core diameter of approximately
7.9 nm. To obtain a more precise GNP size, the GNP colloid from batch GNP3 was subjected to a small
angle X-ray scattering (SAXS) measurement in transmission geometry. The intensity profile extracted
from the SAXS measurement was fitted with a core/shell spherical form-factor model, yielding an average
particle core diameter of 7.44 nm (cf. Figure A15, Appendix), which is in reasonable agreement with the
average core diameter of 7.25 nm determined by TEM analysis. The average edge-to-edge interparticle
distances of GNPs in different films were calculated by subtracting the SAXS-determined core diameter
from the GISAXS-determined NNDs (cf. Figure 7.13b). In qualitative agreement with our previous inter-
pretation, GISAXS measurements revealed average edge-to-edge interparticle distances of approximately
1.2 nm, 0.9 nm, and 1.1 nm for the 9DT, 95%6T-9DT and 95%3MPA-9DT GNP films, respectively. As
expected, significantly longer average edge-to-edge distances of approximately 1.9 nm and 1.7 nm were
determined for the 89%12T-9DT and 95%8MOA-9DT GNP films, respectively. The interparticle distance
of the film prepared with the mixture of 89% 12T/9DT is comparable to the film prepared with the pure
12T ligand reported by Olichwer et al.[14], indicating that the large content of 12T governs the films’
properties.

Figure 7.13: a) GISAXS pattern of the 95%3MPA-9DT film prepared using 3 LbL-SC cycles with GNP3 batch.
The intensity profiles along yellow arrow direction were fitted with a 2D hexagonal lattice model, while the
intensity profiles along red arrow direction were fitted with a 3D FCC model. b) Intensity profiles (data points)
extracted along the red arrow of 5 selected samples, as indicated in the legend. The solid lines represent the fits
with a 3D FCC model to calculate average NNDs of GNPs in different films. Reprinted with permission from the
Supporting Information of Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH
GmbH.

In conclusion, the major trends observed in Figure 7.12 indicate a significant increases in interparticle
distances when using AT/9DT mixtures, particularly when the length of the MT ligands (11T, 12T,
14T) exceeds that of the 9DT cross-linker and when the MT ligand fraction is sufficiently high within the
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organic matrix. Conversely, with mixtures of ω-mercaptocarboxylic acid/9DT, an increase in interparticle
distances is evident even for MT ligands (6MHA, 8MOA) that are somewhat shorter or of similar length
to that of the 9DT cross-linker. Previous studies have suggested that ω-mercaptocarboxylic acid ligands
enable cross-linking of GNPs via hydrogen bonds[25, 78, 177], which prevents the interdigitation of ligands
from neighboring GNPs and requires more space than the interdigitating alkyl chains of AT ligands.[78]
Such looser packing of GNPs may create more voids within the films, which is shown in SEM images
of Figure A16 in the Appendix. In contrast, when using mixtures of AT/9DT, the highly interdigitated
alkyl chains promote a higher GNP assembly order, as evidenced by the scattering patterns in GISAXS
measurements and SEM images.

7.3.3 Chemiresistor Screening Tests

In chemiresistor screening tests, 32 GNP films were exposed to analyte vapors of toluene and 1-propanol,
which represent nonpolar aprotic and polar protic VOCs, respectively. Due to the comparable vapor
pressures of both analytes at 25 °C, approximately 29 and 25 mmHg[170], respectively, their distinct
chemical nature predominantly controls the partition coefficients for analyte sorption. Each film was ex-
posed to analyte vapor for 120 s, followed by 240 s of exposure to zero gas (nitrogen). Two different vapor
concentrations, 200 and 2000 ppm, corresponding to low and moderate concentrations, were employed
for the screening tests. The higher test concentration facilitated the observation of major trends with
varying MT/9DT compositions in the GNP films. Consequently, Figures 7.14 and 7.15 solely depict the
chemiresistive response amplitudes when exposed to analyte vapors at 2000 ppm. Figures A20 and A21
in the Appendix show the response amplitudes measured when dosing the films with analyte vapors at a
concentration of 200 ppm, and, although not as pronounced, confirm a similar trend.

The relative change in resistance (∆R/R0) was again used as chemiresistive signal, as described in Section
7.2, where ∆R is the difference between the maximum change in resistance (the average of resistance
when exposed to the analyte vapor between 110 to 115 s) and the baseline resistance R0 (the resistance
when exposed to zero gas).

Figure 7.14a displays the results of the GNP films prepared with the pure 9DT linker and the hydrophobic
AT/9DT mixtures, while Figure 7.14b shows the transient responses of two exemplary films, 9DT and
89%12T-9DT. The transient responses of the remaining films are presented in Figure A22 in the Appendix.
Films prepared with the shorter ATs (6T, 8T, and 10T) exhibited similar response amplitudes to the pure
9DT cross-linked film upon exposure to both vapors. In contrast, compared to the pure 9DT film, films
prepared with the longer ATs (11T, 12T, and 14T) exhibited enhanced signal amplitudes for toluene
vapor but reduced signal amplitudes for 1-propanol vapor. Increasing the molar fraction of 11T from
67% to 95% led to significant changes in the LSPR band position and film conductivity, as discussed in
the previous subsection. Similarly, the chemiresistor behavior changed significantly when a high fraction
of long AT ligands was applied. At 95% molar fraction of 11T, the response amplitude for toluene
vapor doubled. The same phenomenon was observed for the films prepared with the 12T/9DT mixtures,
where the longer 12T molecules reduces the degree of cross-linking of GNPs. At high AT fractions, the
LSPR bands showed strong blueshifts, and the conductivities of these films decreased, while the signal
amplitude for toluene vapor increased nearly fivefold. It is noteworthy that despite the 95%12T-9DT film
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Figure 7.14: a) Chemiresistive responses of GNP films prepared with the pure 9DT cross-linker and AT/9DT
mixtures. The films were dosed with toluene (black) and 1-propanol (green) vapors at the concentration of 2000
ppm in nitrogen. b) Response transients of the films prepared with pure 9DT (dark color) and with the 89%
12T/9DT mixture (light color). The films were exposed to the analyte vapors from t = 0 s (on) until t = 120 s
(off). Both films responded and recovered rapidly. Reprinted with permission from Ref. [2]. ©2024 The Authors.
Advanced Materials Interfaces published by Wiley-VCH GmbH.

possessing a higher 12T fraction compared to the 89%12T-9DT film, the response amplitude was slightly
lower. This can be attributed to defects within this film, as the insufficient cross-linking resulted in an
inhomogeneous film morphology, cf. Figure A19 in the Appendix. Nevertheless, the observed decrease in
film conductivity and the shift in the LSPR band discussed in Section 7.3.2 qualitatively correlate with
the major trends in enhancement of chemiresistive sensitivity to toluene vapor. Moreover, the quasi-
rectangular shape of transients shown in Figure 7.14b for both the pure 9DT and 89%12T-9DT films
demonstrate rapid response and recovery kinetics. In addition, the mixed AT/9DT strategy maintained
the stability of the GNP films for sensing purposes, with the signal responses initially fluctuating, but
stabilizing after a few days, cf. Figure A25a and b in the Appendix.

A previous study highlighted the crucial role of the hydrophilicity/hydrophobicity balance of the organic
matrix in determining a sensor’s vapor-sensing preference, emphasizing the importance of adjusting the
mixing ratio of two types of ligands.[86] By utilizing a variety of functionalized ligands and cross-linkers,
the chemical selectivity of GNP chemiresistors can be easily tailored.[9, 15, 20, 24, 29, 41] Moreover,
several studies have demonstrated exceptional sensing behavior by functionalizing GNP surfaces with
thiocarboxylic acids.[25, 40, 78, 177, 180, 181] Therefore, in this study, a polar carboxylic acid functional
group was introduced into the organic matrix. Figure 7.15a illustrates a clear selectivity tuning towards
more polar vapors compared to films prepared with pure 9DT and mixtures of ω-mercaptocarboxylic
acids with 9DT.

For films composed of the shortest carboxylic acid functionalized MT ligand, 3MPA, the response ampli-
tude to toluene vapor decreased with increasing MT fraction. Specifically, the signal direction switched
from positive to negative when the molar fraction of 3MPA increases from 67% to 100%. Analogously,
in the case of films containing the 4MBA ligand, increasing the MT molar fraction from 67% to 95% also
resulted in a negative signal. Snow et al.[177] observed a similar phenomenon, where positive chemire-
sistive responses upon exposure to 1-propanol were attributed to an increase in interparticle distances
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Figure 7.15: a) Chemiresistive responses of GNP films prepared with the pure 9DT cross-linker and ω-
mercaptocarboxylic acid/9DT mixtures. The films were dosed with toluene (black) and 1-propanol (green) vapors
at the concentration of 2000 ppm in nitrogen. b) Response transients of the films prepared with pure 9DT (black
and olive dashed lines), the 95% 3MPA/9DT (grey and light green solid lines) and the 95% 8MOA/9DT (light
grey and lime solid lines) mixtures, and pure 8MOA (brown and green solid lines). The films were exposed to the
analyte vapors from t = 0 s (on) until t = 120 s (off). Both films responded and recovered rapidly. Reprinted with
permission from Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

triggered by analyte molecules binding to the polar carboxylic acid groups between neighboring GNPs.
In contrast, upon exposure to toluene, the films behaved more like rigid materials, leading to negative
chemiresistive responses due to increased permittivity resulting from toluene molecule filling the free voids
within the organic matrix.[17] Although films prepared with the pure 3MPA and mixtures of 4MBA/9DT
exhibited distinctive sensing performances, the presence of random spikes and inconsistent shapes in the
transient responses at different concentrations posed significant challenges for signal analysis (cf. Figures
A23 and A26b in the Appendix). Additionally, the response isotherm changed dramatically due to rapid
aging, disqualifying these GNP films for further sensing applications (cf. Figures A25c and A26 in the
Appendix). Successful chemical selectivity-tuning was also observed for GNP chemiresistors prepared
with mixtures of 6MHA/9DT, and the response to 1-propanol increased slightly with increasing 6MHA
fraction. Overall, the use of shorter carboxylic acid functionalized MTs such as 3MPA, 6MHA, and 4MBA
resulted in GNP chemiresistors showing preferable selectivity towards more polar vapors. However, the
sensitivity to 1-propanol vapor remained similar to that of the 9DT films.

Given the significant sensitivity enhancement observed in chemiresistors consisting of long ATs, we also
explored the use of long carboxylic acid functionalized MTs, 8MOA and 11MUA, to prepare GNP chemire-
sistors. As discussed earlier, film preparations with mixtures of 11MUA/9DT via the LbL-SC procedure
were only feasible at a low MT fraction of 67%, due to the relatively weak hydrogen bonding bridge formed
by the longer 11MUA ligand. The resulting 67%11MUA-9DT film showed similar response amplitudes to
the pure 9DT film, although with reversed sensing selectivity, demonstrating a preference for 1-propanol
vapor over toluene vapor. The longest carboxylic acid functionalized MT, 11MUA, did not provide further
advantages to the performance as chemiresistor, possibly due to the low MT fraction employed. On the
other hand, it was feasible to fabricate films with the pure 8MOA ligand via the LbL-SC procedure. GNP
chemiresistors prepared with the 8MOA ligand exhibited higher responses to 1-propanol with increasing
MT fraction, particularly showing strengthened signal enhancement with higher fractions of 8MOA. At
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lower MT fractions (67% and 89%), the response amplitudes to 1-propanol were comparable to that of
the 9DT film. However, at higher MT fractions (95% and 100%), significant changes in the position of
the LSPR band and conductivity of these films were observed. These alterations were also accompanied
by pronounced changes in their chemiresistor characteristics, resulting in twofold and threefold increases
in response amplitudes to 1-propanol, respectively. The significant enhancement of response amplitudes
to 1-propanol led to a notable difference in the relative responses to 1-propanol and toluene vapors. This
indicates a much higher sensitivity to 1-propanol vapor in the films containing a high fraction of 8MOA
ligands compared to the pure 9DT film.

For GNP films prepared with the ω-mercaptocarboxylic acid ligands, their response kinetics, such as
response and recovery times, differed from the films prepared with the pure 9DT and mixtures of
AT/9DT. As depicted in Figure 7.15b, chemiresistors prepared with ω-mercaptocarboxylic acid ligands
exhibited slower response and recovery times to the analyte vapors, as indicated by their shapes of
resistive signals. This delay in response and recovery kinetics could be attributed to the complexity
of ω-mercaptocarboxylic acids-based organic matrix. This complexity may retard the sorption-induced
swelling of the organic matrix and prolong the time required for the organic matrix to recover to its initial
structure after the desorption of analyte molecules.

Figure 7.16: GISAXS scattering curves of GNP films at ambient conditions and during exposure to saturated
toluene vapor in air. The data of the 9DT film measured at ambient conditions and under saturated toluene
vapor are indicated by grey and black color, respectively. The data of the 89%12T-9DT film measured at ambient
condition and under saturated toluene vapor are indicated by light blue and blue color, respectively. A clear shift
of the scattering curves was only observed for the 89%12T-9DT film. b) SEM-image of the pure 9DT film used
for in-situ GISAXS measurements. c) SEM-image of 89%12T-9DT film used for in-situ GISAXS measurements.
Adapted and reproduced with permission from the Supporting Information of Ref. [2] ©2024 The Authors.
Advanced Materials Interfaces published by Wiley-VCH GmbH.

In summary, the significant changes observed in the optical and electrical properties of GNP films pre-
pared with different ligand/linker compositions reflected corresponding alterations in their chemiresistor
characteristics compared to the 9DT film. Short ATs did obviously not affect significantly the cross-
linking of 9DT within the organic matrix. Conversely, the use of appropriately longer MT ligands can
decrease the degree of cross-linking. Moreover, the addition of long MT ligands such as 12T enhanced
the assembly order of the resulting GNP films compared to the 9DT film (see Figure 7.16b vs. c), likely
due to the Van der Waals interactions between the long alkyl chains of neighboring GNPs. GNP films
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composed of 12T/9DT mixtures exhibited significant enhancement in response amplitudes to toluene.
Notably, films prepared with high molar fractions (89% and 95%) of 12T displayed behavior similar to
that of the non-cross-linked 12T-stabilized GNP films reported by Olichwer et al.[14]. The weakly cross-
linked organic matrix provided high flexibility, granting for greater freedom for sorption-induced swelling.
To qualitatively evaluate the swelling-ability, the 9DT and 89%12T-9DT GNP films were subjected to in
situ GISAXS measurements under saturated toluene vapor. The scattering curve of the 9DT film shifted
slightly upon exposure to toluene vapor, indicating a minor change in the interparticle distance; however,
due to the broad signature of the GISAXS signal, the precise extent of swelling could not be quantified.
In contrast, when exposed to toluene, the scattering curve of the 89%12T-9DT film shifted significantly,
confirming the superior swelling ability (Figure 7.16a). Assuming that 1-propanol induces a comparable
swelling distance in both hydrophobic organic matrices (composed of the pure 9DT and the mixture 89%
12T/9DT), the constrained maximum swelling distance of the 9DT cross-linked film results in only a
small difference in swelling for the two different vapors. However, as shown by GISAXS measurements,
the 89%12T-9DT film demonstrated a much greater ability for sorption-induced swelling, leading to a
substantial difference in swelling-induced interparticle distance changes regarding the two vapors and,
thus, a more pronounced selectivity towards nonpolar vapors can be observed. Similarly, implementation
of the long ω-mercaptocarboxylic acid, 8MOA, increased the response amplitude significantly. These
results indicate that MTs with longer chains improve the flexibility and swelling-ability of the organic
matrix. Based on the screening test results, five GNP films of interest were selected for further investi-
gations according to their response amplitude, vapor selectivity, and response kinetics. These included
the 9DT, 89%12T-9DT, 95%3MPA-9DT, 95%8MOA-9DT, and 100%8MOA films.

7.3.4 Response Isotherms and Sorption Characteristics

Based on the exceptional response characteristics discussed above, we selected five samples for further
investigations: 9DT, 89%12T-9DT, 95%3MPA-9DT, 95%8MOA-9DT, and 100%8MOA GNP films. These
samples were deposited onto glass substrates and quartz crystal microbalances (QCMs) using batch
GNP3 to examine their chemiresistive and sorption characteristics. The GNP film-coated QCMs showed
frequency shifts of approximately 6-8 kHz, corresponding to masses of the films of approximately 5-7 µg
calculated using the Sauerbrey equation (Equation 5.9). In situ chemiresistor/QCM measurements were
conducted over a broad concentration range of analyte vapors, from 50 to 10000 ppm. Toluene, 1-propanol
and water were selected as analyte vapors due to their significant differences in polarity but similar vapor
pressure. The sensitivities of the sensors were determined by the slope of linear fits (y = mx + b) to the
response isotherms in the concentration range of 50 to 500 ppm. To exam the sorption ability of the
blank QCM, it was first exposed to all three vapors at concentrations ranging from 50 to 10000 ppm.
Within this concentration range, the blank QCM showed nearly zero water molecule uptake. However,
exposure to the toluene and 1-propanol vapors resulted in frequency shifts of approximately 7 and 8 Hz,
respectively, at 10000 ppm. Assuming equal sorption abilities on both sides of the QCM, the effect of
sorption on the non-coated side of the QCM on the general trend of all QCM data was negligible.

Figure 7.17 shows the transient responses of both chemiresistors and QCMs when dosed with toluene
vapor at 2000 ppm during the in situ chemiresistor/QCM measurements. Consistent with the response
kinetics observations discussed earlier, the hydrophobic organically capped GNP chemiresistors (9DT
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Figure 7.17: In situ chemiresistor/QCM measurements of five selected GNP films: 9DT (a and f), 89%12T-9DT
(b and g), 95%3MPA-9DT (c and h), 95%8MOA-9DT (d and i), and 100%8MOA (e and j). The data show
their corresponding chemiresistive (a-e) and QCM (f-j) responses under exposure to toluene vapor at 2000 ppm
in nitrogen.

and 89%12T-9DT) exhibited rapid response and recovery. Moreover, although the results from the
QCM measurements showed that the 9DT film sorbed a larger amount of toluene molecules than the
89%12T-9DT film, an enhancement in the chemiresistive response amplitude was observed in the case
of the 89%12T-9DT sensor. This confirms that the high response amplitude is mainly due to the high
swelling ability of the organic matrix. In contrast, the amphiphilic organically capped GNP chemiresistors
(95%3MPA-9DT, 95%8MOA-9DT and 100%8MOA) exhibited delays in both response and recovery.
However, the QCM data revealed rapid sorption and desorption for these three GNP films. This again
confirms that the slow response and recovery were not due to slow partitioning of analytes into the films.
Instead, the delays are attributed to the complexity of the ω-mercaptocarboxylic acids-based organic
matrices, which impedes the diffusion of the analyte molecules within the film and the rearrangement of
the film structure during analyte sorption.

Early studies have demonstrated that the response isotherms of DT cross-linked GNP films can be de-
scribed by first-order Langmuir[24, 84] or Langmuir-Henry[15, 18] models. In line with these findings, the
9DT sensor exhibited a good fit with the Langmuir-Henry sorption model (cf. Equation 5.14). The bind-
ing constants (KL) were in the order of ∼104 L/mol, which is in good agreement with previously reported
values[15, 18, 24] for 9DT cross-linked GNP films. The signal saturation observed in the isotherms can
be attributed to the constrained swelling ability of the cross-linked organic matrix. Throughout the mea-
sured concentration range, the sensitivity for the three vapors followed the order of toluene > 1-propanol
≫ water (cf. Figure 7.18a and f). Specifically, the sensitivity for toluene (∼2.2×10-5 ppm-1) was ap-
proximately two times higher than for 1-propanol (∼9.8× 10-6 ppm-1), and ten times higher for water
(∼1.2× 10-6 ppm-1). The hydrophobic nature of the alkyl chains in 9DT molecules mainly accounts for
this sensitivity order. These relative sensitivity values are also comparable to 9DT cross-linked GNP sen-
sors fabricated on flexible substrates reported earlier (cf. Figure 7.19).[15, 24] Comparing with the data
presented in Figure 7.14a, the relative sensitivities between toluene and 1-propanol vapors presented in
Figure 7.19 showed deviations. This can be attributed to sensor-to-sensor and batch-to-batch variations,
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Figure 7.18: a-e) Chemiresistive response isotherms of five selected GNP films: a) 9DT, b) 89%12T-9DT, c)
95%3MPA-9DT, d) 95%8MOA-9DT, and e) 100%8MOA. These films were exposed to toluene (black), 1-propanol
(green), and water (blue) vapors at concentrations ranging from 50 to 10000 ppm in nitrogen. Data points are the
relative resistance changes (∆R/R0). Solid purple lines represent the fits using a Langmuir-Henry model, while
solid orange lines represent linear functions, with dashed orange lines showing extrapolations. f-j) Chemiresistive
response isotherms at low concentrations ranging from 50 to 500 ppm of the same five selected GNP films. The
response isotherms were fitted with linear functions to determine the sensitivity. Reprinted with permission from
Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

as illustrated in Figure A24 in the Appendix.

Films prepared with the 12T/9DT mixtures exhibited superior sensing capabilities compared to those
prepared using pure 9DT. As evidenced by screening tests, these mixtures showed a remarkable im-
provement in sensitivity towards nonpolar vapors. A previous study employed a drop-casting method
to fabricate assemblies of purely 12T stabilized GNPs, where the resulting GNP films demonstrated a
sensitivity for toluene vapor of approximately 6×10-5 ppm-1.[14] In comparison, our partially cross-linked
89%12T-9DT film showed a similar sensitivity for toluene vapor of approximately 7.6×10-5 ppm-1. More-
over, the sensitivity towards 1-propanol vapor was more effectively suppressed by the 89%12T-9DT film,
resulting in a pronounced disparity in response amplitudes of toluene and 1-propanol vapors. In addition,
compared to the 9DT cross-linked film, the shape of isotherms transitioned from saturation-type to a
more linear correlation, as depicted in Figure 7.18b. For all three vapors, the chemiresistive responses
correlated linearly with the concentrations of analyte vapors up to 5000 ppm. Linear response isotherms
are generally preferred for many applications as they simplify the evaluation of sensor array data using
statistical methods, such as principal component analysis (PCA) and linear discriminant analysis (LDA),
especially when the test analytes are evaluated at various concentrations. However, for toluene and
1-propanol vapors, concentrations above 5000 ppm led to deviations from linearity, exhibiting a slight
positive curvature. This observation aligns with previous findings by Olichwer et al.[14], who attributed
such isotherms with positive curvature to the exponentially increasing resistance associated with increas-
ing interparticle distances induced by analyte sorption. Moreover, the addition of the 12T ligand led to an
increase in the hydrophobicity of the organic matrix within the film, alongside a reduction in the degree
of cross-linkage, thereby enhancing the flexibility of the organic matrix. The increased hydrophobicity
due to the incorporation of the more hydrophobic ligand, 12T, made the organic matrix more favorable
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Figure 7.19: Sensitivities of the GNP chemiresistors prepared with the pure 9DT and MT/9DT mixtures to
three different analyte vapors. The sensitivities were determined by extracting the slope of the respective response
isotherms within the concentration range of 50 to 500 ppm, as shown in Figure 7.18f-j. Reprinted with permission
from Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

for sorption of nonpolar analytes. Qualitatively, compared to the 9DT film, the sensitivity for the three
vapors followed the same order: toluene > 1-propanol ≫ water. However, the sensitivity for toluene
vapor was significantly enhanced, nearly falling in the range of 10−4 ppm-1. Moreover, the low sensitivity
towards water vapor was negligible across a broad concentration range, reducing the cross-sensitivity to
humidity. In summary, these data demonstrate that using a mixture of the 9DT cross-linker with 12T for
sensor fabrication offers several advantages: i) facile fabrication of the sensor via a LbL-SC procedure, ii)
significant increase in sensitivity and selectivity, iii) linear response isotherms, and iv) low cross-sensitivity
to humidity.

In contrast to the hydrophobic organic matrices in GNP films, using 3MPA/9DT mixtures for sensor
application, compared to the pure 9DT film, significantly enhanced sensitivity towards water while de-
creasing sensitivity towards toluene, with the sensitivity towards 1-propanol remaining almost unchanged
(see Figure 7.19). Unlike the 9DT film, the sensitivity order changed to 1-propanol > water > toluene
for the 95%3MPA-9DT chemiresistor (Figure 7.19), resulting in a selectivity towards polar vapors. Fur-
thermore, the resistive response isotherms of this sensor retained a negative curvature, indicating that
the swelling ability was still limited by the high degree of cross-linking via 9DT linkers and/or hydrogen
bonds between carboxylic acid groups. These response isotherms could once again be described by the
Langmuir-Henry model (cf. Figure 7.18c), with the binding constants (∼ 3 − 4 × 104 L/mol) in the same
order of magnitude as for the 9DT film.

When applying the longer ω-mercaptocarboxylic acid at a molar fraction of 95%, the 8MOA ligand
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effectively disrupted the 9DT cross-linking network within the organic matrix. This improved the swelling
ability of the resulting film and provided a significant enhancement in sensitivity towards 1-propanol, a
moderate rise in sensitivity towards water, and a decrease in sensitivity towards toluene (cf. Figure 7.19).
At 10000 ppm, the resistive response amplitudes for both polar vapors, 1-propanol and water, increased
by more than four times, while it decreased by ∼50% for the nonpolar vapor, toluene. In the higher
concentration range (> 500 ppm), the isotherms exhibited a slight positive curvature, see Figure 7.18d.
Conversely, in the lower concentration range (50-500 ppm), the response isotherms were linear, see Figure
7.18i. Overall, for all three analyte vapors, the response isotherms displayed linear behavior up to 3000
ppm, and above this concentration, the order of the sensitivity shifted from 1-propanol > toluene > water
to 1-propanol > water > toluene.

Applying an even higher fraction of 8MOA in the organic matrix, the 100%8MOA GNP film exhib-
ited increased sensitivity towards 1-propanol and toluene vapors (cf. Figure 7.18e) compared to the
95%8MOA-9DT film, particularly in the higher concentration range (> 500 ppm). This notable enhance-
ment in sensitivity can be attributed to the cross-linked network formed by hydrogen bonding rather
than the covalent bonding by the 9DT linker, which results in a more flexible film structure. For both
toluene and water vapors, the 100%8MOA GNP film demonstrated linear correlations between the resis-
tive response and concentration up to 10000 ppm, enabling quantification of both analytes over a wide
concentration range. The response isotherm for 1-propanol showed a linear correlation up to 4000 ppm,
followed by a pronounced positive curvature at higher vapor concentrations (> 7500 ppm). Notably, un-
der exposure to 1-propanol vapor at 10000 ppm, the 100%8MOA film showed a resistance change of 80%,
which was twenty times higher than that of the pure 9DT film. The significantly improved sensitivity
of the 100%8MOA film towards 1-propanol highlights its potential for highly sensitive detection of polar
vapors. The sensitivity order of this film followed the sequence 1-propanol > toluene ≫ water.

The results presented above demonstrate the capability of the LbL-SC method to fabricate GNP chemire-
sistors with tunable response characteristics. Through careful selection of ligand/linker mixtures and
adjusted mixing ratios, it is feasible to tune the chemical selectivity, response isotherms, and sensitivity
of the sensors. Remarkably, by reducing the fraction of DT linker, the sensitivity can be substantially
enhanced, and the response isotherms can be tailored to exhibit desirable linear behavior over a wide
range of analyte concentrations.

In the in situ chemiresistor/QCM measurements, alongside the chemiresistor measurements, microgravi-
metric measurements using 10 MHz QCMs were conducted to quantify the mass of sorbed analyte from
the vapor phase. Figure 7.20 shows the relative mass uptake (∆m/m0) of different GNP films, where ∆m
represents the change in mass upon exposure to analyte vapors, and m0 is the initial mass of the GNP
film. When the GNP films were prepared with the hydrophobic 9DT linker or 12T ligand, both their
respective chemiresistors and QCM sensors exhibited consistent sensitivity patterns, showing decreasing
sensitivity in the order of toluene > 1-propanol ≫ water. The shapes of the sorption isotherms closely
resembled the resistive response isotherms (cf. Figure 7.18a and b vs. Figure 7.20a and b), with the
exception of the response isotherms of the 9DT film sensor to 1-propanol. Similar observations were
reported by Olichwer et al., who found that QCM data for superlattice films comprised of 12T-stabilized
GNPs showed that at higher vapor concentrations, 1-propanol condensed on the film surface (multilayer
sorption) and/or sorbed in the voids without causing swelling. Therefore, this phenomenon was not
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Figure 7.20: Sorption isotherms of five selected GNP films: a) 9DT, b) 89%12T-9DT, c) 95%3MPA-9DT, d)
95%8MOA-9DT, and e) 100%8MOA. These films were coated onto QCM substrates. The film-coated QCMs
were exposed to toluene (black), 1-propanol (green), and water (blue) vapors at concentrations ranging from 50
to 10000 ppm in nitrogen. Data points are the relative mass uptake of the films (∆m/m0). Solid purple lines
represent the fits using the Langmuir-Henry model, while solid orange lines represent linear functions, with dashed
orange lines showing extrapolations. f-j) Sorption isotherms at low concentrations ranging from 50 to 500 ppm of
the same five selected GNP films. The sorption isotherms were fitted with linear functions.

detectable in the chemiresistor measurements.[14] Nevertheless, qualitatively, in the case of the 9DT
film, its chemiresistor and QCM data demonstrated similar response characteristics, including analogous
sensitivity patterns. Likewise, the 89%12T-9DT chemiresistor and the 89%12T-9DT GNP film-coated
QCM showed comparable response characteristics, with similar sensitivity patterns and isotherm shapes.
Compared to the 9DT film, the 89%12T-9DT film sorbed a similar mass of toluene molecules but a
significantly smaller mass of 1-propanol molecules. This observation underscores that a better swelling
ability accounts for the high chemiresistive response amplitude, while the increased hydrophobicity of
the organic matrix, resulting from the addition of the 12T ligand, prevents the film from sorbing large
amounts of polar analytes. Furthermore, 1-propanol does not appear to condense on the film surface,
resulting in consistent sensitivity patterns and response isotherm shapes for both chemiresistor and QCM
data.

In contrast, GNP films incorporating ω-mercaptocarboxylic acids showed different sensitivity patterns
for chemiresistors and QCM sensors. These films demonstrated overall higher mass uptake than those
GNP films composed of hydrophobic organic matrices, particularly sorbing high amounts of toluene.
However, despite the substantial mass uptake of toluene, this did not result in a substantial swelling of the
organic matrix, since only small resistive response amplitudes were observed. Such deviations between
chemiresistive and sorption characteristics have been observed in some previous studies as well. For
example, a cross-linked GNP film prepared by Joseph et al. exhibited a high analyte uptake but showed
almost no resistive response.[17] Similarly, in the case of GNP films prepared with MT ligands, Lu’s group
observed different response patterns when using them as chemiresistors or QCM sensors.[135] The reasons
behind these differences may involve specific binding sites for different analytes, as described by Snow[177],
or the distinct assembly structures of GNPs leading to chemically different regions with different ability
to swell during analyte uptake.[135] Most likely, the polar analytes, water and 1-propanol, bind via
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hydrogen-bonds to the sorption sites provided by the carboxylic acid groups of ω-mercaptocarboxylic
acid ligands. Binding to these sites seems to cause a more effective swelling and, thereby, higher resistive
responses than sorption of toluene to more hydrophobic moieties in the organic matrix.

Regarding the 95%3MPA-9DT films, their sorption isotherms extracted from QCM data exhibited a
sensitivity pattern markedly different from the corresponding chemiresistive response isotherms. In the
higher concentration range from 1000 ppm, the sensitivity order was toluene > 1-propanol ≫ water
(Figure 7.20c), whereas in the low concentration range between 50 to 1000 ppm, it shifted to 1-propanol
≈ toluene ≫ water (Figure 7.20h). However, the shape of the sorption isotherms remained consistent
with a Langmuir-Henry type behavior, indicating a limited amount of sorption sites. In contrast, for the
95%8MOA-9DT GNP film-coated QCM, the sorption isotherms for both 1-propanol and water vapors
closely resembled their chemiresistive response isotherms, showing a linear correlation over a range of
up to 3000 ppm. With an even higher 8MOA fraction, the shape of the sorption isotherms of the
100%8MOA GNP film-coated QCM changed significantly for all three vapors compared to the shape of
the corresponding chemiresistive response isotherms. Again, the sorption isotherm recorded with the
corresponding QCM sensors revealed a similar mass uptake for 1-propanol and toluene (Figure 7.20e),
despite the chemiresistor being much more sensitive to 1-propanol. This distinct performance between
chemiresistive and sorption characteristics was even more significant in the high concentration range
(> 500 ppm).

In conclusion, while GNP films prepared with hydrophobic 9DT linker and 12T ligand exhibited consis-
tent sensitivity patterns in both chemiresistors and QCM sensors, those incorporating more hydrophilic
ω-mercaptocarboxylic acids showed deviations between chemiresistive and sorption characteristics, par-
ticularly towards the toluene vapor. This discrepancy suggests that polar analytes such as 1-propanol
likely bind to the carboxylic acid end groups, inducing effective swelling of the organic matrix, whereas
nonpolar analytes such as toluene likely bind to regions where vapor-induced swelling is less pronounced.

In the in situ chemiresistor/QCM measurements, it became evident that the chemiresistive response
characteristics of certain GNP films may differ from their sorption characteristics. Radar plots of sensor
responses to toluene, 1-propanol, and water at a vapor concentration of 500 ppm (Figure 7.21) illustrate
the tunable selectivities provided by ligand/linker mixtures and pure linkers. Notably, the response
patterns of the chemiresistive sensors (Figure 7.21a-c) markedly differ from those of the corresponding
QCM sensors (Figure 7.21d-f). Despite using only five types of GNP films, each analyte exhibits a unique
response pattern, suggesting that these distinctive fingerprints could be utilized for vapor recognition.
Multi-transducer sensors offer several advantages over single-transducer sensors in various applications.
For instance, Lu’s group combined chemiresistors and QCM sensors into an array, leading to improved
accuracy in analyte identification compared to single-transducer setups.[135] Similarly, Zellers’ group
reported the capability of multi-transducer arrays for determining binary and ternary mixtures of VOCs,
a task that single-transducer sensors cannot accomplish.[188–190] Therefore, further investigation into
arrays composed of these dual-transducers is of great interest.
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Figure 7.21: Radar plots of a)-c) chemiresistive response amplitudes and d)-e) relative mass uptakes extracted
from QCM sensors. The results were obtained from in situ chemiresistor/QCM measurements. Five selected GNP
films were exposed to three different vapors, toluene (black), 1-propanol (green), and water (blue), at 500 ppm in
nitrogen.

7.3.5 Summary and Outlook

In this study, GNP films prepared with mixtures of ligand/linker molecules with tunable selectivity
and high sensitivity were fabricated through a facile preparation process—the LbL-SC method, and the
resulting films were systematically investigated. In situ GNP surface modifications were done during the
LbL-SC deposition of partially cross-linked GNP films using mixtures of functionalized MT with 9DT. By
utilizing hydrophobic alkyl- and hydrophilic carboxylic acid-functionalized MT ligands, we could easily
adjust the chemical selectivity of the resulting films. Additionally, the 9DT linker molecules play a crucial
role in cross-linking the GNPs and, thereby, enabling the LbL-SC method to accurately deposit uniform
GNP films in a cost-effective manner.

The electrical and optical properties of studied GNP films are significantly influenced by the length and
chemical nature of the MT ligands, as well as their mixing ratio with the 9DT linker. When comparing
GNP films prepared with MT/9DT mixtures to those prepared with pure 9DT, a blue-shift in the LSPR
band and a dramatic decrease in film conductivity are observed, particularly for the mixtures with longer
MT ligands. The addition of hydrophobic AT ligands results in GNP films that selectively respond
to nonpolar analytes. Especially when the AT ligands exceed the length of the 9DT molecule and at
low 9DT fractions down to 11% or 5%, the sensitivity is significantly enhanced. GISAXS measurements
suggest that the increasing interparticle distances in the films prepared with the long AT ligands primarily
contribute to the blue-shift in the LSPR band and the decrease in film conductivity. Additionally, less
cross-linked GNP films exhibit significantly enhanced chemiresistive sensitivity towards analyte vapors,
and lead to a change in the shape of resistive response isotherms from Langmuir-Henry to Henry type.
Furthermore, films consisting of hydrophobic organic matrices (e.g., the 9DT and 89%12T-9DT films)
exhibit consistent sensitivity patterns when comparing their respective chemiresistors and QCM sensors,
with similar characteristics of the response isotherms.
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On the other hand, GNP films prepared with different ω-mercaptocarboxylic acids combined with the 9DT
linker demonstrate similar trends in changes in film conductivity and optical properties with increasing
length and fraction of the MT ligands. Unlike AT ligands, pure ω-mercaptocarboxylic acids without
the addition of the 9DT linker are compatible with the LbL-SC film fabrication due to hydrogen bond
formation via carboxylic acid groups of neighboring GNPs. Moreover, the hydrophilic carboxylic acid
groups increase the polarity of the organic matrix, enhancing chemical selectivity towards more polar
vapors with increasing MT fractions. Similar to the films prepared with long AT/9DT mixtures at high
AT fractions, films consisting of high fraction of long ω-mercaptocarboxylic acids exhibit a change in
the shape of response isotherms from Langmuir-Henry to Henry type. However, unlike the GNP films
prepared with the hydrophobic AT/9DT mixtures, those comprising ω-mercaptocarboxylic acids show
different sensitivity patterns of their chemiresistors and respective QCM sensors. Moreover, QCM data
reveal that these films have overall higher analyte uptake, likely due to significant changes in the films’
microstructure compared to the 9DT film and the presence of different regions for sorption of different
analytes inducing effective or ineffective swelling of the organic matrix.

As multi-transducer arrays offer advantages over single-transducer arrays by providing more compre-
hensive and diverse information, future research could focus on developing an array that includes both
GNP-based chemiresistors and QCM sensors. These arrays could be exposed to a broad variety of
chemical vapors, with the selection of GNP films based on the findings discussed in this section. The
responses from both transducers could then be fed into a classification algorithm, such as LDA, enabling
the identification of different analyte vapors as well as binary or ternary mixtures of analyte vapors.
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7.4 Gold Nanoparticle Films Composed of Mixed Organic Com-
posites: Experimental Data vs. Simulation Data

The previous section highlighted the promising sensing capabilities of GNP films prepared with lig-
and/linker mixtures via the LbL-SC procedure. The fabricated GNP films with various organic compos-
ites exhibited tunable distinct optical and electrical properties. However, in Sections 7.3.2 and 7.3.3, the
study was mainly focused on the preparation of only one film for each organic matrix composition to reveal
the major trends as a function of the ligand/linker composition. So far, no additional experiments were
conducted to assess the reproducibility of the results. Moreover, even though some films prepared with
specific organic composites demonstrated outstanding sensing performance, the underlying mechanisms
at the nanoscale—such as how the conformation of the ligand and linker molecules and the length of the
added ligand molecules influence the sensor’s behavior—remained unidentified. Qualitatively, SEM data
revealed that the order of the nanoparticle assembly increased when using a high molar fraction of long
chained MT molecules (length longer than the 9DT molecule). Similarly, GISAXS measurements also
suggested a general trend of increasing interparticle distance with increasing length of the added MTs.
However, quantitative evidence is difficult to provide due to the limitations of experimental analysis
techniques.

Molecular dynamics (MD) simulations can provide insights into detailed nanoscale properties, which are
challenging to probe experimentally. MD simulations can model the interactions and motions of individual
atoms and molecules, thus enabling researchers to understand structural and dynamic properties at the
atomic level. Moreover, they offer the possibility to visualize the real-time dynamics of molecules. These
detailed information is usually not available with experimental techniques due to limitations in resolution
and sensitivity. Early studies reported by Luedtke and Landman presented simulation results of 3D
GNP assemblies.[191, 192] Grest’s group carried out simulations of 2D non-cross-linked GNP assemblies,
focusing on the stiffness of various GNP films. Their findings revealed that the stiffness of these films
is significantly influenced by the terminal groups of the added ligands.[193, 194] Yeh et al. conducted
MD simulations to investigate alkanedithiols cross-linked GNP assemblies to describe their exceptional
mechanical properties.[42, 195] The simulation results were in good agreement with the experimental data
and revealed estimations for the interparticle distances of GNPs, the ratio of cross-linking degree, and
the conformations of the cross-linker molecules. Such important insights into molecules’ conformation
and molecules’ interaction are very helpful for the design of GNP-based sensors.

To address the knowledge gap between the experimental results and the underlying mechanisms, such as
charge transport and sensing properties, we conducted fundamental experiments in collaboration with
Prof. Dr. Carmen Hermann’s group. Karen Schaefer (a PhD student in Prof. Dr. Carmen Hermann’s
group, University of Hamburg) provided theoretical MD simulations to investigate the effects of different
alkanethiol (AT) ligands with varying chain lengths and mixing ratios in combination with the 9DT
cross-linker on the conformation of the ligand and linker molecules and interparticle distances within
GNP assemblies. In this section, our group provided the results from laboratory experiments and K.
Schaefer designed and conducted the MD simulations.
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7.4.1 Molecular Dynamics Simulations

K. Schaefer used a MD program called LAMMPS[196]. A model of a sandwich structure was developed
based on a recent publication by Schaefer et al. to emulate the non-cross-linked ligand and cross-linked
linker molecules between two Au(111) surfaces, which consisted of three different regions, illustrated in
Figure 7.22.[1] As shown in Figure 7.22, the top and bottom regions simulate the Au(111) surfaces of two
neighboring GNPs, and the ”mobile region” represents the organic matrix within GNP film. In addition,
to avoid edge effects and artificially extend the size of the model system, periodic boundary conditions
were applied to both of the x and y directions. A reactive force field (ReaxFF) was employed together with
the parameters reported by Bae and Aikens[197] for Au–S–C–H systems. ReaxFF includes non-bonded
and bonded interactions, and therefore enables to describe the ligand dissociation and association during
MD simulations. In the simulations, the temperature was set to 300 K to mimic laboratory conditions.

In the sandwich structure depicted in Figure 7.22, a total of 8 molecules were positioned between the
gold surfaces. Initially, all ligand and linker molecules were in an upright and all-trans conformation.
Zero forces were assigned to atoms in the handle and fixed regions, with the velocities of atoms in the
fixed region set to zero. Atoms in the mobile region were allowed to move freely. Throughout the
simulations, atoms in the handle region exerted downward acceleration towards the bottom gold surface.
The potential energy and the corresponding surface-to-surface distance were recorded. When the potential
energy reached its minimum, the surface-to-surface distance was extracted and subsequently compared
with the interparticle distances observed in experiments. Each ligand/linker mixture system underwent
ten simulation iterations to obtain average values and standard deviations.
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Figure 7.22: The sandwich structure model employed in MD simulations, outlining three distinct regions as
indicated in the schematic representation. A total of eight ligand and linker molecules is situated between two
gold surfaces. During the MD simulations, the handle region moves downwards towards the fixed region. The
schematic design is inspired by the work of Schaefer et al.[1].

7.4.2 Fabrication of Gold Nanoparticle Films

GNP films were fabricated using batch GNP4 via the LbL-SC fabrication route described in Section
7.3.1. The LbL-SC method involved three to four deposition cycles to build up the GNP films. Film
thickness of the resulting GNP films ranged from 20 to 35 nm, see Table A2 in the Appendix. Previous
findings suggested that the shorter AT ligands (length shorter than the 9DT molecule) had negligible
impact on the optical and electrical properties of the films, compared to the 9DT cross-linked GNP
films. In contrast, longer AT ligands (length longer than the 9DT molecule) significantly influenced these
properties of the resulting GNP films, with the extent of change increasing with higher AT fractions in
the organic matrix. Herein, the AT ligands used in this study can be categorized into two groups based
on their chain lengths relative to 9DT: i) 6T representing shorter ligand and ii) 11T and 12T representing
longer ligands than the 9DT cross-linker (as listed in Table 7.3). In the previous section, most GNP films
showed no or minor changes in their physical properties and chemiresistive responses when the AT molar
fraction was applied at its lowest level (67%). However, when the AT molar fraction increased from 67%
to 89%, drastic changes were observed. To obtain more insight into this transition and understand the
role of added AT in altering the assembly order and microstructure of the films, different AT/9DT mixing
ratios, where AT molar fractions were between 67% and 89%, were investigated using both experimental
and MD simulation approaches.

Because the MD simulation model was designed to accommodate a total of eight molecules in the system,
it was only possible to achieve mixing ratios of AT ligand to 9DT linker ranging from 7:1, 6:2, 5:3, to 4:4,
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corresponding to AT molar fractions of 87.5%, 75%, 62.5%, and 50%, respectively. The highest molar
fraction of AT used in this study was 87.5%, which is very close to the molar fraction of 89% used in
Section 7.3. The films prepared with this AT molar fraction presented remarkable physical properties and
sensing characteristics. For the experimental validation, four films were produced for each ligand/linker
composition to ensure the data were reliable and representative. These films were characterized regarding
their optical and electrical properties, as well as their chemiresistive responses to analyte vapor.

Table 7.3: Cross-linker and AT ligands used in this section, AT molar fractions for AT/9DT mixtures, and
sensor notations.

Thiols Alkanethiol Molar Fraction Sensor
1,9-Nonanedithiol (9DT) 0% 9DT

1-Hexanethiol (6T)

50%
62.5%
75%
87.5%

50%6T-9DT
62.5%6T-9DT
75%6T-9DT
87.5%6T-9DT

1-Undecanethiol (11T)

50%
62.5%
75%
87.5%

50%11T-9DT
62.5%11T-9DT
75%11T-9DT
87.5%11T-9DT

1-Dodecanethiol (12T)

50%
62.5%
75%
87.5%

50%12T-9DT
62.5%12T-9DT
75%12T-9DT
87.5%12T-9DT

7.4.3 Experimental Results

As outlined in Section 7.3.2, interparticle distance of GNP films can be roughly estimated through
electrical measurement and UV/vis spectroscopy. To validate these findings, GISAXS measurements
were conducted on the selected GNP films, providing further insights into relative changes in interparticle
distance compared to those in the 9DT film. Additionally, SEM analysis was employed to examine the
microstructures of these films at both microscale and nanoscale levels. Subsequently, the chemiresistive
characteristics of the GNP films were evaluated under exposure to n-octane vapor at concentrations of 200
and 2000 ppm. Given the constraints of the MD simulations, which only accommodate single-bond and
straight-chain molecules consisting of S, C, and H atoms, hydrophobic n-octane was chosen as the analyte
vapor. This choice aligns with the composition of the GNP films’ organic matrices, mainly consisting
of hydrophobic AT ligand and 9DT linker molecules. Consequently, the chemiresistive response of the
GNP films to this analyte is primarily governed by the swelling ability rather than polarity-based affinity
differences.

Firstly, I-V measurements were conducted to examine the charge transport properties of the fabricated
GNP films. All GNP films displayed linear behavior in their I-V characteristic curves in accordance
with Ohm’s law. The measured average conductivity of the fabricated 9DT cross-linked GNP films was
comparable to that of the 9DT GNP film presented in Section 7.3.2, and fell within the same order of
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Figure 7.23: Schematic depicting the different estimates of interparticle distances obtained through electrical
measurement (right) and UV/vis spectroscopy (left). The GNP films were fabricated using the LbL-SC procedure
on a glass substrate and characterized by a UV/vis spectrophotometer at four different spots on the film. Subse-
quently, two gold electrode pads were deposited onto the same GNP film via physical vapor deposition (PVD),
and its electrical conductivity was measured using a sourcemeter.

magnitude as the values reported in literature.[15, 119] Similarly, the resulting AT/9DT composite GNP
films also exhibited conductivities similar to the values reported in Section 7.3.2. Despite the use of a
different GNP batch, the electrical properties remained consistent.

The electrical conductivity of GNP films can be described by the tunneling and activation energy terms,
as shown in Equation 5.3. In this section, it is important to note that all organic matrices used for the
fabrication of GNP films comprised only hydrophobic molecules (9DT and ATs), resulting in minimal
changes to the activation energy term. Consequently, variations in film conductivity were predominantly
influenced by the tunneling distance between the nanoparticles. As discussed in Section 7.3.2, the con-
ductivity exhibits an exponential decay with increasing interparticle distance. Figure 7.24 provides an
overview of the conductivities obtained from all fabricated GNP films, indicating the trends of inter-
particle distances along the percolation pathway of charge transport (illustrated in Figure 7.23). Upon
incorporating the shorter AT, 6T, into the GNP films, a gradual increase in film conductivity was ob-
served. This increase correlated with the rising fraction of 6T. Compared with the 9DT cross-linked GNP
film, the film conductivity doubled at 6T molar fractions of 75% and 87.5%, which indicates that the 6T
molecules lead to a shorter average interparticle distance.

Pioneering works have reported the decay constant (β) of GNP assemblies consisting of ATs or alka-
nedithiols, typically falling within the range of 0.8 to 1.2 Å-1.[105, 106, 111] Assuming β ∼ 1 Å-1 and
negligible difference in the activation energy of the different GNP films, the relative change in the inter-
particle distance (∆δ) compared with that in the 9DT film can be estimated as follows:

ln σ

σ9DT
∼ −β · ∆δ ∼ −1 Å-1 · ∆δ (7.2)

Here, σ represents the conductivity of the GNP film, compared to that of the 9DT film (σ9DT). This
equation facilitates the evaluation of changes in interparticle distance relative to the 9DT film. However,
it is important to note that this value might be underestimated, as several factors, such as the effects of
changes of the activation energy, different ligand conformations and packing densities, were not accounted
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Figure 7.24: Room temperature conductivities of GNP films prepared with the pure 9DT linker and AT/9DT
mixtures.

for. Additionally, the decay constant (β) could potentially be smaller due to these and other factors, such
as variations in the electronic properties of the ligands or the presence of defects in the film. Nevertheless,
compared to the 9DT film, the 87.5%6T-9DT film showed a relative decrease in interparticle distance of
∼0.8 Å.

When applying the longer AT (11T) ligand at lower molar fractions (50%, 62.5% and 75%), the resulting
GNP films exhibited the conductivity similar to the 9DT film. However, in the case of the 87.5%11T-9DT
film, the conductivity decreased by approximately 50% compared to the 9DT film. According to Equation
7.2, the 87.5%11T-9DT film should possess an average interparticle distance roughly 0.8 Å longer than the
9DT film. Further, with the addition of an even longer AT (12T) ligand, the conductivity of the resulting
films exhibited a progressively decreasing trend. A pronounced decrease in conductivity was observed
for GNP films prepared with the mixtures of 12T/9DT at a 12T molar fraction of 75%, resulting in
approximately a 50% reduction in the film’s conductivity. At a even higher 12T molar fraction of 87.5%,
the film’s conductivity decreased by a factor of 30. Again, based on Equation 7.2, the average interparticle
distance in this film is estimated to increase by 3.4 Å relative to that in the 9DT film.

In addition to electrical measurements, UV/vis spectroscopy provides valuable insights into the properties
of GNP assemblies, as illustrated in Figure 7.23. The UV/vis absorbance spectra of all GNP films are
shown in Figure A27 in the Appendix. Given that the organic matrices of GNP films possess comparable
dielectric constants, the spectral position of the localized surface plasmon resonance (LSPR) band strongly
correlates with the interparticle distance. As the interparticle distance increases, the coupling between the
plasmonic fields of neighboring nanoparticles decreases. Consequently, less energy is transferred between
the nanoparticles, resulting in a shift of the LSPR band towards shorter wavelengths (blueshift). It is
worth emphasizing that the observed trend of interparticle distance obtained from UV/vis data represents
the average value across the detected spot of the spectrometer (depicted in Figure 7.23).
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Figure 7.25: Spectral positions of the LSPR band of GNP films prepared with the pure 9DT linker and the
mixtures of AT/9DT.

Figure 7.25 presents the spectral positions of the LSPR bands (λmax) of the fabricated GNP films.
When using the mixtures of 6T/9DT, the LSPR bands of the resulting GNP films remained at the same
spectral position as the 9DT film, indicating nearly no changes in the average interparticle distance
between adjacent GNPs within the sampled spot size area. Similarly, when mixing the 11T ligand with
the 9DT linker, at lower 11T fractions of 50% and 62.5%, λmax remained unchanged. However, at a
higher 11T fraction of 75%, a slight blueshift in the LSPR band occurred, suggesting a subtle increase
in the interparticle distance. A more pronounced blueshift was observed at a molar fraction of 87.5% for
11T, where the LSPR band blue-shifted by 20 nm, indicating a considerable increase in the interparticle
distance. When using the longest ligand, 12T, in combination with 9DT, the resulting GNP film exhibited
a blueshift even at a very low 12T fraction of 50%. For the GNP films prepared with mixtures of 12T/9DT,
the extent of the LSPR band’s blueshift gradually increased with an increasing 12T fraction. The LSPR
bands shifted to shorter wavelengths, ranging from approximately 10 nm (12T molar fraction of 50%) to
approximately 40 nm (12T molar fraction of 87.5%), indicating a progressive increase in the interparticle
distance.

Both electrical and UV/vis measurements consistently demonstrate an increasing trend in interparticle
distance with higher AT fractions for the mixtures of 11T/9DT and 12T/9DT in the GNP films. The slight
discrepancy between the conductivity and UV/vis data for films prepared with the 6T/9DT mixtures may
be attributed to the different experimental methods. Electrical measurements focus specifically on the
total tunneling distances along the charge transport pathway, while UV/vis data offer a comprehensive
view of the average interparticle distance across the entire GNP film within the sampled spot size (as
illustrated in Figure 7.23). In the case of films prepared with the 6T/9DT mixtures, the improved charge
transport is attributed to shorter tunneling distances along the percolation paths, while the average
interparticle distance, observed by UV/vis measurements, may remain rather unchanged. On the other
hand, the films prepared with a 50% molar fraction of 12T exhibited a noticeable shift in the LSPR band
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position, yet displayed comparable conductivity to that of the 9DT film.

Figure 7.26: GISAXS intensity profiles of GNPs in thin films prepared with a) the 9DT and the mixtures of
b) 87.5% 6T/9DT, c) 87.5% 11T/9DT, d) 50% 12T/9DT, and e) 87.5% 12T/9DT. Average nearest neighbor
distances (NNDs) were computed from fits (solid lines) of an FCC model to the data. f)-j) SEM images of the
GNP films prepared with the pure 9DT and the mixtures of 87.5% 6T/9DT, 87.5% 11T/9DT, 50% 12T/9DT,
and 87.5% 12T/9DT, respectively. The left and right images have scale bars of 200 and 100 nm, respectively.

Given the slight divergence between the electrical an optical measurements, GISAXS measurements were
conducted using five selected GNP films for further investigations. Figure 7.26a-e shows the intensity
profiles of selected samples derived from the downward sections of the scattering patterns, with specular
reflections not taken into account (cf. Figure 7.13a). The derived volume scatter signatures were at-
tributed to the model of a 3D face-centered-cubic (FCC) lattice, and the average center-to-center nearest
neighbor distance (NND) of the GNPs was calculated using the software Scatter.[162, 163] Qualitatively,
the NNDs extracted from the GISAXS measurements were in good agreement with the conductivity and
UV/vis data. It is worth noting that measurements of the 9DT, 87.5%6T-9DT, and 87.5%12T-9DT films
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were performed on the same day, while those for the 87.5%11T-9DT and 50%12T-9DT GNP films were
conducted on a different day. Therefore, minor variations in sample alignment between different experi-
mental runs may have contributed to slight deviations in the determined average NND values. Moreover,
assumptions such as uniform GNP size and the formation of an FCC superlattice structure may introduce
errors into the GISAXS analysis.

From the GISAXS data, the average interparticle distance of the 87.5%6T-9DT film (extracted NND
values shown in Figure 7.26, NND: ∼8.74 nm) was found to be similar to or slightly smaller than that
in the 9DT film (NND: ∼8.80 nm). Even at the highest fraction of 6T, only a relative decrease of
∼0.6 Å compared to the 9DT film was observed. This change in the relative interpatricle distance is
fairly comparable to that estimated by Equation 7.2. These minimal changes in the interparticle distance
may explain why the UV/vis data showed nearly no shifts in the LSPR band’s position, while the
film conductivity data exhibited higher sensitivity to distance changes. In contrast, for the 87.5%12T-
9DT film (NND: ∼9.19 nm), a relative increase in interparticle distance of 3.9 Å compared to the 9DT
film was measured by GISAXS, again aligning closely with the value estimated by conductivity data
using Equation 7.2. The average edge-to-edge interparticle distances were calculated by subtracting the
average GNP size determined by TEM (average core diameter of GNPs: ∼7.48 nm, cf. Figure 7.1) from
the GISAXS-measured average NND values. The GISAXS measurements demonstrated average edge-
to-edge interparticle distances of ∼1.32 nm, ∼1.26 nm, and ∼1.71 nm in the 9DT, 87.5%6T-9DT, and
87.5%12T-9DT films, respectively. These results are consistent with the values of ∼1.2 nm, ∼0.9 nm,
and ∼1.9 nm provided in Section 7.3.2 for the 9DT, 95%6T-9DT, and 89%12T-9DT films.

On the other hand, the 87.5%11-9DT (NND: ∼9.33 nm and edge-to-edge interparticle distance: ∼1.85 nm)
and 50%12T-9DT (NND: ∼9.40 nm, and edge-to-edge interparticle distance: ∼1.92 nm) films, measured
on a different day, both show significantly larger NNDs compared to the 9DT film. The average NND of
the 50%12T-9DT film estimated by GISAXS measurements is slightly higher than that of the 87.5%12T-
9DT film. However, both electrical and UV/vis data suggest a greater average interparticle distance for
the 87.5%12T-9DT film. This disparity may be attributed to the different sample alignment discussed
earlier, resulting in a deviation of the NND value and consequently an overall higher estimate of NNDs
for the 87.5%11-9DT and 50%12T-9DT films. Nevertheless, an obvious trend emerged: shorter AT
ligands led to a decrease in the interparticle distance, while longer AT ligands led to an increase in the
interparticle distance.

Moreover, the orders of GNP assemblies can also be roughly inferred from the GISAXS data. The
selected five GNP films exhibited disordered arrangements of GNPs, with the entire films believed to be
composed of numerous small ordered domains. Among them, the 87.5%12T-9DT film has the highest
degree of assembly order. The peak at ∼ 0.75 nm-1 (see Figure 7.26e) appeared to be relatively well-
defined and sharper compared to the peaks observed in the other films, indicating better long-range order
in the GNP assembly. This observation was confirmed by the SEM image (Figure 7.26j). In contrast, the
GISAXS intensity profile of the 9DT film (Figure 7.26a) exhibited a broader and lower intensity peak,
suggesting that the film had moderate assembly order and some short-range arrangement. The SEM
images showed that the 9DT film displayed the most defective assembly of GNPs (see Figure 7.26f), with
unevenly distributed GNPs, leaving voids, and some GNPs aggregated on the surface. The addition of the
AT ligand molecules mitigated these defects, with films prepared with the mixtures of 87.5% 11T/9DT
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and 87.5% 12T/9DT exhibiting many well-ordered regions (cf. Figure 7.26h and j).

Figure 7.27: Average resistive response amplitudes of GNP films prepared with pure 9DT and the AT/9DT
mixtures when exposed to n-octane vapor. Light-colored bars represent exposure to 200 ppm vapor, while dark-
colored bars represent exposure to 2000 ppm vapor. Error bars indicate standard deviations of the response
amplitudes of four GNP films.

All GNP films used in this project consisted of organic matrices with similar permittivity. Therefore,
when exposed to vapors of n-octane, which has a similar permittivity as the organic matrices, differences
in the sensitivity resulted mainly from differences in the swelling ability, corresponding to the degree of
cross-linking within the film. Chemiresistor measurements were conducted at analyte concentrations of
200 and 2000 ppm. The average chemiresistive response amplitudes of all GNP films are presented in
Figure 7.27, and their respective transient responses are presented in Figure A28 in the Appendix. A
clear trend was observed in all GNP films prepared with the AT/9DT mixtures. As the fraction of 9DT
linker molecules decreased, it is expected that the cross-linking degree of the resulting film also decreased.
Consequently, as the film became more flexible, the swelling ability increased, leading to enhanced re-
sponse amplitudes. Based on the conductivity, UV/vis, and GISAXS data, incorporating the 6T ligand
shortened the interparticle distance. It is conceivable that due to the small size of the 6T ligands, the
9DT cross-linked GNP network remained intact to large extent, and therefore, no significant enhancement
of the response amplitudes was observed. However, the cross-linking degree within the organic matrix
was gradually reduced with increasing 6T fraction, as indicated by the slightly increasing response am-
plitudes. Conversely, when using longer AT ligands (11T and 12T), these ligands disrupted the 9DT
cross-linked network more efficiently, resulting in a significant enhancement of response amplitudes. As
the 12T ligand molecules are somewhat longer than 11T molecules, it is expected that an increase in
the film’s flexibility already occurred at a lower AT fraction. Therefore, with such long AT (12T), the
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9DT’s cross-linked network is most efficiently disrupted and, hence, the chemiresistors prepared with the
12T/9DT mixtures showed the highest response amplitudes at comparable AT fractions.

To summarize the results obtained from the conductivity, UV/vis, GISAXS, SEM, and chemiresistor mea-
surements, a comprehensive understanding of the interparticle distance in the GNP films was achieved.
The addition of AT ligands altered the interparticle distance and microstructure of the films, along with
the cross-linking degree. Moreover, Van-der-Waals interactions between the interdigitated AT’s alkyl
chains improved the resulting films’ quality with a higher assembly order. The short AT ligand may pro-
vide more free space, allowing the 9DT linkers easily cross-link neighboring GNPs. Consequently, adding
the short AT ligand resulted in a slightly shorter interparticle distance, while the organic matrix remained
mainly established by a cross-linked network. On the other hand, mixing the long AT ligands with the
9DT linker led to greater interparticle distances. The extent of the increase in the interparticle distance
was found to depend significantly on the fraction of the long AT ligands. Previous findings demonstrated
that a pure 12T ligand stabilized GNP film possessed approximately 1.8-2.3 nm spacing between neighbor-
ing GNPs[10, 14], which is similar to the interparticle distances of the 50%12T-9DT and 87.5%12T-9DT
films determined by GISAXS in this project. Moreover, such large interparticle distance within films
prepared with the long AT/9DT mixtures (87.5%11T-9DT, 50%12T-9DT,and 87.5%12T-9DT) exceeded
the length of a fully extended 9DT molecule (∼1.5 nm), suggesting that the cross-linkages cannot be
formed under these circumstances. However, from the previous preliminary experiments regarding the
LbL-SC fabrication of the GNP films (as described in Section 7.3.1), it is clear that without adding
the 9DT cross-linkers, the GNPs could not be deposited in a layer-by-layer approach. In contrast, the
LbL-SC deposition of films was feasible by using the AT/9DT mixtures. Hence, it is obvious that GNP
cross-linking via 9DT molecules happened to some degree. Therefore, to explain the conditions men-
tioned above, the presence of two different domains within organic matrix of the film is proposed (as
schematically depicted in Figure 7.28): a domain with a larger average interparticle distance established
mainly by the long AT ligands (as ”long AT controlled” domain), and a domain with a smaller average
interparticle distance established mainly by the 9DT cross-linkers (as ”9DT controlled” domain). The
higher fraction of long AT ligands likely leads to a more frequent occurrence of ”long AT controlled”
domains, consequently resulting in larger average interparticle distances and increased flexibility of the
resulting GNP films with more pronounced ability to swell during analyte sorption.
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Figure 7.28: Schematic illustration of percolation pathways through GNP films consisting of different organic
matrix compositions. When employing short AT ligands (blue panel), the cross-linked network within the film
remains intact, leading to a decrease in the average interparticle distance compared to the 9DT film (grey panel).
Conversely, when employing long AT ligands (green panel), two distinct domains emerge within the film: ”long
AT controlled” and ”9DT controlled” domains. Electrons have to travel through both domains, contributing to
the conductivity of the film.

7.4.4 Molecular Dynamics Simulation Results

In the preliminary simulations, we employed the sandwich structure depicted in Figure 7.22, involving a
total of eight molecules. For the system with pure 9DT molecules, all eight 9DT molecules were initially
bound to both the top and bottom gold surfaces, resulting in a 100% ligand coverage on the gold surface.
In contrast, in the systems with pure AT ligands and mixtures of AT/9DT, initially, four molecules were
attached to the top planar gold surface, while the remaining four were affixed to the bottom surface.
Additionally, all molecules were bound to only one side of the gold surface, corresponding to a 50%
ligand coverage. As the handle moved downwards towards the bottom surface, the potential energy
of the system reached its minimum, which we referred to as the ”lower-energy state” of the system.
The surface-to-surface distance at this ”lower-energy state” was derived as the preferred spacing of the
Au-organic matrix-Au system, resembling the ”interparticle distance” in GNP assemblies. To ensure
robustness, all simulations were repeated ten times to obtain average values with standard deviations.

Figure 7.29 presents the ”interparticle distance” extracted from the MD simulations. Remarkably, the
trends observed in the simulations closely align with the experimental data. When employing short AT
molecules like 6T in the system, the interparticle distance was smaller compared to the system with only
the 9DT linkers. Increasing the molar fraction of 6T led to a gradual decrease in the interparticle distance.
In contrast, the addition of long AT molecules, such as 11T and 12T, resulted in larger interparticle
distances compared to the system with only the 9DT linkers. As the molar fraction of these longer AT
molecules increased, the interparticle distance also slightly increased. However, the dependence on the
AT fraction was less pronounced for the longer AT molecules (11T and 12T) compared to systems with
shorter AT ligands (6T).

An average interparticle distance of ∼12 Å was estimated from the MD simulations of the system with
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Figure 7.29: MD simulation results showing the average interparticle distances involving eight molecules of
either pure 9DT or AT/9DT mixtures within the sandwich structure. The AT molar fraction is indicated on the
x-axis. The average interparticle distances were obtained from 10 repeated MD simulations, with corresponding
standard deviations shown as error bars.

pure 9DT molecules, which is in good agreement with the values determined by GISAXS measurements
(∼12 Å for the 9DT film prepared with batch GNP4 shown in Section 7.4.3 and ∼13.2 Å for the 9DT film
prepared with batch GNP3 shown in Section 7.3.2). However, for systems using mixtures of AT/9DT, the
interparticle distances determined by the simulation model were significantly underestimated. A similar
observation was reported in a recent simulation study, where the pure 6T-, 11T-, 12T-ligands systems
gave interparticle distances of 7.47±0.40, 12.82±0.97, and 13.98±0.67 Å , respectively.[1] In comparison,
experimental data for assemblies comprised of 12T-stabilized GNPs provided average interparticle dis-
tances ranging from 18 to 23 Å.[10, 14] Bain et al. reported an empirical formula to calculate the length
(L) of a fully extended AT molecule, expressed as L(Å) = 2.5 + 1.27n, where n represents the number of
carbons in the alkyl chain.[198–200] Motte and Pileni[200] studied assemblies of silver sulfide nanoparti-
cles stabilized with ATs of different lengths. When using the 12T ligands, the interparticle distance was
approximately 17 Å, similar to the length of one 12T molecule. A similarity in the behavior of Au(111) and
Ag2S(111) surfaces was reported, hence an average interparticle distance between 12T-stabilized GNPs
was expected to be ⪆17 Å. Recent studies suggest that the underestimation of nanoparticle distances in
simulations can be attributed to an underestimated ligand coverage on the surface.[1, 198] Schaefer et
al. reported an increase in the surface-to-surface spacing of 2.3 Å per 10% increase in thiol coverage.[1]
However, the optimal coverage of the two opposite Au(111) surfaces with ligands and linker molecules is
still under investigation.

Some preliminary simulations have been conducted to investigate the influence of ligand coverage on the
interparticle distance. The interparticle distances in assemblies of gold nanocrystals (or GNPs) prepared
using 12T ligands have been reported in earlier publications.[10, 14, 201] We compared these literature
values with simulation results. Figure 7.30 presents the average interparticle distances obtained from MD
simulations of systems with eight to sixteen 12T molecules (50 to 100% ligand coverage), demonstrating
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Figure 7.30: Average interparticle distances (black dots) extracted from the MD simulations of the systems with
pure 12T ligands and varying ligand coverages on the gold surface. Error bars represent standard deviations from
ten MD simulation runs. The average interparticle distances extracted from each system are fitted with a linear
function (solid black line). Experimental data are also included: brown stars and dots represent supercrystals
prepared using two different sizes of gold nanocrystals[10]; grey pluses and squares represent superlattices pre-
pared by Olichwer et al. using two different batches of colloidal GNPs with similar average core diameters[14];
grey crosses represent the superlattice prepared using GNP colloid with an average diameter of approximately
5 nm[201].

that the estimated interparticle distances strongly depends on the ligand coverage on the gold surface. At
a ligand coverage of 75%, the obtained interparticle distance was approximately 21 Å, which aligns well
with the experimental values reported in the literature.[10, 14, 201] In comparison to the GNP films with
a higher 12T fraction (87.5%12T-9DT film) discussed in Section 7.4.3, this value is slightly larger than the
interparticle distance determined by the GISAXS measurement (17.1 Å). Nevertheless, our simulations
suggest a ligand coverage of ∼75% in the experimentally studied GNP assemblies. In our simulations,
this corresponds to six ligands on each side of the gold surface, totaling twelve ligands in the simulation
for systems with pure AT molecules or mixtures of AT/9DT molecules. The results for the systems with
pure 6T and 11T ligands are shown in Figures A30 and A31 in the Appendix, revealing interparticle
distances of approximately 14 Å and 20 Å, respectively, at a ligand coverage of 75% on the gold surface.
These values are comparable to, but slightly higher than, the interparticle distances determined by the
GISAXS measurements for the GNP films prepared with high fractions of 6T and 11T ligands, which
were 12.6 Å and 18.5 Å for the 87.5%6T-9DT and 87.5%11T-9DT films, respectively.

In conclusion, the simulation data qualitatively mirrored the results obtained from the experimental mea-
surements. Figure 7.31 shows snapshots of MD simulations of the systems at ”lowest-energy structures”
with mixtures of AT/9DT (systems with pure 9DT and 12T molecules are shown in Figure A29 in the
Appendix). Consistent with the experimental findings, systems comprised of 6T/9DT mixtures main-
tained cross-linkages (see Figure 7.31a), and an increase in the 6T fraction on the GNP surface resulted
in more free space for 9DT to form a cross-linked network, leading to a shorter interparticle distance. It is
worth noting that while the ligand coverage on the gold surface was likely underestimated, resulting in a
significant deviation in the interparticle distance values obtained from MD simulations, the overall trends
in changes in interparticle distances are still discernible. When using eight 6T ligands in the simulation
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system, an average interparticle distance of approximately 7.47 Å[1] was obtained, which differs signifi-
cantly from the values obtained from systems using both 6T and 9DT molecules (9-11 Å). This suggests
that the 6T ligand/9DT linker system behaves differently from the pure 6T ligands system. Conversely,
when using long AT ligands such as 12T, the simulation system with 87.5% molar fraction of 12T ligands
showed a similar spacing (∼14.15 Å) to that of the pure 12T system (∼13.98 Å[1]). Similarly, the system
containing 11T ligands also showed an interparticle distance (approximately 12.96 Å for 87.5%11T-9DT)
comparable to that of the pure 11T system (approximately 12.82 Å[1]). For long ATs 11T and 12T, these
ligands dominate the spacing between neighboring GNPs, while the 9DT linker molecules barely form
cross-linkages during the simulation runs (cf. Figure 7.31b and c). For systems containing an 87.5%
molar fraction of 11T or 12T molecules, the distance between the two gold surfaces was too large for
the 9DT molecule to bind to both sides, resulting in binding to only one surface. These findings from
MD simulations indirectly confirm the high possibility of the presence of two different domains. This
”two-domain” hypothesis was suggested earlier in the discussion of the experimental results. Moreover, in
the simulation system containing AT ligands, the interparticle distances obtained at 50% ligand coverage
tend to be underestimated compared to the experimental values. In contrast, when the ligand coverage
is 75%, the interparticle distances obtained by MD simulations are closer to the experimental results.

Figure 7.31: Snapshots of MD simulations of the systems at ”lowest-energy structures”, with 50% coverage of
the surface by ligand/linker molecules include: a) seven 6T ligands and one 9DT linker, representing the 87.5%6T-
9DT GNP film, b) seven 11T ligands and one 9DT linker, representing the 87.5%11T-9DT GNP film, and c) seven
12T ligands and one 9DT linker, representing the 87.5%12T-9DT GNP film. In the top part of each snapshot, all
molecules are displayed using the ball-and-stick model, showing both atoms and bonds. In the bottom part, the
alkanethiol (AT) ligands are displayed in stick model, while the 9DT molecule is represented in the same manner
as in the top snapshots.

According to the ”two-domain” hypothesis, a linear combination model can describe the interparticle
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distance (D) using weighting factors A and B, ideally reflecting the relative molar fraction of 9DT and
long AT ligands, respectively. Here, D9DT and DlongAT represent the surface-to-surface spacing obtained
from simulations of the pure 9DT (a ligand coverage of 100% in the MD simulation system) and pure
long AT (a ligand coverage of 75% in the MD simulation system) systems, respectively.

D = A · D9DT + B · DlongAT (7.3)

Schaefer et al. reported an average interparticle distance of 1.2 nm from MD simulations of the system
containing pure 9DT molecules (with ligand coverage of 100%).[1] Preliminary simulations of the systems
with pure 11T and 12T ligands, discussed above, yielded interparticle distances of 1.85 nm and 2.1 nm,
respectively (with ligand coverage of 75%). Using Equation 7.3, the calculated interparticle distances
for the simulated systems containing 87.5% molar fractions of 11T and 12T ligands were 1.77 nm and
1.99 nm, respectively. These values are very close to the interparticle distances determined from GISAXS
measurements, which were 1.85 nm and 1.71 nm for the 87.5%11T-9DT and 87.5%12T-9DT films, re-
spectively. This equation enables a more accurate representation of the interparticle distance averaged
across the two domains in mixed long l igand/linker systems.

7.4.5 Summary and Outlook

The experimental investigations, including electrical measurements, UV/Vis spectroscopy, GISAXS anal-
ysis, chemiresistor measurements, and SEM analysis, provided valuable insights into the influence of
differently long AT ligands and AT/9DT mixing ratios on the properties of the resulting GNP films.
Electrical measurements revealed that the conductivity is affected by the type and fraction of AT lig-
ands, with shorter ligands (length shorter than the 9DT molecule) leading to higher conductivity due
to shorter tunneling distances. UV/Vis spectroscopy showed minimal shifts in the LSPR band position,
indicating only small changes in interparticle distance. Long AT ligands (length longer than the 9DT
molecule), however, lead to a significant decrease in the charge transport, indicating longer interparticle
distances, which is confirmed by pronounced blueshifts in the UV/vis data. As shown by GISAXS data,
trends in interparticle distance changes are consistent with the electrical and UV/Vis data. Besides
changes in interparticle distances, chemiresistor measurements highlight changes in the swelling ability
of different organic matrices. Films prepared with longer AT ligands (11T and 12T) are more flexible
as they have a lower degree of GNP cross-linking via 9DT molecules. Hence, they show significantly
stronger chemiresistive responses, due to a pronounced ability to swell during analyte sorption.

The MD simulations further support these experimental findings, showing the trends in interparticle
distance consistent with changes in ligand type and fraction. Short ligands (e.g., 6T) lead to shorter
interparticle distances, while long ligands (e.g., 11T and 12T) result in larger distances. However, the
simulation results indicate that the interparticle distance of systems containing the 6T ligand strongly
depends on the AT molar fraction, whereas the dependence on AT fraction is weaker for systems con-
taining long AT ligands. Moreover, the estimated interparticle distances obtained from systems with the
11T/9DT and 12T/9DT mixtures are comparable to the values determined from the systems with the
pure 11T and 12T ligands, respectively (systems with ligand coverage of 50%). During MD simulations,
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cross-linkage formation by the 9DT linker was still observed even at the lowest 9DT molar fraction of
12.5% in systems containing mixtures of 6T and 9DT molecules. However, in systems consisting of long
AT ligands (11T or 12T), the 9DT molecules could not cross-link both sides of the gold surfaces. Conse-
quently, it is believed that in long AT/9DT systems, the long AT may predominate the spacing between
particles. This observation indirectly confirms the formation of two distinct domains within the organic
matrix, dominated by long AT ligands and 9DT linkers.

Overall, the combined experimental and computational approach provides a comprehensive understanding
of how the type and fraction of AT ligands influence the cross-linking degree, microstructure and prop-
erties of GNP films. These findings offer valuable insights for the design and optimization of GNP-based
materials for various applications, including sensors.

As the interparticle distances determined by the MD simulations were significantly underestimated due
to low ligand coverage of the Au surfaces, a more comprehensive investigation should be conducted,
and re-analysis of the surface-to-surface spacing will be crucial to obtain more accurate results. In the
preliminary experiments, an optimized ligand coverage of 75% on the gold surface for the pure AT ligand
systems was found. Future research should focus on recalculating the interparticle distance based on this
optimized ligand coverage, which corresponds to a total of twelve molecules in the system. Moreover, the
influence of different ratios of AT and 9DT molecules on the ligand coverage on the gold surface should
also be studied.

Two methods have been proposed to obtain the interparticle distance from MD simulations:

1. Direct Extraction Method: Interparticle distance is directly extracted from MD simulations using
mixed AT and 9DT molecules in the system.

2. Linear Combination Model: Interparticle distance is calculated based on Equation 7.3. This involves
using the interparticle distances extracted from systems with pure AT ligands and 9DT linkers,
weighted by their respective fractions.

A deeper investigation is required to evaluate which method provides more accurate results. Subsequently,
the obtained interparticle distances can serve as input parameters for calculating charge transport prop-
erties utilizing a density functional tight binding approach (DFTB electronic structure calculations) in
conjunction with a Landauer coherent tunneling approach employing Green’s functions, as implemented
in DFTB+[202]. This approach, as described in a recent study by Schaefer et al.[1], allows for the
prediction of the electrical characteristics of GNP films composed of mixtures of ligands and linkers.
Furthermore, different compositions of the organic matrix demonstrate distinct sensing characteristics,
as shown in Figure 7.27. However, the interaction between analyte molecules and the organic matrix
remains unknown. Future research should also focus on simulating the swelling phenomenon of organic
matrices and the interaction between analyte molecules and ligands/linkers. This could significantly ad-
vance the design of GNP-based sensors and provide insights into the sensing mechanism at the molecular
scale. Previously, a multitude of GNP films needed to be produced and tested with target analytes, with
the selection of the films of interest occurring afterward. By leveraging MD simulations, the screening of
sensors can be facilitated, streamlining the sensor development process in a more efficient manner.
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7.5 Chemiresistor Array

In Section 7.3, GNP films prepared with MT/9DT mixtures showed tunable selectivity and sensitivity
enhancement, and a further investigation of such GNP composites was conducted with the help of MD
simulations in Section 7.4. As demands for real-time target analyte sensing grow across various applica-
tions including health diagnosis, environmental monitoring, and explosives detection, gas sensor arrays,
also known as electronic noses, have attracted increased attention. The mixed ligand/linker strategy of-
fers an effective technique for the fabrication of sensor arrays with diverse response patterns, serving as a
fingerprint for each specific analyte. To leverage these findings in real-world applications, two monolithic
chemiresistor arrays based on previous studies were fabricated using the LbL-SC procedure combined
with lithographic patterning[23] approaches. In this presented section, the batch GNP5 was used to
prepared the chemiresistor arrays, and the fabricated chemiresistor arrays were used to discriminate a
wide variety of volatile analytes using linear discriminant analysis (LDA).

This section contains a summary of results that were published in the following journal article: C.-Y.
Liu, S. C. Bittinger, A. Bose, A. Meyer, H. Schlicke, T. Vossmeyer, ”Tuning the Interfacial Chemistry of
Nanoparticle Assemblies via Spin-Coating: From Single Sensors to Monolithic Sensor Arrays”, Advanced
Materials Interfaces, 2024, 2301058.[2]

7.5.1 Fabrication of Monolithic Chemiresistor Arrays

Figure 7.32 illustrates the key steps of the fabrication process.[23] Initially, a silicon substrate with four
pairs of interdigitated electrode (IDE) structures was coated with a thin layer of poly(methyl methacry-
late) (PMMA) using a spin-coating (SC) method. Next, PMMA-coated areas with two IDEs were se-
lectively exposed to deep ultraviolet (DUV) radiation, and the irradiated regions of the PMMA layer
were removed by immersing the substrate in a mixture of 4-methyl-2-pentanone (4M2P) and 2-propanol
solution, creating a patterned PMMA layer. Subsequently, the first GNP film was deposited onto the
patterned PMMA using the LbL-SC method as described in Section 7.3.1. The GNP film on the PMMA-
covered sections was removed via lift-off by dissolving the PMMA layer with acetone. This process was
repeated three times, resulting in an array consisting of four pairs of IDEs, each covered with a different
type of GNP film.

The pure 9DT cross-linkers, the mixtures of 89% 12T/9DT and 95% 3MPA/9DT, and the pure 8MOA
ligand were applied based on previous findings (in Section 7.3.4) to create varying response characteristics
and selectivities for the different sensing elements. Figure 7.32b shows the photograph of the fabricated
sensor array consisting of the above-mentioned four types of GNP films mounted on a printed circuit
board (PCB).

During the lithographic patterning procedure, careful attention was paid to the sequence in which the
four different GNP films were manufactured. As shown in Figure 7.33a, the GNP films of this sensor
array were deposited in the following order: 9DT, 89%12T-9DT, 100%8MOA, and 95%3MPA-9DT films.
On the other hand, in the case of the sensor array shown in Figure 7.33b, the GNP films were deposited in
the following order: 9DT, 89%12T-9DT, 95%3MPA-9DT, and 100%8MOA films. The 9DT GNP film was
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Figure 7.32: a) Lift-off-based lithographic patterning for GNP based sensor array fabrication: i) a silicon chip
with 4 pairs of interdigitated electrode structures, ii) depositing a PMMA layer and opening one pair of electrode
structures with DUV patterning, iii) spin-coating the GNP film onto the PMMA mask covered silicon chip, and
repeating the procedure three times to cover all interdigitated electrodes, iv) the fabricated sensor array comprising
four types of GNP films. b) Photograph of the sensor array mounted on a PCB. Reprinted with permission from
Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

selected as the first to be fabricated, as it was considered to be the most robust one due to its high degree
of cross-linking. Although the 95%3MPA-9DT film also consists of a cross-linked network, it was found
to be less stable in preliminary tests, e.g., partial removal from the substrate after sequential PMMA
coating and lift-off steps was observed (as shown in Figure 7.33 a). This instability is possibly due to the
affinity between the PMMA layer and the 95%3MPA GNP film, most likely based on the interactions
between the carbonyl groups of PMMA and the carboxylic acid groups of 3MPA. Therefore, the GNP
film with the 12T ligand was deliberately chosen to be fabricated before depositing the 95%3MPA-9DT
film. Finally, the 100% 8MOA film was fabricated because this film was assumed to be the less stable
one, as it contains only the long flexible 8MOA ligands without covalent 9DT cross-linking.

In addition, care must be taken when removing the certain areas of the GNP film, which were unexposed
to DUV. To ensure complete removal of these unexposed areas of the GNP film, the PMMA layer was
stripped using an acetone bath. Immersing the entire substrate in acetone and gently rinsing it may
cause some of the detached GNP film flakes to re-attach to the substrate, as shown in Figure 7.33b. To
prevent this re-attachment, a 50 mL syringe with a cannula (diameter of 2 mm) was used to generate a
stronger acetone rinse, and the as-fabricated sensor array is shown in Figure 7.32b.

The successfully fabricated array of sensors is shown in Figure 7.32b, and the baseline resistances of the
sensors were measured after each deposition of the GNP films and are presented in Figure 7.33c. The
cross-linked 9DT and partially cross-linked 95%3MPA-9DT films exhibited high stability throughout the
sensor array fabrication process. On the other hand, the resistance of the 89%12T-9DT film increased
drastically after depositing the 95%3MPA-9DT film. This effect is possibly due to damages caused by
the PMMA layer in lift-off step, resulting in partial removal of the 89%12T-9DT film (within the sensor
array shown in Figure 7.32b) and the formation of cracks within the film, cf. Figure 7.33d. Despite
these damages, the film maintained sufficient conductance, allowing it to function effectively in sensing
chemical analytes.

To evaluate the consistency of the sensor responses, the two sensing films within each sensor pair (cor-
responding to the sensor array shown in Figure 7.32b) were exposed to toluene, 1-propanol, and water
vapors at the concentration of 1000 ppm. Figure 7.34 demonstrates highly reproducible responses of the
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Figure 7.33: Photography of exemplary failures encountered during the fabrication of monolithic sensor arrays.
a) The GNP films of the sensor array were deposited in the following order: 9DT, 89%12T-9DT, 95%3MPA-
9DT, and 100%8MOA films. The 100%8MOA film was torn off the substrate after the PMMA removal step. b)
The GNP films of the sensor array were deposited in the following order: 9DT, 89%12T-9DT, 100%8MOA, and
95%3MPA-9DT films. The floating GNP film was accidentally re-attached to the substrate during the lift-off step
while immersed in acetone to dissolve the PMMA layer. c) Baseline resistances of the LbL-SC GNP films after
each deposition of GNP films (corresponding to the sensor array shown in Figure 7.32b). The films were deposited
in the following order: 9DT, 89%12T-9DT, 95%3MPA-9DT, and 100%8MOA films. d) Microscopic images of the
89%12T-9DT film of the sensor array shown in Figure 7.32b right after the LbL-SC procedure (step 2, top) and
after the subsequent LbL-SC of another GNP film (step 3, bottom).
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sensor pairs. While the majority of sensors of the array displayed similar selectivity patterns as their
counterparts deposited on individual glass substrates (as illustrated in Section 7.3.4, Figure 7.18), some
variations were noted. Once again, the 89%12T-9DT and 100%8MOA films exhibited notably higher
sensitivities to toluene and 1-propanol compared to the 9DT and 95%3MPA-9DT films, consistent with
previous observations. However, slight variations in the relative response amplitudes to the different
analyte vapors were observed among the GNP films. These differences in relative response amplitudes
are attributed to differences in the fabrication procedures, whether individual sensors were produced on
single substrates or as part of an array on a monolithic substrate. Fabricating the sensor array involved
multiple steps, including the repeated deposition and removal of the PMMA layer, multiple treatments
with GNP solutions and ligand/linker mixtures, and extensive washing with various solvents. These
steps can potentially cause subtle changes in the composition of the GNP films. Nonetheless, the results
confirm that the selectivity and sensitivity of the sensors of an array can be adjusted by utilizing different
ligand/linker mixtures during fabrication.

Figure 7.34: Transient responses of a monolithic GNP chemiresistor array (corresponding to the one shown in
Figure 7.32b), consisting of four sensor pairs: a-c) 9DT d-f) 89%12T-9DT g-i) 95%3MPA-9DT j-l) 100%8MOA.
The chemiresistor array was exposed to toluene (blue), 1-propanol (green), and water (orange) vapors at a
concentration of 1000 ppm, with nitrogen serving as the carrier gas. Each panel exhibits the transient responses of
the two sensors within the corresponding sensor pair. Reprinted with permission from the Supporting Information
of Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.
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7.5.2 Array Consisting of Four Types of Gold Nanoparticle Chemiresistors

To evaluate the analyte classification capability of the array consisting four types of GNP chemiresistors
(9DT, 89%12T-9DT, 95%3MPA-9DT, and 100%8MOA films, Figure 7.32b), 17 different analyte vapors
were tested. These tested analyte vapors vary in dielectric constant, vapor pressure, and molecular
size. During the measurements, analyte vapors in the concentration range from 50 to 1000 ppm were
supplied using nitrogen as carrier gas, and nitrogen zero gas (ZG) and analyte gas (AG) were periodically
introduced into the test-cell (∼16 mL), alternating between 4 minutes of ZG followed by 2 minutes of AG.
In addition, the gas flow through the test cell was maintained at a rate of 500 mL/min using a pump.

Figure 7.35: Transient responses of the 100%8MOA GNP film exposed to vapors at the concentration of 500
ppm: a) ethyl acetate, b) n-heptane, and c) isooctane. Maximum resistive response amplitude (∆R/R0)max, the
area under the transient curve during the first 20 seconds of vapor exposure A20s, and the area under the recovery
transient curve from 121th to 360th second Ar are indicated in part a). Adapted and reproduced with permission
from Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

Figure 7.35 presents the response transients of the 100%8MOA film upon exposure to ethyl acetate,
n-heptane, and isooctane vapors at the concentration of 500 ppm. As the sensor was exposed to dif-
ferent vapors, the maximum response amplitudes and transient shapes changed. Previous studies have
described strategies to improve the sensor array performance by optimizing sensing elements, extracting
effective response features, and applying suitable classification algorithms. The investigation in Section
7.3 already identified the optimized GNP films, and some researchers have suggested using LDA rather
than principal component analysis (PCA) to achieve better classification capability.[203, 204] Here, the
selection of response features was deeply investigated. Generally, response features can be categorized
into ”steady-state” and ”transient-state” response features.[205, 206] The ”steady-state” denotes a phase
where the response curve reaches its saturation, and the response amplitude stabilizes. The most common
”steady-state” feature is the maximum response amplitude measured after a certain time of exposure to
the analyte. However, drawbacks of using ”steady-state” features, such as response drifts caused by aging
and concentration-dependent response amplitudes, have to be addressed. Moreover, chemically and struc-
turally similar compounds may result in similar response amplitudes. Some publications have pointed
out the advantages of employing ”transient-state” response features to overcome this problem.[205–209]
As shown in Figure 7.35, the quasi-rectangular shape of the transient indicates a rapid response during
exposure to ethyl acetate. In contrast, the transients during exposures to n-heptane and isooctane reveal
slow kinetics of the vapor/sensor interaction. Such differences in response kinetics can be helpful in
advancing analyte identification, as the maximum amplitudes of the responses to both ethyl acetate and
isooctane were similar but their transient characteristics exhibited significant differences. As shown by
this example, features extracted from the transient behavior of GNP sensor arrays can be widely used as
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input dataset to enable the classification and recognition of analytes via appropriate pattern analyses.[18,
25, 30, 156, 210]

In a preliminary test, ”transient-state” features such as rise time, recovery time, area under the transient
curve during the entire period of vapor exposure, area under the transient curve during the initial period of
vapor exposure, and area under the transient curve during the recovery phase after vapor exposure, were
used as training data for LDA feature selection. The obtained feature weights ranked their importance
for analyte classification.[211] As a result, using the areas under the transient during the initial period
of vapor exposure and during the recovery phase yielded the best results. Following this finding, three
features were extracted from the single signal readout, and LDA was applied for analyte classification:

1. The response amplitude (∆R/R0)max recorded at the end of analyte exposure (average value over
the interval 110-115 s).

2. The area A20s beneath the transient curve during the first 20 seconds of analyte exposures (response
region).

3. The area Ar below the recovery transient curve from the 121th second until the 360th second
(recovery region).

Figure 7.36: The 89%12T-9DT film’s a) maximum response amplitudes (∆R/R0)max and b) relative maximum
response with normalization process for vapor exposures to 1-butanol (yellow) and cyclopentane (cyan) at con-
centrations ranging from 50 to 1000 ppm. The presented data was obtained from one of the 89%12T-9DT films
of the sensor array. The tested concentration profile was 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300,
200, 100, and 50 ppm.

Figure 7.36a shows (∆R/R0)max values directly extracted from the responses of the 89%12T-9DT sensor
when exposed to 1-butanol and cyclopentane vapors in the concentration range from 50 to 1000 ppm.
Notably, 1-butanol and cyclopentane possess vapor pressures of ∼7 and ∼316 mmHg at 25 °C[170],
respectively. Due to the relatively low vapor pressure of 1-butanol (high partition coefficient), the sen-
sor exhibited a significantly higher response amplitude than for cyclopentane. Specifically, the response
amplitude to cyclopentane is less than 3% of that to 1-butanol. Furthermore, it is evident that the
response amplitudes to both vapors were highly dependent on the analyte’s concentrations. In this case,
the ”steady-state” feature, (∆R/R0)max, may be primarily driven by the vapor pressure and concen-
tration of the compounds rather than their structural and chemical differences, potentially resulting in
erroneous clustering of the analyte vapors in the LDA plot. To prevent extremely high ”steady-state”
feature values caused by low-vapor-pressure compounds, the (∆R/R0)max value was square rooted. This
adjustment ensures that the feature values of analytes with very different vapor pressures are within a
comparable range (cf. Figure 7.36b). Additionally, for each exposure, the ”steady-state” features ob-
tained from individual sensors were normalized by dividing each value by the highest value observed
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among all eight sensors. This normalization process minimized the feature’s concentration dependency.
Within the tested concentration range (50-1000 ppm), the normalized ”steady-state” feature values (rel-
ative (∆R/R0)max) for cyclopentane exhibited nearly no change, while for 1-butanol, the normalized
values (relative (∆R/R0)max) varied only by approximately 10% as the vapor concentration increased
from 50 to 1000 ppm (without normalization, the ”steady-state” feature values, (∆R/R0)max, increased
by 1200% with increasing analyte concentrations from 50 to 1000 ppm). Regarding the two ”transient-
state” features (A20s and Ar), they were first normalized by dividing themselves by their corresponding
(∆R/R0)max value for each exposure to mitigate variations caused by the varying analyte concentra-
tions. Subsequently, similar to the normalization process for maximum response amplitude features, each
”transient-state” feature value was divided by the highest feature value among all sensors for each expo-
sure to further eliminate concentration-dependent effects. After this two-step normalization process, the
resulting normalized values are defined as the relative A20s and the relative Ar.

Figure 7.37: Three normalized ”steady-state” and ”transient-state” features are plotted against either the
dielectric constants or the estimated molecular spaces (Sa) of the analytes. Each data point represents the average
feature value for the analyte at concentrations ranging from 50 to 1000 ppm. The three features underwent the
normalization process as described earlier, and are indicated as relative (∆R/R0)max, relative A20s, and relative
Ar. Panel a) illustrates the relative A20s feature value vs. Sa for the 9DT film, while b) displays the same
correlation for the 100%8MOA film. In panel c), the relative Ar feature value vs. the relative dielectric constant
is plotted for the 100%8MOA film. Panels d), e), and f) depict the correlation between the relative (∆R/R0)max
and the relative dielectric constant of analytes, the relative A20s feature value and Sa, and the relative Ar feature
value and Sa, respectively, for the 89%12T-9DT film.

Figure 7.37 illustrates examples where certain features of the selected GNP films exhibited a high depen-
dence on either the molecular size or the relative dielectric constant of the analytes. These features can
effectively discriminate between different analytes. The ”steady-state” feature (relative (∆R/R0)max)
values of most GNP films composed of hydrophobic ligand or linker molecules within the organic ma-
trix are primarily influenced by the vapor pressures and concentrations of analyte gases.[15, 18, 109]
Consistent with this observation, for the 9DT film investigated in this study, even after normalization,
its relative (∆R/R0)max feature values still depended on both vapor pressure and concentration of the
analytes, but appeared to be independent of the molecular size and the relative dielectric constant of the
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analytes. However, in striking contrast, for the GNP film consisting of the mixture of 89% 12T/9DT, the
relative (∆R/R0)max feature effectively differentiated between analyte vapors based on their polarity (cf.
Figure 7.37d).

”Transient-state” features are considered to offer a more effective means for discriminating analyte vapors
based on their structural and chemical properties. In terms of chemistry, the higher affinity between
analyte molecules and the organic matrix may lead to rapid interactions, resulting in faster response
kinetics (larger values of A20s). Additionally, the size of the analyte may also influence the response
kinetics.[18] The space occupied by a single analyte molecule (Sa) can be estimated from its volume
in the liquid phase using the equation: Sa = 3

√
Mw · N−1

A · ρ−1
a , where Mw is the molecular weight of

the analyte, NA is the Avogadro constant, and ρa is the mass density of the analyte. The calculated
volume occupied by the analyte molecules applied in this study range from 0.3 to 0.65 nm, and the
average interparticle distances within the applied GNP films range from ∼1 nm to ∼2 nm according to
the previous section (cf. Figure 7.13).

Figure 7.37a, b, and e present the correlation between the relative A20s feature and the estimated volume
occupied by a single analyte molecule. As anticipated based on previous findings[18], the films, 9DT and
100%8MOA, exhibited faster reactions to smaller size of analytes. This phenomenon can be attributed to
the quicker diffusion and easier transfer of smaller analyte molecules to sorption sites within the organic
matrix, leading to rapid chemiresistive responses.[18] However, contrary to expectations, the 89%12T-
9DT films showed rapid responses to larger analytes, and slower responses to the smaller analytes. This
contrasting observation of the correlation between response time and analyte molecular volume may be
attributed to the different microstructures within the films. The 9DT film possesses a highly cross-linked
network, while the 89%12T-9DT film has relatively low cross-linkage within the film. This difference in
structure leads to completely opposite response kinetics.

”Transient-state” features extracted from the sensor’s recovery phase (Ar) also proved to be useful. For
example, in the case of the 100%8MOA film, the relative Ar values were below 0.6 (except for toluene)
for nonpolar analytes (cf. Figure 7.37c). Similarly, in the case of the 89%12T-9DT film, such features
can also be applied to distinguish the sizes of analyte molecules (cf. Figure 7.37f). In summary, both
”steady-state” and ”transient-state” features enable discrimination of analyte compounds based on their
sizes and dielectric constants. These extracted normalized features were used as input dataset into the
classification algorithm, LDA. Utilizing both ”steady-state” and ”transient-state” features aids LDA in
identifying the optimal subspace to minimize variations within the same class and maximize separation
between different classes.

As indicated in previous studies, GNP films, particularly prepared with the MT ligands functionalized
with groups such as hydroxyl and carboxylic acid, exhibit aging phenomena.[22, 144] To track the extent
of aging, the baseline resistances of the eight GNP films were recorded in a period of 40 days, as illustrated
in Figure 7.38. The resistances of the 9DT and 95%3MPA-9DT films remained similar throughout the
measurement period. Both 89%12T-9DT films experienced a significant resistance decrease in the first
week and the films’ resistances stabilized afterwards. In contrast, the 100%8MOA films’ resistances
fluctuated over time. Nevertheless, despite these variations, GNP films generally stabilized one or two
weeks post-fabrication. Therefore, the chemiresistor data measured three weeks after fabrication was
attentively applied as the training dataset in the LDA plot (cf. Figure 7.39). LDA was performed using a
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Figure 7.38: Baseline resistance of four pairs of GNP films (corresponding to the sensor array shown in Figure
7.32b) plotted over a period of 40 days. Day 0 is defined as the day when the first GNP film was deposited.
Note that, except for the 100%8MOA films, the baseline resistances of each pair of films remained consistent
throughout the 40-day period, with their data points overlapping each other.

python script with the ”discriminant analysis.LinearDiscriminantAnalysis” class from the scikit-
learn library (version 0.24.2) with the eigen-solver algorithm. The sensor array was exposed to 17 analyte
vapors at concentrations ranging from 50 to 1000 ppm. The features were extracted from the response
transients shown in Figures A32-A48, excluding the second set of 400 ppm response transients. Each
exposure in the the training dataset is represented by the filled circles, with different shade gradients
indicating tested concentrations (light to dark: 50-1000 ppm). Despite the varying vapor concentrations,
data points related to different analyte grouped in distinct clusters. Roughly, polar analyte vapors’ data
points are located at the upper right of the LDA plot. Moreover, chemicals sharing the same functional
groups fall into nearby areas, for examples, the alcohols and ketones. Remarkably, even structural isomers,
such as 1-propanol and 2-propanol, can be distinguished clearly. On the other hand, nonpolar vapors
fall in the left side of the LDA plot. Again, similar compounds, such as n-hexane and cyclohexane,
and n-octane and cyclooctane, form clearly separated clusters. However, some overlap occurs between
the straight-chain alkanes and cycloalkanes (e.g., methylcyclohexane vs. n-octane, and n-hexane vs.
cyclopentane).

To further evaluate the LDA performance, each analyte vapor exposure measured at 400 ppm on the same
day as the training data was used as the test dataset (extracted from the second set of 400 ppm response
transients shown in Figures A32-A48 in the Appendix). The test data matrix was first transformed
linearly with the LDA model and projected on the LDA plot, represented by hollow circles (see Figure
7.39). All projected data points were assigned to their corresponding cluster location. Further, Bayes
Theorem was applied to estimate the probability for classification, and this prediction method provided
100% classification accuracy for all 17 analyte vapors (cross markers).

As shown in Figure 7.38, some fluctuations in the resistance of GNP films were observed, which may
relate to the rearrangement of GNP assemblies, oxidation of functional groups, and irreversible changes
in the films upon vapor exposures. To examine the influence of the aging phenomenon, the sensor array
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Figure 7.39: Linear discriminate analyis (LDA) performed with datasets obtained from a monolithic sensor
array (as shown in Figure 7.32b) consisting of four pairs of GNP chemiresistors: 9DT, 89%12T-9DT, 95%3MPA-
9DT, and 100%8MOA. Analyte concentrations ranged from 50 to 1000 ppm. Filled circles represent data points
utilized for fitting the model, while empty circles denote test data projected onto the discriminant coordinate
system. Colored crosses indicate predictions of the test data. Reprinted with permission from Ref. [2]. ©2024
The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

was also tested with some of the analyte vapors after different time intervals. In the first week after the
fabrication (week 1, shown in Figure 7.40b), the sensor array was exposed to two concentrations of the
analyte vapors (200 and 400 ppm, with two replicates). Compared with the relative (∆R/R0)max used in
the training data (measured in week 3, shown in Figure 7.40a), the response patterns of different analyte
vapors (measured in week 1) showed only slight variations but were overall similar. The ”transient-state”
features, the relative A20s and Ar, showed more pronounced variations compared to the ”steady-state”
features, see Figures A49 and A50. These significant changes in the response kinetics can be attributed to
the rearrangement of the GNP assembly as well as the changes in the ligand conformation and packing,
which affect the sorption and desorption dynamics of analyte molecules by the organic matrix. In week 4,
some of the analyte vapors were tested again at four different concentrations (200, 400, 600 and 800 ppm
with one replicate each), as shown in Figures 7.40c, A49c, and A50c. Compared to the data obtained
in the first week, the responses measured in week 4 showed even greater similarity to those from week
3. The extracted ”steady-state” (the relative (∆R/R0)max) and ”transient-state” (the relative A20s and
Ar) features were consistent with those measured in week 3, see Figure 7.40 and Figures A49 and A50
in the Appendix. Nevertheless, since the response patterns of the features did not change dramatically
over time, the 400 ppm exposures from week 1 and 4 were used as the test datasets to examine the
classification accuracy of the LDA, as shown in Figures A53 and A54 in the Appendix.

Figure 7.41 depicts the response patterns of the ”steady-state” features extracted from the sensor array’s
responses measured in week 1, 3, and 4, corresponding to parts b, a, and c of the figure, respectively. The
response patterns of both the ”steady-state” (cf. Figure 7.41a) and ”transient-state” (cf. Figures A51a
and A52a in the Appendix) features for alcohol analytes, including ethanol, 1-propanol, 2-propanol, and
1-butanol, exhibited notable similarities. Consequently, the data corresponding to these analytes were
projected into close areas in the LDA plot, as shown in Figure 7.39. On the other hand, this close
clustering made it difficult for the LDA algorithm to clearly distinguish between these analytes, and may
incorrectly assign them to similar clusters.
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Figure 7.40: Average relative (∆R/R0)max features of four GNP films: 9DT (black), 89%12T-9DT (purple),
95%3MPA-9DT (red), and 100%8MOA (green). The sensors were exposed to different analyte vapors (indicated
on the x-axis). The responses were measured in a) week 3 (in the concentration range of 50 to 1000 ppm), b)
week 1 (in the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration range of 50 to 1000
ppm). Error bars were calculated as the standard deviation of the relative (∆R/R0)max features of each GNP
chemiresistor within the array, exposed to analyte vapors in the tested concentration range.
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Figure 7.41: Average relative (∆R/R0)max features of four GNP films: 9DT (black), 89%12T-9DT (pur-
ple), 95%3MPA-9DT (red), and 100%8MOA (green). The sensors were exposed to alcohol analytes, ethanol,
1-propanol, 2-proanol, and 1-butanol. The responses were measured in a) week 3 (in the concentration range of
50 to 1000 ppm), b) week 1 (in the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration
range of 50 to 1000 ppm). Error bars were calculated as the standard deviation of the relative (∆R/R0)max
features of each GNP chemiresistor within the array, exposed to analyte vapors in the tested concentration range.
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Table 7.4 presents the results of the LDA prediction using 400 ppm analyte exposures as the test dataset.
Based on the data extracted from the responses measured in week 1, 7 out of 14 analytes were correctly
classified into their respective groups, yielding a 50% accuracy. The ”transient-state” features extracted
from the responses measured in week 1 showed subtle differences from those measured in week 3, and the
projected data appeared slightly displaced from their respective clusters, cf. Figure A53. For example, in
the case of alcohol analytes, 2-propanol and 1-butanol were misclassified, though they remained within the
alcohol group. The response pattern of the relative (∆R/R0)max collected in week 1 for 2-propanol was
highly similar to that collect in week 3, while both the ”transient-state” features showed subtle deviations
from those measured in week 3. Similarly, compared the response patterns of both the ”steady-state”
and ”transient-state” features collected in week 1 with those in week 3, small variations were observed.
Consequently, these subtle differences were significant enough to impact how the test data projected onto
the LDA plot. For the test data, 2-propanol and 1-butanol exposures were projected into the 1-propanol
and 2-propanol clusters, respectively, in the LDA plot, resulting in misclassifications. On the other hand,
even though the response patterns of features extracted from the responses to toluene exhibited more
significant changes, it was still correctly classified by LDA. This can be attributed to the fact that the
toluene cluster was significantly distant from other clusters in the LDA plot. Therefore, even though
the test data was not projected closely to its respective cluster in the LDA plot, the LDA classification
could still perform correctly. Similarly, the response patterns from week 4 exhibited visually comparable
to those from week 3, however, the slight variations in both the ”steady-state” and ”transient-state”
features were observed. As a result, all six analytes were assigned incorrectly, leading to a 0% accuracy
of the classification with this LDA model.

Table 7.4: The array comprised four types of GNP chemiresistors, and LDA was used for classification. The
data collected in week 3 served as the training dataset. Features extracted from response transients exposed to
400 ppm analyte vapors on different measurement dates were used as the test dataset, and the projected test data
in the LDA plot are shown in Figures A53 and A54. A check mark indicates a correct predicted classification,
a cross mark represents a wrong prediction (the wrongly assigned cluster is indicated in the parentheses), and a
dash symbol is an untested analyte.

Analyte Vapor Test Data Set(Week 1) Test Data Set(Week 4)
Ethanol ✓ ✕ (1-Butanol)

1-Propanol ✓ ✕ (1-Butanol)
2-Propanol ✕ (1-Propanol) ✕ (1-Butanol)
1-Butanol ✕ (2-Propanol) -

Water ✓ -
Acetone ✕ (Ethanol) -
4M2P ✓ ✕ (n-Heptane)

Ethyl acetate - -
Toluene ✓ ✕ (Cyclopentane)

Cyclopentane - -
Cyclohexane ✕ (n-Heptane) -
Cyclooctane ✕ (Methylcyclohexane) -

Methylcyclohexane - -
n-Hexane ✕ (Toluene) -
n-Heptane ✓ ✕ (n-Octane)
n-Octane ✓ -
Isooctane ✕ (Cyclooctane) -

In conclusion, the sensor array, consisting of four types of GNP chemiresistors, demonstrated efficient
discrimination of 17 volatile compounds. The LDA model successfully assigned analytes with similar
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functional groups to neighboring clusters in the LDA plot and accurately classified them into their corre-
sponding groups. However, the accuracy of the LDA model was influenced by aging of the sensors, which
caused subtle changes in the features used for LDA and reduced classification accuracy over time. Despite
this, the overall stability and response patterns suggest that such GNP chemiresistor array holds promise
for reliable and effective vapor discrimination. However, further optimization, such as improvements of
the pattern recognition algorithm, is necessary to avoid the effects of the sensor’s aging and enhance
long-term performance.

7.5.3 Array Consisting of Eight Types of Gold Nanoparticle Chemiresistors

In Section 7.5.2, the high efficiency in differentiating a variety of volatile chemical compounds was achieved
by our fabricated sensor array. The sensor array, which utilized four types of GNP chemiresistors,
demonstrated efficient discrimination of 17 analytes. However, despite the overall effectiveness, there
were some notable limitations. For instance, slight overlap of different clusters were observed in the LDA
plot, indicating that it may not be possible to classify certain analytes reliably. Moreover, the classification
accuracy was significantly influenced by the aging of the sensor films. These disadvantages highlight the
challenges of using this current sensor array configuration for real-world applications, where consistent
and precise differentiation of volatile analytes is crucial. To address these issues and further improve
the performance of the sensor array, an array comprised of a broader variety of sensors was designed.
This new design involved the preparation of two monolithic sensor chips, each incorporating four distinct
GNP films. Based on the previously reported sensing capabilities, three additional MTs with different
functional groups were selected for the sensor array: 6-mercapto-3-pyridinecarboxylic acid (6MNA), 4-
nitrothiophenol (4NTP), and 8-mercapto-1-octanol (8MOO).[23, 41, 212–214] These three MT ligands
were chosen due to their unique functional groups and molecular structure, which may contribute to
different interaction mechanisms with the analyte molecules, thus improving the overall discriminatory
power of the sensor array. Further, earlier findings of our studies into GNP films prepared with a mixed
ligand/9DT system showed that the optimal mixing condition was identified as a 95% molar fraction of
functionalized MT ligands. This proportion was found to maximize the unique sensing characteristics of
the modified organic matrix contributed by the added MTs.

Figure 7.42: A Photograph depicting the assembled chemiresistor array consisting of eight distinct GNP
films, labeled as follows: 9DT, 95%6MNA-9DT, 95%8MOA-9DT, 100%8MOA, 95%8MOO-9DT, 89%12T-9DT,
95%4NTP-9DT, and 95%3MPA-9DT GNP films. Reprinted with permission from the Supporting Information of
Ref. [2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.
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Taking into account aging effects and the potential of film degradation due to multiple PMMA layer-
deposition and -removal steps, the fabrication procedure was optimized to make it as simple as possible
and to shorten the time required for preparation. Therefore, two monolithic sensor chips, each equipped
with 4 different GNP films, were prepared in parallel within two days. Previous results showed that
the higher the degree of cross-linking, the more stable the film is, and generally, the organic matrices
composed of shorter MTs maintain a highly cross-linked network. Two chips, A and B, were coated with
the GNP films in the following order, chip A: 9DT, 95%6MNA-9DT, 95%8MOA-9DT and 100%8MOA;
chip B: 95%4NTP-9DT, 95%3MPA-9DT, 95%8MOO-9DT and 89%12T-9DT. These two chips were then
split in half and halves from each were combined on a PCB as shown in Figure 7.42.

Figure 7.43: LDA plot for the responses extracted from the chemiresistor array consisting of 8 different GNP
films exposed to 19 different analyte vapors in the concentration range of 100 to 1000 ppm, which were measured
in a) week 1, and b) week 5. Filled circles represent data points (training dataset) used for fitting the model,
hollow circles denote data points from the test dataset projected onto the discriminant coordinate system. The
colored crosses indicate predictions of data points from the test dataset. a) Reprinted with permission from Ref.
[2]. ©2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

To validate the classification performance, the 8-sensor array was exposed to 19 different volatile com-
pounds at concentrations ranging between 100 to 1000 ppm. Three normalized ”steady-state” and
”transient-state” features, as applied for the 4-sensor array, were used as the input dataset for LDA.
All baseline-corrected transient responses measured in week 1 (week 0 refers to as the week when the two
chips were prepared) in the concentration range of 100 to 1000 ppm can be found in the Appendix (Fig-
ures A55-A73). In a preliminary test, three features were extracted from the response transients of the
eight sensing elements measured in week 1 and used as training dataset (including vapor concentrations
of 100, 200, 300, 400, 500, and 1000 ppm), as presented in Figure 7.43a. As anticipated, compared to
the 4-sensor array, LDA for the 8-sensor array resulted in better clustering of different analyte vapors.
Chemically and structurally similar analyte compounds were assigned to neighboring regions, but still
remain well-separated from each other. For example, the class of straight-chain alkanes is encircled by a
purple ellipse, falling in the similar area of the LDA plot. However, three clusters of n-hexane, n-heptane,
and n-octane are still well-separated from each other, allowing for easy identification of different lengths
of straight-chain alkanes.

”Discriminate 1” effectively differentiates analytes based on intrinsic differences in dielectric constants,
with most nonpolar analytes located at the negative coordinates and polar analytes at the positive

127



Chapter 7 C.-Y. Liu

coordinates of ”Discriminate 1”. To evaluate the generalization performance of the model, analyte vapors
at a concentration of 600 ppm were used as the test dataset, a concentration not included in the training
data. The training data were transformed by the LDA algorithm, and projected to the discriminant
coordinate system. Further, the prediction algorithm was used to estimate the probability of the training
dataset belonging to the predicted cluster (colored crosses). Even though exposures of 600 ppm analyte
vapors had not been used for the LDA model training, the test data of all 19 analyte vapors were assigned
100% accurately to their respective clusters.

Figure 7.44: Variations in the baseline resistance of the eight sensors over a period of 7 weeks (∼43 days). Week
0 refers to as the week when the two sensor chips were prepared.

Figure 7.44 shows the variations in baseline resistance of the 8 sensing elements within the array. Similar
to the 4-sensor array, notable changes were observed only in case of the 89%12T-9DT and 100%8MOA
films. Specifically, the baseline resistance of the 89%12T-9DT film decreased significantly in week 1, and
then stabilized from week 2 on. In contrast, the baseline resistance of the 100%8MOA film gradually
increased over the duration of the measurements. When the test data (responses to 600 ppm analytes)
extracted from the measurements conducted in week 3 were fitted into the LDA model, which was
trained with data measured in week 1, the classification accuracy on the test data was only ∼47%, and
the results of the assigned cluster of these 19 exposures are listed in Table A3 in the Appendix. The
poor accuracy can be attributed to unexpected drastic changes in the response patterns for the analyte
vapors, as illustrated in Figure 7.45a and b (respective ”transient-state” features are shown in Figures
A74 and A75 in the Appendix). Despite these changes, the response patterns for toluene, water, and
methylcyclohexane vapors remained relatively similar in the 8-sensor array, enabling correct classification
into their respective clusters. However, the response patterns for n-heptane, 2-propanol, ethyl acetate,
and 2-pentanone vapors exhibited noticeable variations, leading to misclassification of test exposures into
incorrect clusters. Again, this can be attributed to the position of the clusters in the LDA plot. When
few clusters are crowded in a nearby area in the LDA plot, small variations in their features may lead
to the projected data to deviate from its respective cluster and be closer to the neighboring clusters,
resulting in misclassification.

To further study aging effects of the 8-sensor array, additional measurements were conducted five weeks
after fabrication (week 5). By this time, the baseline resistance of all 8 GNP films appeared to have
stabilized, indicating consistent sensor performance. Additionally, the response patterns for different
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analyte vapors remained preserved across all 8 GNP sensors (cf. Figure 7.45c and Figures A74c and A75c
in the Appendix). Following this stabilization, the 8-sensor array was once again exposed to 19 analyte
vapors, with each analyte measured with 13 exposures at concentrations ranging from 100 to 1000 ppm
(concentration profile: 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm). A new
LDA model was then trained using the data extracted from the responses measured in week 5 (excluding
the responses to 600 ppm analytes), resulting in the LDA plot shown in Figure 7.43b. In the new LDA
plot, clusters of polar analytes are observed in the upper left area, while clusters of nonpolar analytes
are located in the lower right area. The same classes of analytes (e.g., classes of alcohol, ketone, and
straight-chain alkane) appear closer together, yet remain well-separated. Although the alcohols exhibit
clear clustering, the clusters of 1-propanol, 2-propanol, and 1-butanol vapors are slightly squeezed into
the same area and overlap. To test the new LDA model (training data extracted from the responses
measured in week 5), the sensor responses to analytes at a concentration of 600 ppm were excluded from
the training data, and projected onto the LDA plot (Figure 7.43b). The LDA model accurately classified
the test dataset with 100% accuracy.

Based on previous findings, the aging phenomenon strongly influences the classification accuracy of a
sensor array. However, for practical application purposes, it is important that a sensor array provides
reliable information over time. To evaluate the stability of the 8-sensor array, it was exposed to 19
analytes at vapor concentrations of 600, 800, and 2000 ppm 45 days after the fabrication (considered as
week 7). These exposures were measured 8 to 11 days apart from those used as the training dataset for
LDA. The projected test data of these three concentrations of analytes in the LDA plot (trained with the
data measured in week 5) are shown in Figures A76-A78 in the Appendix. When applying the responses
measured under exposure to 600 ppm and 800 ppm analyte vapors (exposures within the concentration
range used for the training dataset) as the test dataset, the new LDA model (based on the training data
from week 5) achieved remarkable results and correctly assigning all analytes at these concentrations to
their corresponding clusters with 100% accuracy. Further, the 8-sensor array was tested with exposures
to 19 analyte vapors at 2000 ppm, a concentration beyond the range used to train the LDA model.
Surprisingly, only 2-propanol vapor was misclassified into the 1-butanol cluster, likely due to the very
close positions in the LDA plot. Nevertheless, the remaining 18 analytes were classified correctly, yielding
an accuracy of 94.7%. These results demonstrate the robustness and reliability of the sensor array for
the detection and classification of various volatile analytes.

When two similar test analytes are located close to each other in the LDA plot, the likelihood of misclas-
sification increases. To address this, a multiple-layered LDA classification approach was employed in a
preliminary experiment to evaluate the ability of cluster separation. As depicted in the upper LDA plot
(the LDA trained with dataset measured in week 5, as shown in Figure 7.43b) in Figure 7.46, a dash
line can serve as a boundary to distinguish between polar and nonpolar analytes. Following this, two
sequential LDA models were trained using responses from exposures to either polar or nonpolar analytes
exclusively, as illustrated in the bottom LDA plots. This approach improved clustering and separation of
the analytes. In practical applications, if a test exposure is assigned to a cluster in the polar region, a se-
quential polar LDA model can be employed to classify the analyte more accurately, and similarly for test
exposures assigned to the nonpolar region. This double-layered LDA classification approach appears to
reduce the probability of misclassification. Adding further layers to discriminate between specific classes,
such as alcohols, ketones, and alkanes, could potentially enhance the capability to separate individual
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Figure 7.45: Average relative (∆R/R0)max for 8 GNP sensors (indicated by different bar colors) exposed to 7
analyte vapors in a) week 1 (in the concentration range of 100-1000 ppm), b) week 3 (in the concentration range
of 100-1000 ppm), c) week 5 (in the concentration range of 100-1000 ppm), and d) week 7 (in the concentration
range of 600-2000 ppm).
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clusters.

Figure 7.46: LDA plots of the 8-sensor array responses measured in week 5, corresponding to Figure 7.43b. The
bottom left LDA plot is trained solely with responses from exposures to 10 polar analytes, and the bottom right
LDA plot is trained solely with responses from exposures to 9 nonpolar analytes. (Vapor concentration range:
100-1000 ppm)

7.5.4 Summary and Outlook

This study focused on the development and characterization of monolithic chemiresistor arrays for the
classification of volatile chemical compounds. To this end, a facile fabrication pathway was proposed,
combining straightforward GNP film fabrication via the LbL-SC process[85] with DUV-lithographic pat-
terning[23] of the GNP films. This approach allows for the fabrication of a sensor array consisting of
various GNP films using the ligand/linker mixture strategy outlined in Section 7.3.

In preliminary experiments, an array comprising four pairs of GNP films was exposed to 17 different
analyte vapors. An LDA model was trained using three features extracted from the transient responses,
including one ”steady-state” feature and two ”transient-state” features. After normalization, it was shown
that some of the features were sensitive to the molecular volume and dielectric constant of the analytes,
facilitating effective classification of different analytes, including isomers like 1-propanol and 2-propanol.
All analytes were correctly assigned to their respective clusters when the training and test datasets were
derived from responses measured on the same day. However, this 4-sensor array experienced aging issues,
which led to significantly decreased classification accuracy over time.

To improve stability and classification-capability for an even more diverse range of volatile chemical
compounds, a sensor array comprised of 8 different GNP films was fabricated, and exposed to 19 different
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analytes. These efforts resulted in improved cluster separation in the LDA plot compared to the 4-sensor
array. After a stabilization period, the 8-sensor array exhibited remarkable stability and classification
accuracy of 100% over time (the training data and the test data were measured approximately 8 to 11
days apart) when tested with exposures within the concentration range of the training data (results as
shown in Figures A76 and A77 in the Appendix). Even when tested with analyte vapors at 2000 ppm,
beyond the concentration range of training data, the array still demonstrated high accuracy, with only
one misclassification. As shown in Figure A78 in the Appendix, the data point corresponding to the 2000
ppm 2-propanol exposure was projected onto the area of the LDA plot where the alcohols, 1-propanol,
2-propanol, and 1-butanol, were located. However, similar to the results discussed in Section 7.5.2, when
the response patterns of features are highly similar within a group of analytes, LDA may struggle to
distinguish them. Thus, even though the 2000 ppm 2-propanol exposure was projected close to the
2-propanol cluster in the LDA plot, it was still assigned to the 1-butanol cluster. Overall, this study
highlights the importance of stability and reliability in chemiresistor arrays for practical applications.
The results demonstrate the effectiveness of the developed array in accurately detecting and classifying
volatile chemical compounds, even over time and at varying concentrations. However, since the response
characteristics of the sensors change over time due to aging, periodic re-training of the LDA model may
be required to maintain the reliability of analyte classification.

Moving forward, future research endeavors could focus on enhancing the performance of sensor arrays in
two key directions: i) expanding the diversity of the GNP films applied in the array, and ii) optimizing
data analysis using machine learning models. While this study explored four types of functional groups
of the MT ligands, there is potential to investigate additional groups, such as alkoxy compounds and
amines, which have shown effectiveness in controlling the selectivity in gas sensing applications. The
development of a highly versatile sensor array could lead to broad applications in breath diagnosis,
environmental monitoring, and toxic gas detection.

As shown in Figure 7.46, the multiple-layered LDA classification approach can enhance the separation of
different analyte clusters. However, the boundary used to assign test analytes to either polar or nonpolar
regions remains unclear. Therefore, a broader variety of both polar and nonpolar compounds should
be tested and included in the training dataset for the LDA model to obtain a clearer understanding
of where the boundary lies. Additionally, considering the use of neural networks could further enhance
classification capabilities. Unlike simpler algorithms, such as LDA, neural networks can leverage deep
learning techniques, enabling them to analyze entire response transient datasets rather than specific data
points. Neural networks excel at handling non-linear relationships and large datasets effectively. This
capability allows them to process complex datasets more efficiently, and may potentially outperform
traditional LDA models.[215, 216]
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[202] B. Hourahine, B. Aradi, V. Blum, F. Bonafé, A. Buccheri, C. Camacho, C. Cevallos, M. Deshaye,
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Appendix A

Supplementary Data

A.1 Printed Gold Nanoparticle-Based Sensors

In this section, all gold nanoparticle (GNP)-based sensors were prepared using batch GNP1 via
printing technologies. The organic inks used to produce the GNP films were prepared using differ-
ently functionalized monothiols (MTs) mixed with 1,9-nonanedithiol (9DT) linker molecules, and the
used MT ligands are listed as follows: 1-thioglycerol (TG), 11-mercapto-1-undecanol (11MUO), 4-
mecarptophenol (4MPO), 11-mercapto-1-undecanoic acid (11MUA), 4-mercaptobenzoic acid (4MBA),
and 2-aminothiophenol (2ATP). The notations of the as-fabricated GNP-based chemiresistor discussed
in this section are 9DT (prepared using pure 9DT linker), TG-9DT, 11MUO-9DT, 4MPO-9DT, 11MUA-
9DT, 4MBA-9DT, and 2ATP-9DT, as listed in Table 7.1. These GNP-based chemiresistors were exposed
to six different analyte vapors at concentrations ranging from 50 to 1000 ppm, specifically at 50, 100,
150, 200, 300, 400, 500, and 1000 ppm. Figures A1 to A7 present the baseline-corrected timetraces of the
seven GNP chemiresistors upon exposure to six different analyte vapors. Figures A8 to A14 present the
response isotherms at lower concentrations (50-500 ppm). Within this concentration range, the response
isotherms were fitted with linear functions, and these linear functions did not pass through the origin.
The slope of the linear function was extracted to determine the sensitivity. The calculated sensitivities
are summarized in the bar plot as shown in Figure 7.6 in Section 7.2.4.
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Figure A1: Baseline-corrected resistive responses of the 9DT sensor when exposed to six different analyte vapors
are presented, with the specific types of analytes indicated in the caption of each subplot.

Figure A2: Baseline-corrected resistive responses of the 11MUO-9DT sensor when exposed to six different
analyte vapors are presented, with the specific types of analytes indicated in the caption of each subplot.
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Figure A3: Baseline-corrected resistive responses of the TG-9DT sensor when exposed to six different analyte
vapors are presented, with the specific types of analytes indicated in the caption of each subplot.

Figure A4: Baseline-corrected resistive responses of the 4MPO-9DT sensor when exposed to six different analyte
vapors are presented, with the specific types of analytes indicated in the caption of each subplot.
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Figure A5: Baseline-corrected resistive responses of the 11MUA-9DT sensor when exposed to six different
analyte vapors are presented, with the specific types of analytes indicated in the caption of each subplot.

Figure A6: Baseline-corrected resistive responses of the 4MBA-9DT sensor when exposed to six different analyte
vapors are presented, with the specific types of analytes indicated in the caption of each subplot.

146



Chapter A C.-Y. Liu

Figure A7: Baseline-corrected resistive responses of the 2ATP-9DT sensor when exposed to six different analyte
vapors are presented, with the specific types of analytes indicated in the caption of each subplot.

Figure A8: Response isotherms of the printed 9DT film when exposed to six different analyte vapors at con-
centrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A1. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.
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Figure A9: Response isotherms of the printed 11MUO-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A2. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.

Figure A10: Response isotherms of the printed TG-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A3. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.
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Figure A11: Response isotherms of the printed 4MPO-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A4. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.

Figure A12: Response isotherms of the printed 11MUA-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A5. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.
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Figure A13: Response isotherms of the printed 4MBA-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A6. Linear functions were fitted to the response isotherms (solid lines), and sensitivities were
determined from the slopes of these fits.

Figure A14: Response isotherms of the printed 2ATP-9DT film when exposed to six different analyte vapors at
concentrations ranging from 50 to 500 ppm, the maximum response amplitudes were extracted from the responses
shown in Figure A7. Due to signal noises and baseline fluctuations in the response to acetone vapor at 50 ppm,
this data was not included. Linear functions were fitted to the response isotherms (solid lines), and sensitivities
were determined from the slopes of these fits.
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A.2 Glass-Supported Gold Nanoparticle Films via Layer-by-
Layer Spin-Coating

In this section, GNP batches, GNP2 and GNP3, were used to prepare the GNP films. Figure A15 shows
the small angle X-ray scattering (SAXS) intensity profile of the GNP batch, GNP3. The mean particle
size was determined using a fit of a core/shell spherical form-factor model, yielding an average core
diameter of approximate 7.44 nm, which is in good agreement with the result measured via transmission
electron microscopy (TEM) (approximately 7.25 nm as shown in Figure 7.1).

To produce GNP films with different organic compositions, different alkanethiols (ATs) and ω-
mercaptocarboxylic acids were used in the combination with the 9DT as follows: 1-hexanethiol (6T), 1-
octanethiol (8T), 1-decanethiol (10T), 1-undecanethiol (11T), 1-dodecanethiol (12T), 1-tetradecanethiol
(14T), 3-mercaptopropionic acid (3MPA), 6-mercaptohexanoic acid(6MHA), 8-mercaptooctanoic acid
(8MOA), 11-mercaptoundecanoic acid (11MUA), and 4-mercaptobenzoic acid (4MBA). The figures and
table presented in this section are based on the results obtained from the GNP films with the organic
matrices composed of different functionalized MT/9DT mixtures, which were prepared using the layer-by-
layer spin-coating (LbL-SC)[85] method. These results include atomic force microscopy (AFM) images,
UV/vis absorption spectra, and chemiresistor measurements, providing comprehensive insights into the
structural and functional properties of the resulting GNP films. The notations of the GNP sensors are
listed in Table 7.2.

Figure A15 is reprinted with permission from the Supporting Information of Ref. [1] (©2024 The Authors.
Published by American Chemical Society).

Figure A15: SAXS intensity profile of batch GNP3 and fitted with a model of a core/shell spherical form-factor.

A.2.1 Characterizations of Gold Nanoparticle Films

Five exemplary GNP films were prepared using batch GNP2, as shown in Figure A16 with their respec-
tive photographs, SEM images, and AFM images. For SEM measurements, GNP films were deposited
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on silicon substrates via the LbL-SC method applying 3-4 deposition cycles. The scanning electron mi-
croscopy (SEM) samples were placed under vacuum conditions overnight before the measurements. AFM
measurements were conducted to determine the film thickness. For AFM measurement, GNP films were
deposited on glass substrates via the LbL-SC method with 5-6 deposition cycles.

To compare the film quality between the 89%12T-9DT and 95%12T-9DT films, Figure A19 shows the
photographic and microscopic images of both films. The GNP film prepared with the 95% 12T/9DT
mixture displayed an inhomogeneous morphology as some GNP aggregated on the surface, which can
be observed in the microscopic image as shown in Figure A19e. Moreover, Figure A19c reveals that the
95%12T-9DT film was less robust, since it partially came off during the washing step of the film fabrica-
tion. Some exemplary AFM images of selected GNP films are shown in Figure A16, and the thicknesses
of all resulting films used in UV/vis, and I-V characterizations and chemiresistor measurements presented
in Section 7.3 are listed in Table A1. These glass-supported GNP films were scanned at the edge of the
scratched film by AFM in tapping mode with scan area of 5 × 20 µm2.

Figures A17 and A18 depict the average UV/vis absorbance spectra of the GNP films recorded from
4 different spots on a film. The GNP films were deposited on the glass substrates via the LbL-SC
method with 5-6 deposition cycles. While the 100%3MPA and 100%8MOA films were prepared with
batch GNP3, the remaining GNP films were prepared with batch GNP2. The localized surface plasmon
resonance (LSPR) band’s position of each GNP film shown in Figure 7.12 was summarized from these
UV/vis data.

Figures A16-A18 are reprinted with permission from the Supporting Information of Ref. [2] (©2024 The
Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH). Table A1 is adapted and
reproduced with permission from the Supporting Information of Ref. [2] (©2024 The Authors. Advanced
Materials Interfaces published by Wiley-VCH GmbH).
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Figure A16: Photographs, SEM images (scale bar: 200 nm), and AFM images (scale bar: 5 µm) of exemplary
GNP films prepared using batch GNP2, and their respective organic matrices, were prepared with: a) pure 9DT,
and the b) 95% 6T/9DT, c) 89% 12T/9DT, d) 95% 3MPA/9DT, and e) 95% 8MOA/9DT mixtures.
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Figure A17: UV/vis absorbance spectra of GNP films on glass substrates prepared using batch GNP2 and
different mixtures of AT/9DT (blue lines) and pure 9DT (black line). The molar fractions of the ATs (6T, 8T,
10T, 11T, 12T, 14T) are indicated in the legend.

Figure A18: UV/vis absorbance spectra of GNP films on glass substrates prepared using batches GNP2 and
GNP3, and different mixtures of ω-mercaptocarboxylic acid/9DT (blue lines) and pure 9DT (black line). The
100%3MPA and 100%8MOA GNP films were prepared using batch GNP3, while the remaining films were prepared
with batch GNP2. The molar fractions of the ω-mercaptocarboxylic acids (3MPA, 6MHA, 8MOA, 11MUA,
4MBA) are indicated in the legend.
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Table A1: Thicknesses of GNP films determined by AFM with the standard deviation.

GNP film GNP batch Thickness (nm)
9DT GNP2 38.07±1.66

67%6T-9DT GNP2 37.92±2.09
89%6T-9DT GNP2 36.72±1.18
95%6T-9DT GNP2 34.65±1.29
67%8T-9DT GNP2 38.16±1.93
89%8T-9DT GNP2 37.14±3.92
95%8T-9DT GNP2 36.75±1.74
67%10T-9DT GNP2 35.89±2.32
89%10T-9DT GNP2 35.26±1.70
95%10T-9DT GNP2 39.43±2.12
67%11T-9DT GNP2 35.48±1.16
89%11T-9DT GNP2 36.80±1.45
95%11T-9DT GNP2 37.02±0.98
67%12T-9DT GNP2 34.44±1.35
89%12T-9DT GNP2 43.74±1.22
95%12T-9DT GNP2 41.77±3.76
67%14T-9DT GNP2 44.42±3.64

67%3MPA-9DT GNP2 36.91±1.87
89%3MPA-9DT GNP2 36.18±1.23
95%3MPA-9DT GNP2 41.28±1.54

100%3MPA GNP3 34.41±1.88
67%6MHA-9DT GNP2 39.90±2.55
89%6MHA-9DT GNP2 45.27±2.90
95%6MHA-9DT GNP2 35.42±3.04
67%8MOA-9DT GNP2 36.25±3.92
89%8MOA-9DT GNP2 45.45±3.06
95%8MOA-9DT GNP2 40.63±1.43

100%8MOA GNP3 38.89±1.90
67%11MUA-9DT GNP2 43.68±2.97
67%4MBA-9DT GNP2 41.63±4.52
89%4MBA-9DT GNP2 43.09±3.48
95%4MBA-9DT GNP2 41.50±3.93

Figure A19: Photographs of GNP films prepared with a) the 89% 12T/9DT mixture and both b) and c)
prepared with the 95% 12T/9DT mixture. The films shown in parts b and c are two different 95%12T-9DT
films. In part c, the film was damaged during the washing step of the film preparation (as indicated in Figure
7.11a, step v), suggesting that when the molar fraction of 12T is as high as 95%, the resulting GNP film is less
robust. Microscopic images of GNP films prepared with the d) 89% 12T/9DT and e) 95% 12T/9DT mixtures
corresponding to the films shown in parts a and b, respectively.

155



Chapter A C.-Y. Liu

A.2.2 Chemiresistor Screening Tests

The same glass-supported GNP films discussed in Section A.2.1 were further subjected to the chemiresistor
screening tests. The GNP films were exposed to toluene and 1-propanol vapors at concentrations of 200
(Figures A20 and A21) and 2000 ppm (Figures 7.14 and 7.15). The results of the chemiresistor screening
tests presented in Section 7.3.3 were extracted from the transient responses shown in Figures A22 and
A23. Figures A22 and A23 are reprinted from the Supporting Information of Ref. [2] (©2024 The Authors.
Advanced Materials Interfaces published by Wiley-VCH GmbH).

Contrary to the results shown in Section 7.3.3, when the GNP films prepared with pure 9DT or hy-
drophobic MT/9DT mixtures were exposed to analyte vapors at 200 ppm, the amplitudes of the resistive
responses to 1-propanol were higher than that to toluene for most of the GNP films. However, the en-
hanced response amplitudes to toluene vapor were still observed when the longer and higher fractions of
alkanethiol (AT) ligands were used. It is noteworthy that the GNP films prepared using the 12T/9DT
mixtures showed higher responses to toluene vapor than to 1-propanol vapor. On the other hand, when
the GNP films were prepared using the ω-mercaptocarboxylic acids/9DT mixtures, the trends of the
chemiresistor screening tests for 200 ppm analyte vapors were consistent with those shown in Figure 7.15.

Moreover, comparing the results shown in Figure A20 (GNP films prepared with batch GNP2) to those
shown in Figures 7.18 and 7.19 (GNP films prepared with batch GNP3), the sensitivity patterns for
toluene and 1-propanol vapors showed slight deviations. This can be attributed to several factors, in-
cluding the aging effect (in Sections 7.3.3 and A.2.1, all GNP films were measured one day after the film
fabrication, while in Section 7.3.4, measurements were conducted three days after the film fabrication)
and the use of different GNP batches. Nevertheless, a general trend of changes in the sensing properties
of the GNP films with the addition of the AT ligands was observed in the screening tests.

Figure A24 shows the chemiresistive response isotherms of four 9DT GNP films, two of which were
prepared with batch GNP2 and the other two with batch GNP3. In parts a and b, both films were
prepared with GNP2, and the sensitivity to toluene and 1-propanol vapors deviated slightly, but the
overall sensitivity pattern remained consistent. However, in parts c and d, where both films were prepared
with GNP3, a significant change in sensitivity to toluene vapor was observed. The deviation between the
sensors may be due to the difference in film preparation conditions and different degrees of aging of GNP
films, causing a different GNP assembly. Moreover, although the average particle size and concentration
of GNP2 and GNP3 were similar, subtle differences in particle size potentially contributed to the batch-
to-batch deviations, resulting in the differences in sensitivity patterns observed in the four 9DT GNP
films.

156



Chapter A C.-Y. Liu

Figure A20: Resistive response amplitudes of GNP films used in the screening tests presented in Section 7.3.3.
The films were prepared using pure 9DT and AT/9DT mixtures. Toluene vapor (black bars) and 1-propanol
vapor (green bars) were applied at the concentration of 200 ppm in nitrogen. All films were prepared using batch
GNP2.

Figure A21: Resistive response amplitudes of GNP films used in the screening tests presented in Section 7.3.3.
The films were prepared using pure 9DT and ω-mercaptocarboxylic acid/9DT mixtures. Toluene vapor (black
bars) and 1-propanol vapor (green bars) were applied at the concentration of 200 ppm in nitrogen. The 100%3MPA
and 100%8MOA films were prepared using batch GNP3, while the remaining films were prepared using batch
GNP2.
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Figure A22: Transient resistive responses of chemiresistors prepared with pure 9DT and the AT/9DT mixtures
to 1-propanol (green) and toluene (black) vapors at 2000 ppm. All films were prepared using batch GNP2.
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Figure A23: Transient resistive responses of chemiresistors prepared with the ω-mercaptocarboxylic acid/9DT
mixtures to 1-propanol (green) and toluene (black) vapors at 2000 ppm. The 100%3MPA and 100%8MOA films
were prepared with batch GNP3, while the remaining films were prepared using batch GNP2.
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Figure A24: Chemiresistive response isotherms of the 9DT cross-linked GNP films. These films were exposed to
toluene (black) and 1-propanol (green) vapors at concentrations ranging from 50 to 10000 ppm (shown in upper
part), and at concentrations ranging from 50 to 500 ppm (shown in lower part). The response isotherms in the
concentration range of 50 to 500 ppm were fitted with a linear function to determine the sensitivity. a) and b) are
two individual 9DT GNP films, which were prepared using batch GNP2. In part a, this film was also used in the
chemiresistor screening tests as described in Section 7.3.3. The chemiresistive response isotherms for toluene and
1-propanol vapors, in the concentration range of 50 to 10000 ppm, were measured a few days after the screening
tests. c) and d) are two individual 9DT GNP films, which were prepared using batch GNP3. In part c, this film
was used in the response isotherms investigation in Section 7.3.4, with its response isotherms presented in Figure
7.18a and f.

A.2.3 Aging of Gold Nanoparticle Films

The selected GNP films, which were prepared using batch GNP2, were investigated for the changes in
their chemiresistor characteristics over a period of time. These films were exposed to toluene and 1-
propanol in the concentration range of 50 to 10000 ppm to access their chemiresistive response isotherms,
cf. Figure A24a. Day 0 is defined as the date when the film was deposited on the glass substrate, and
week 0 is defined as the week when the film was fabricated. The response isotherms of three selected GNP
films shown in Figure A25 were measured in a period of 4 weeks. On the other hand, the 100%3MPA
film was tested in a period of 1 week. It is well-known that GNP-based sensors are severely affected by
aging effects within the first week of the fabrication. Therefore, the deviations observed in the response
amplitude can be attributed to the aging of the film.

Furthermore, the 100%3MPA film prepared using batch GNP3 was exposed to toluene and 1-propanol
at concentrations ranging from 50-1000 ppm and measured on different days. Figures A25 and A26 show
the results of the aging tests. The GNP films prepared with ω-mercaptocarboxylic acids experienced
severe aging compared to those prepared with hydrophobic ligands and linkers.
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Figure A25: Chemiresistive response isotherms of the GNP films prepared with a)-b) pure 9DT and the mixtures
of c)-d) 89% 12T/9DT and e)-f) 95% 4MBA/9DT to toluene (black) and 1-propanol (green) at vapor concentra-
tions ranging from 50 to 10000 ppm. The chemiresistor measurements were conducted on three different days.

Figure A26: a) Chemiresistive response isotherms of the GNP film prepared with pure 3MPA to toluene at
vapor concentrations ranging from 50 to 10000 ppm. These chemiresistor measurements were conducted on two
different days. b) Transient responses of the 100%3MPA chemiresistor measured one week after film fabrication
(week 1). The toluene vapor concentrations are indicated in the legend.
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A.3 Glass-Supported Gold Nanoparticle Films for Comparison
with Simulation Data

All GNP films were prepared using batch GNP4 and different alkanethiol (AT)/9DT mixtures via the
LbL-SC procedure. The applied AT ligands were 1-hexanethiol (6T), 1-undecanethiol (11T), and 1-
dodecanethiol (12T). The notations of GNP films are listed in Table 7.3. The resulting GNP films were
compared with the results obtained from molecular dynamics (MD) simulations. The following figures
and table show the UV/vis absorbance spectra, the chemiresistive characteristics, and the thickness of
the resulting films as well as the results obtained from MD simulations.

A.3.1 Characterizations of Gold Nanoparticle Films

Figure A27 depicts the average UV/vis absorbance spectra of four GNP films for each organic matrix
composition. For determination of film thickness, the glass-supported GNP films were scanned at the
edge of the scratched film by AFM in tapping mode with scan area of 5 × 20 µm2. The thicknesses of
the GNP films are listed in Table A2.

Figure A27: UV/vis absorbance spectra of GNP films on glass substrates prepared using different AT/9DT
mixtures and pure 9DT (black line). Three different lengths of AT were applied: a) 6T (in blue), b) 11T (in
orange), and c) 12T (in green). The molar fractions of the AT ligands are provided in the legend.
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Table A2: GNP film thicknesses determined by AFM. GNP films were prepared using batch GNP4 and inves-
tigated in Section 7.4.

GNP film Thickness (nm)
9DT 34.05±2.61

50%6T-9DT 31.01±0.59
62.5%6T-9DT 29.46±1.34
75%6T-9DT 29.04±1.26

87.5%6T-9DT 30.27±1.16
50%11T-9DT 23.97±1.95

62.5%11T-9DT 20.08±3.70
75%11T-9DT 27.25±1.59

87.5%11T-9DT 23.54±2.64
50%12T-9DT 24.77±3.54

62.5%12T-9DT 29.95±1.43
75%12T-9DT 27.60±1.19

87.5%12T-9DT 30.75±3.04

A.3.2 Chemiresistor Measurements

For the chemiresistor measurements, all GNP films were exposed to n-octane vapor at concentrations of
200 and 2000 ppm in nitrogen, and the measurements were conducted two days after the film fabrication.
Figure A28 shows the average transient responses of four GNP films for each organic matrix composition.
These average transient responses were used to extract the average resistive response amplitudes presented
in Figure 7.27.

Figure A28: Baseline-corrected transient responses of GNP films to n-octane vapor at concentrations of 200
and 2000 ppm. The GNP films were prepared with different mixtures of AT/9DT and the pure 9DT, as indicated
in the legend.
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A.3.3 Molecular Dynamics Simulations

Figures A29, A30, and A31 were provided by K. Schaefer. Figure A29 presents snapshots of MD simula-
tions of the systems with pure 9DT and 12T molecules (a total of 8 molecules in the simulation system,
corresponding to 100% ligand coverage for 9DT system and 50% ligand coverage for 12T system). In the
system with pure 9DT linkers, all 9DT molecules cross-linked both sides of the gold surfaces. Conversely,
in the system with pure 12T ligands, the 12T molecules intercalated with the neighboring molecules. On
both top and bottom gold surfaces, four 12T molecules bonded to each surface. To determine the optimal
ligand coverage on the gold surface to estimate the interparticle distance, some preliminary simulations
were conducted. Figures A30 (simulation systems with pure 6T ligands) and A31 (simulation systems
with pure 11T ligands) illustrate the correlation between the estimated interparticle distance and the
ligand coverage on the gold surface.

Figure A29: Snapshots of MD simulations of the systems at ”lowest-energy structures” containing: a) eight
9DT molecules (corresponding to 100% ligand coverage in the simulation system), and b) eight 12T molecules
(corresponding to 50% ligand coverage in the simulation system).
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Figure A30: Average interparticle distances extracted from the MD simulations of the systems with pure 6T
ligands and varying ligand coverages on the gold surface. Error bars represent standard deviations from ten MD
simulation runs. The average interparticle distances extracted from each system are fitted with a linear function
(solid black line).

Figure A31: Average interparticle distances extracted from the MD simulations of the systems with pure 11T
ligands and varying ligand coverages on the gold surface. Error bars represent standard deviations from ten MD
simulation runs. The average interparticle distances extracted from each system are fitted with a linear function
(solid black line).
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A.4 Gold Nanoparticle-Based Chemiresistor Arrays

Monolithic sensor arrays consisting of different kinds of GNP films were fabricated through the LbL-
SC procedure[85] in combination with DUV lithographic patterning[23]. All GNP films were pre-
pared using batch GNP5. To produce GNP films with different organic matrix compositions, dif-
ferent functionalized MT ligands were used as follows: 1-dodecanethiol (12T), 3-mercaptopropionic
acid (3MPA), 8-mercaptooctanoic acid (8MOA), 6-mercapto-3-pyridinecarboxylic acid (6MNA), 4-
nitrothiophenol (4NTP), and 8-mercapto-1-octanol (8MOO).

A.4.1 4-Sensor Array

A monolithic chemiresistor array was produced, consisting of four pairs of different GNP films (9DT,
89%12T-9DT, 95%3MPA-9DT, and 100%8MOA), cf Figure 7.32b. The baseline resistance of the GNP
films of this sensor array showed some variations (see Figure 7.38) after the film fabrication, the chemire-
sistor measurements were conducted three times in the period of one month. Week 0 is defined as the week
when the 4-sensor array was fabricated. In week 1 (one week after fabrication), the 4-sensor array was
exposed to 14 different analyte vapors in the concentration range of 200 to 400 ppm, with 14 exposures
for each analyte. In week 3, the 4-sensor array was exposed to 17 different analytes in the concentration
range of 50 to 1000 ppm, with each analyte dosing with 14 exposures. In week 4, the 4-sensor array
was exposed to 6 different analyte vapors at concentrations of 200, 400, 600, and 800 ppm. Figures
A32-A48 present the baseline-corrected timetraces measured in week 3, which were used to extract the
three features as the training dataset for linear discriminant analysis (LDA), and the resulting LDA plot
is shown in Figure 7.39.

The average response patterns of the ”transient-state” features of the 4-sensor array to 7 different types of
analytes are shown in Figures A49 and A50, and the average ”transient-state” features to alcohol vapors
are shown in Figures A51 and A52.

To evaluate the classification affected by aging effects of the GNP films, the responses to 400-ppm analytes
measured in week 1 were used as the test dataset. This test dataset was transformed and projected onto
the LDA plot, which was trained with the dataset collected from the responses measured in week 3. The
resulting LDA is shown in Figure A53, and these results are summarized and presented in Table 7.4.
In addition, the responses to 400-ppm analytes measured in week 4 were also used as the test dataset,
and the data were projected onto the LDA plot, as shown in Figure A54. The classification results are
presented in Table 7.4.

Figures A32-A48 are reprinted with permission from the Supporting Information of Ref. [2] (©2024 The
Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH).

166



Chapter A C.-Y. Liu

Figure A32: Baseline-corrected resistive responses of four GNP films of 4-sensor array to ethanol vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A33: Baseline-corrected resistive responses of four GNP films of 4-sensor array to 1-propanol vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A34: Baseline-corrected resistive responses of four GNP films of 4-sensor array to 2-propanol vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A35: Baseline-corrected resistive responses of four GNP films of 4-sensor array to 1-butanol vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.
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Figure A36: Baseline-corrected resistive responses of four GNP films of 4-sensor array to water vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A37: Baseline-corrected resistive responses of four GNP films of 4-sensor array to acetone vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A38: Baseline-corrected resistive responses of four GNP films of 4-sensor array to 4-methylpentan-2-one
vapor at concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A39: Baseline-corrected resistive responses of four GNP films of 4-sensor array to ethyl acetate vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.
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Figure A40: Baseline-corrected resistive responses of four GNP films of 4-sensor array to toluene vapor at
concentrations of 50, 100, 200,300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A41: Baseline-corrected resistive responses of four GNP films of 4-sensor array to cyclopentane vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A42: Baseline-corrected resistive responses of four GNP films of 4-sensor array to cyclohexane vapor at
concentrations of 1000, 50, 100, 200, 300, 400, 500, 500, 400, 300, 200, 100 and 50 ppm.

Figure A43: Baseline-corrected resistive responses of four GNP films of 4-sensor array to cyclooctane vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.
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Figure A44: Baseline-corrected resistive responses of four GNP films of 4-sensor array array to methylcyclohex-
ane vapor at concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A45: Baseline-corrected resistive responses of four GNP films of 4-sensor array to n-hexane vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A46: Baseline-corrected resistive responses of four GNP films of 4-sensor array to n-heptane vapor at
concentrations of 50, 100, 200,300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

Figure A47: Baseline-corrected resistive responses of four GNP films of 4-sensor array to n-octane vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.

170



Chapter A C.-Y. Liu

Figure A48: Baseline-corrected resistive responses of four GNP films of 4-sensor array to isooctane vapor at
concentrations of 50, 100, 200, 300, 400, 500, 1000, 1000, 500, 400, 300, 200, 100 and 50 ppm.
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Figure A49: Average relative A20s features of four GNP films: 9DT (black), 89%12T-9DT (purple), 95%3MPA-
9DT (red), and 100%8MOA (green). The sensors were exposed to different analyte vapors (indicated on the
x-axis). The responses were measured in a) week 3 (in the concentration range of 50 to 1000 ppm), b) week 1 (in
the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration range of 50 to 1000 ppm). Error
bars were calculated as the standard deviation of the relative A20s features of each GNP chemiresistor within the
array, exposed to analyte vapors in the tested concentration range.
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Figure A50: Average relative Ar features of four GNP films: 9DT (black), 89%12T-9DT (purple), 95%3MPA-
9DT (red), and 100%8MOA (green). The sensors were exposed to different analyte vapors (indicated on the
x-axis). The responses were measured in a) week 3 (in the concentration range of 50 to 1000 ppm), b) week 1 (in
the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration range of 50 to 1000 ppm). Error
bars were calculated as the standard deviation of the relative Ar features of each GNP chemiresistor within the
array, exposed to analyte vapors in the tested concentration range.
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Figure A51: Average relative (A20s features of four GNP films: 9DT (black), 89%12T-9DT (purple), 95%3MPA-
9DT (red), and 100%8MOA (green). The sensors were exposed to alcohol vapors, ethanol, 1-propanol, 2-proanol,
and 1-butanol. The responses were measured in a) week 3 (in the concentration range of 50 to 1000 ppm), b) week
1 (in the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration range of 50 to 1000 ppm).
Error bars were calculated as the standard deviation of the relative (A20s features of each GNP chemiresistor
within the array, exposed to analyte vapors in the tested concentration range.
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Figure A52: Average relative (Ar features of four GNP films: 9DT (black), 89%12T-9DT (purple), 95%3MPA-
9DT (red), and 100%8MOA (green). The sensors were exposed to alcohol vapors, ethanol, 1-propanol, 2-proanol,
and 1-butanol. The responses were measured in a) week 3 (in the concentration range of 50 to 1000 ppm), b)
week 1 (in the concentration range of 200 to 400 ppm), and c) week 4 (in the concentration range of 50 to 1000
ppm). Error bars were calculated as the standard deviation of the relative (Ar features of each GNP chemiresistor
within the array, exposed to analyte vapors in the tested concentration range.
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Figure A53: LDA plot trained using the dataset of the 4-sensor array (shown in Figure 7.32b) based on both
”steady-state” and ”transient-state” features (extracted from the responses measured in week 3), when exposed
to 17 different analytes at concentrations ranging from 50 to 1000 ppm (indicated by different shades of color).
Filled circles represent data points used to fit the LDA model. The responses to 14 different analytes at 400
ppm, measured in week 1, were used as the test dataset, and were projected onto the LDA plot as empty circles.
Colored crosses indicate the model’s predictions for the test dataset.

Figure A54: LDA plot trained using the dataset of the 4-sensor array (shown in Figure 7.32b) based on both
”steady-state” and ”transient-state” features (extracted from the responses measured in week 3), when exposed
to 17 different analytes at concentrations ranging from 50 to 1000 ppm (indicated by different shades of color).
Filled circles represent data points used to fit the LDA model. The responses to 6 different analytes at 400 ppm,
measured in week 4, were used as the test dataset, and were projected onto the LDA plot as empty circles. Colored
crosses indicate the model’s predictions for the test dataset.
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A.4.2 8-Sensor Array

In addition to 4-sensor array, another sensor array was fabricated by combining two monolithic sen-
sor arrays, comprising eight different GNP films (9DT, 95%6MNA-9DT, 95%8MOA-9DT, 100%8MOA,
95%8MOO-9DT, 89%12T-9DT, 95%4NTP-9DT, and 95%3MPA-9DT). The resulting 8-sensor array is
shown in Figure 7.42. This 8-sensor array was exposed to 19 different analyte vapors at concentrations
ranging from 100 to 2000 ppm over a seven-week period. The average relative ”transient-state” features
extracted from the responses measured in four different times are shown in Figures A74 and A75.

Figures A55-A73 present the baseline-corrected response timetraces measured in week 1, which were used
to extract the three features as the training dataset for LDA, and the resulting LDA plot is shown in
Figure 7.43a. The tested analyte concentrations ranged from 100 to 1000 ppm. The 8-sensor array was
exposed to the same 19 analytes at the concentration of 600 ppm for 11 to 17 days (week 3) after the
first chemiresistor measurements. These measured responses were used as the test dataset, and the data
of each exposure were classified by the LDA, which was trained with the dataset collected from week 1.
The classification results are presented in Table A3.

Due to aging-induced changes of the sensors’ response characteristics over time, re-training of the LDA
model is necessary from time to time to maintain the reliability of analyte classification. Therefore, the
responses of the 8-sensor array to 19 analyte vapors (in the concentration range of 100 to 1000 ppm in
nitrogen) were measured again in week 5, and three features extracted from these responses were used as
the training dataset for LDA. The resulting LDA is shown in Figure 7.43b. To evaluate the classification
of this new LDA affected by the aging of the GNP films, the 8-sensor array were exposed to the analyte
vapors at concentrations of 600, 800, and 2000 ppm. The responses upon exposures of analytes at these
three different concentrations were used as the test dataset, and the data were projected onto the LDA
plot (trained by the dataset collected in week 5), the resulting LDA plots are shown in Figures A76,
A77, and A78. When the test analyte vapors in the concentration range of the training data, all analytes
were classified correctly, cf. Figures A76 and A77. However, when the test analyte vapors beyond the
conecntration range of the training data, 2-propanol was misclassified, and assigned to its neighboring
cluster, 1-butanol, as shown in Figure A78.

Figures A55-A73 are reprinted with permission from the Supporting Information of Ref. [2] (©2024 The
Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH).
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Figure A55: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to ethanol vapor at
concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A56: Baseline-corrected resistive responses ofeight GNP films of the 8-sensor array to 1-propanol vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm. The first 200-ppm
exposure was deficient in 89%12T-9DT GNP film due to the technical issue.
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Figure A57: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to 2-propanol vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A58: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to 1-butanol vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A59: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to 2-butanol vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A60: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to water vapor at
concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A61: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to acetone vapor at
concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A62: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to 4-methylpentan-
2-one vapor at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A63: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to 2-pentanone vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A64: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to ethyl acetate
vapor at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A65: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to toluene vapor at
concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A66: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to cyclopentane
vapor at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A67: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to cyclohexane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A68: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to cyclooctane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A69: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to methylcyclohexane
vapor at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A70: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to n-hexane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A71: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to n-heptane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Figure A72: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to n-octane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.
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Figure A73: Baseline-corrected resistive responses of eight GNP films of the 8-sensor array to isooctane vapor
at concentrations of 100, 200, 300, 400, 500, 1000, 1000, 600, 500, 400, 300, 200 and 100 ppm.

Table A3: The array comprised 8 types of GNP chemiresistors, and LDA was used for classification. The data
collected in week 1 served as the training dataset. Features extracted from the response transients exposed to 600
ppm analyte vapors in week 3 were used as the test dataset. A check mark indicates a correct predicted classifi-
cation, a cross mark represents a wrong prediction (the wrongly assigned cluster is indicated in the parentheses).

Analyte Vapor Test Dataset(Week 3)
Ethanol ✓

1-Propanol ✓
2-Propanol ✕ (1-Propanol)
1-Butanol ✕ (1-Propanol)
Isobutanol ✓

Water ✓
Acetone ✓
4M2P ✕ (Isobutanol)

2-Pentanone ✕ (1-Propanol)
Ethyl acetate ✕ (1-Propanol)

Toluene ✓
Cyclopentane ✕ (n-Octane)
Cyclohexane ✕ (Methylcyclohexane)
Cyclooctane ✓

Methylcyclohexane ✓
n-Hexane ✕ (Isobutanol)
n-Heptane ✕ (n-Hexane)
n-Octane ✕ (Isobutanol)
Isooctane ✓
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Figure A74: Average relative A20s of eight GNP sensors (indicated by different bar colors) exposed to 7 analyte
vapors in a) week 1 (in the concentration range of 100-1000 ppm), b) week 3 (in the concentration range of
100-1000 ppm), c) week 5 (in the concentration range of 100-1000 ppm), and d) week 7 (in the concentration
range of 600-2000 ppm). Error bars were calculated as the standard deviation of the relative A20s features of each
GNP chemiresistor of the 8-sensor array, exposed to analyte vapors in the tested concentration range.
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Figure A75: Average relative Ar of eight GNP sensors (indicated by different bar colors) exposed to 7 analyte
vapors in a) week 1 (in the concentration range of 100-1000 ppm), b) week 3 (in the concentration range of
100-1000 ppm), c) week 5 (in the concentration range of 100-1000 ppm), and d) week 7 (in the concentration
range of 600-2000 ppm). Error bars were calculated as the standard deviation of the relative Ar features of each
GNP chemiresistor of the 8-sensor array, exposed to analyte vapors in the tested concentration range
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Figure A76: LDA plot of the 8-sensor array (as shown in Figure 7.42) when exposed to 19 different analyte
vapors. The responses measured in week 5 to the analyte concentrations ranged from 100 to 1000 ppm were used
as the training dataset for LDA. Filled circles represent data points (training data extracted from the responses
measured in week 5) utilized for fitting the LDA model, while empty circles denote test data (extracted from the
responses measured in week 7 exposed to 600 ppm analytes) projected onto the discriminant coordinate system.
Colored crosses indicate predictions of the test data.

Figure A77: LDA plot of the 8-sensor array (as shown in Figure 7.42) when exposed to 19 different analyte
vapors. The responses measured in week 5 to the analyte concentrations ranged from 100 to 1000 ppm were used
as the training dataset for LDA. Filled circles represent data points (training data extracted from the responses
measured in week 5) utilized for fitting the LDA model, while empty circles denote test data (extracted from the
responses measured in week 7 exposed to 800 ppm analytes) projected onto the discriminant coordinate system.
Colored crosses indicate predictions of the test data.
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Figure A78: LDA plot of the 8-sensor array (as shown in Figure 7.42) when exposed to 19 different analyte
vapors. The responses measured in week 5 to the analyte concentrations ranged from 100 to 1000 ppm were used
as the training dataset for LDA. Filled circles represent data points (training data extracted from the responses
measured in week 5) utilized for fitting the LDA model, while empty circles denote test data (extracted from the
responses measured in week 7 exposed to 2000 ppm analytes) projected onto the discriminant coordinate system.
Colored crosses indicate predictions of the test data.
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Appendix B

Safety

The following table lists the chemicals used in this study with their GHS symbols as well as hazard and
precautionary statements. If not indicated differently, safety information was obtained from the Sigma
Aldrich online database.[217]

Chemical GHS pictograms hazard statements precautionary statements

Acetone H225, H319, H336 P210, P261, P305 + P351 +
P338

3-
Aminopropyl(dimethyl)ethoxy
silane

H225, H315, H319,
H335

P261, P305 + P351 + P338

2-Aminothiophenol H302, H314, H400 P273, P280, P301 + P312,
P303 + P361 + P353, P304
+ P340, P305 + P351 +
P338

AZ351B H319 P264, P280, P305 + P351 +
P338

AZ ECI 3000 H226, H318, H336,
H280

P305 + P351 + P338, P313

1-Butanol H226, H302, H315,
H318, H335, H336

P210, P233, P280, P301 +
P312, P303 + P361 + P353,
P305 + P351 + P338

n-Butylamine H302, H351 P202, P264, P280, P301 +
P312, P308 + P313, P405
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Chlorobenzene H226, H315, H332,
H411

P210, P233, P240, P273,
P303 + P361 + P353, P304
+ P340

Cyclohexane H225, H304, H315,
H336, H410

P210, P233, P273, P301 +
P310, P303 + P361 + P353,
P331

Cyclooctane H226, H304 P210, P233, P240, P241,
P301 + P310, P331

Cyclopentane H225, H304, H336,
H412

P210, P233, P240, P273,
P301 + P310, P331

1-Decanethiol H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

1-Dodecanethiol H314, H317, H410 P261, P272, P273, P280,
P303 + P361 + P353, P305
+ P351 + P338

1-Dodecylamine H302, H314, H410 P273, P280, P305 + P351 +
P338, P310, P501

Ethyl acetate H225, H319, H336 P210, P233, P240, P241,
P242, P305 + P351 + P338

Ethanol H225, H302, H371 P261, P305 + P351 + P338

n-Heptane H225, H304, H315,
H336, H410

P210, P261, P273, P301 +
P310, P331, P501

n-Hexane H225, H304, H315,
H336, H361f, H373,
H411

P201, P210, P273, P301 +
P310, P303 + P361 + P353,
P331

1-Hexadecanethiol - - -

1-Hexanethiol H226, H302 P210, P233, P240, P241,
P242, P301 + P312, P501

Hydrogen peroxide H318, H412 P273, P280, P305 + P351 +
P338, P501

Isobutanol H226, H302, H315,
H318, H335, H336

P210, P233, P240, P280,
P303 + P361 + P353, P305
+ P351 + P338

Isooctane H225, H304, H315,
H336, H410

P210, P233, P273, P301 +
P310, P303 + P361 + P353,
P331

4-Mercaptobenzoic acid H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338
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3-Mercaptopropionic
acid

H290, H301, H314,
H332

P234, P261, P280, P303 +
P361 + P353, P305 + P351
+ P338

6-Mercaptohexanoic
acid

H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

8-Mercaptooctanoic
acid

H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

8-Mercapto-1-octanol H302, H315, H318,
H335

P261, P264, P280, P301 +
P312, P302 + P352, P305 +
P351 + P338

4-Mercaptophenol H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

6-Mercapto-3-
pyridinecarboxylic
acid

H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

11-
Mercaptoundecanoic
acid

H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338

Methanol H225,
H301+H311+H331,
H370

P210, P233, P280, P301 +
P310, P303 + P361 + P353,
P304 + P340

Methylcyclohexane H225, H304, H315,
H336, H410

P210, P233, P273, P301 +
P310, P303 + P361 + P353,
P331

4-Nitrothiophenol H315, H319, H335 P261, P264, P271, P280,
P302 + P352 P305 + P351
+ P338

4-Methyl-2-pentanone H225, H319, H332,
H336, H351

P202, P210, P233, P305 +
P351 + P338, P308 + P313

1,9-Nonanedithiol H315, H319, H335 P261, P305 + P351 + P338

n-Octane H225, H304, H315,
H336, H410

P210, P233, P273, P301 +
P310, P303 + P361 + P353,
P331

1-Octanethiol H317, H335, H410 P261, P271, P272, P273,
P280, P302 + P352
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2-Pentanone H225, H302, H319 P210, P233, P240, P241,
P301 + P312, P305 + P351
+ P338

PMMA - - -

1-Propanol H225, H318, H336 P210, P261, P280, P305 +
P351 + P338

2-Propanol H225, H319, H336 P210, P261, P305 + P351 +
P338

Potassium iodide H372 P260, P264, P270, P314,
P501

TechniStrip NI555 - H302, H312 -

1-Tetradecanethiol H317, H318 P280, P302 + P352, P305 +
P351 + P338, P310

Tert-butylamine bo-
rane complex

H301, H311, H315,
H319, H411

P264, P273, P301 + P310,
P302 + P352, P305 + P351
+ P338

Tetrachloroauric(III)
acid trihydrate

H290, H302, H314,
H373, H411

P260, P273, P280, P303 +
P361 + P353, P305 + P351
+ P338, P314

1-Thiolglycerol H302, H311, H314,
H315, H317

P261, P264, P280, P301 +
P312, P302 + P352, P304 +
P340

Toluene H225, H304, H315,
H336, H361d, H373,
H412

P202, P210, P273, P301 +
P310, P303 + P361 + P353,
P331

Triammonium citrate H319 P264, P280, P305 + P351 +
P338, P337 + P313

1-Undecanethiol H315, H319, H335 P261, P264, P271, P280,
P302 + P352, P305 + P351
+ P338
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and copyright law or plagiarism that may have been generated by the gAI.
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