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1. Zusammenfassung

1 Zusammenfassung

In dieser Arbeit wurden Dehnungssensoren und Chemiresistoren aus quervernetzten Gold-
nanopartikeln vorgestellt. Auflerdem wurden kritische mechanische Parameter sowie die
Langlebigkeit der Goldnanopartikelkomposite unter kontrollierten Alterungsbedingungen
untersucht.

In der ersten Studie wurden flexible Dehnungssensoren, bestehend aus Nonandithiol (9DT)
quervernetzten Goldnanopartikeln auf Polyimidfolie, hergestellt. Die Partikel hatten einen
mittleren Durchmesser von ~7 nm. Die Sensoren wurden genutzt, um die Anisotropie des
Dehnungsverhaltens von Metallnanopartikel basierten Sensoren zu untersuchen. Um dies
zu bewerkstelligen, wurden rechteckig strukturierte Sensoren von 0-180° rotiert und je-
weils mittels eines eigens gebauten Dehnungsmessstandes gedehnt.

Finite Elemente Analyse Simulationen wurden mit einem analytischen Modell kombiniert,
welches anschlieflend an die Messdaten gefittet wurde. Parallele (g11) und senkrechte (g12)
Gaugekoeffizienten, welche den piezoresistiven Anteil der Sensorantwort beschreiben, wur-
den ermittelt. Es wurden Werte von ~32 und ~21 fiur ¢1; bzw. ¢15 erhalten. Aufbauend
auf diesen Erkenntnissen wurden zwei mogliche Anwendungen im Bereich der Gesund-
heitsiiberwachung vorgestellt. Fiir die Durchfiithrung dieser Messungen wurde ein Gold-
nanopartikel Signalgeber lithographisch strukturiert und in ein Polymer (Dragon Skin 30)
eingebracht, um einen hochflexiblen Sensor zu erhalten.

Zunéchst wurden Pulswellenmessungen durchgefiihrt, bei denen hochaufgeloste Pulswellen
gemessen werden konnten. Auflerdem wurden Messungen zur Bewegungserkennung durch-
gefithrt. Hierfiir wurde zunéchst eine Lineare Diskriminanten Analyse (LDA) mit einem
Set aus Testmessungen zu verschiedenen Gesten trainiert. Ein weiteres Set an Daten
wurde dann mithilfe der LDA gefittet, wobei eine gute Unterscheidbarkeit der verschiede-
nen Gesten beobachtet werden konnte.

In der zweiten Studie wurden vollstindig gedruckte Chemiresistoren aus Goldnanopar-
tikeln hergestellt. Die Nanopartikel wurden mit 9DT und Mischungen aus 9DT mit
diversen Monothiolen (1-Thioglycerol, 3-Mercaptopropionséure, 4-Mercapto-1-Butanol)
quervernetzt. Hierfiir wurden zunéchst Elektroden aus Silberpaste mittels Dispenser-
druckens auf Polyimidfolie aufgetragen und im Anschluss Goldnanopartikel/Thiol Tinten
mithilfe eines Inkjet Druckers aufgebracht. Chemiresistorantworten wurden mit einer

Anordnung von sieben Sensoren gemessen und verschiedene Analytgase wurden genutzt.
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Hierbei wurden hydrophile (Ethanol, Wasser), amphiphile (1-Butanol, 1-Propanol) und
hydrophobe (n-Oktan, Toluol, 4-Methylpentan-2-on) Analyte verwendet und es wurden
Analytkonzentrationen im Bereich von 100-2000 ppm eingestellt. Die Selektivitiat der
Sensoren lieff sich hierbei durch die Monothiole einstellen, da diese mit zusatzlichen
Carboxyl- und Hydroxylgruppen ausgestattet waren, welche zusatzliche Sorptionstellen
fiir hydrophile Analytgase bereitstellten. Mithilfe dieser Sensoren konnte zwischen den
einzelnen Analyten gut differenziert werden.

Hydrophobe Analyten wie z.B. Toluol wurden am besten von dem Sensor detektiert, der
ausschlieflich 9DT enthielt. Hydrophile Analyten wie z.B. Wasser erzeugten die starkste
Sensorantwort bei dem Sensor, der 50 % vol 1-Thioglycerol enthielt. Die Sensoren zeigten
auflerdem eine hohe mechanische Belastbarkeit, da diese auch nach mehrmaligem Biegen
iiber Krimmungsradien von bis zu ~5 mm immer noch eine unveranderte Sensorantwort
lieferten.

In der dritten Studie wurden diinne Filme aus Goldnanopartikeln (Durchmesser: 4 und
7 nm) hergestellt. Die Partikel wurden mit Alkandithiolen verschiedener Langen und 1,4-
Benzendithiol vernetzt. Anschliefend wurden die Filme auf l6chrige Siliziumsubstrate
iibertragen, welche einen Lochdurchmesser von ~80 pm hatten, um freistehende Nano-
membranen zu erhalten. Mithilfe eines hauseigenen Messaufbaus wurden die Filme bis
zum Zerreifen gewolbt und aus den Messdaten kritische Spannungs und Dehnungspa-
rameter ermittelt. Elastizitatsmoduln von ~3-5 GPa und ~2.5-8 GPa wurden fiir Nano-
membranen, bestehend aus Partikeln mit Durchmessern von 4 bzw. 7 nm erhalten. Die
Elastizitdtsmoduln konnten durch die jeweils gewahlten Quervernetzer eingestellt werden.
Kritische Dehnungen von ~0.3-1.5 % wurden fiir Nanomembranen, bestehend aus Par-
tikeln mit einem Durchmesser von 7 nm, ermittelt. Filme aus Nanopartikeln, die mit dem
aromatischen Quervernetzer hergestellt wurden, wiesen hierbei die geringsten kritischen
Parameter auf, was auf die Steifigkeit des Linkers zuriickzufiihren ist. Die hochsten kri-
tischen Dehnungen wurden fiir Nanomembranen gefunden, welche 9DT als Quervernetzer
enthielten. Fiir die Filme aus Nanopartikeln mit einem Radius von 4 nm wurden kritische
Dehnungen von ~1.2-2.5 % gefunden. Bei beiden Partikelsystemen setzte sich der Trend
von abnehmenden kritischen Parametern mit abnehmender Linkerlange durch. Auch die
mit 1,4-Benzendithiol hergestellten Nanomembranen aus Partikeln mit 4 nm Durchmesser
erwiesen sich als am wenigsten dehnbar im Vergleich zu den anderen Proben.

Schliefllich wurden noch Alterungsmessungen durchgefiihrt fiir Partikel mit einem Durch-
messer von 3—4 nm und 7 nm. Die Partikel wurden ausschliefilich mit 9DT vernetzt und
fir jeweils 28 Tage bei 65 °C und 65 %rH bzw. 85 °C und 85 %rH in einer Klimakam-
mer gelagert. FEine Vielzahl an elektrischen, elektromechanischen, bildgebenden und

spektroskopischen Untersuchungsmethoden wurde angewandt, um den Alterungsprozess
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der Partikelsysteme zu analysieren. Die Messungen zeigten, dass die Filme, welche
aus kleineren Partikeln hergestellt wurden, generell eine hohere Bestandigkeit unter den
genannten Alterungsbedinungen aufwiesen als jene, die aus groBeren Partikeln bestanden.
Hierbei wurde z.B. ein geringerer Anstieg der Leitfahigkeit, als auch eine geringere Ag-
glomeration der Partikel festgestellt. Rontgenphotoelektronenspektroskopische Messun-
gen zeigten, dass diese Anderungen moglicherweise mit dem Verdampfen von freien Lin-
kermolekiilen aus der organischen Matrix zusammenhéangen. Alle Proben beider Partikel-
systeme wiesen jedoch erstaunliche Bestiandigkeiten auf, da sich ihre elektromechanischen
Eigenschaften auch nach dem Lagern unter 85/85 Konditionen nicht dramatisch dnderten.
Weitere Arbeiten in diesem Bereich kénnten aulerdem léngere Lagerungszeitraume bein-
halten und die Suche nach Moglichkeiten, die Effekte, die durch die Lagerung auftraten,
vollstdndig einzugrenzen, um die erhaltenen elektrischen und mechanischen Eigenschaften

der Goldnanopartikelsensoren zu bewahren.
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2 Summary

In this work, strain sensors and chemiresistors made from cross-linked gold nanoparti-
cles (GNPs) composites were presented. Furthermore, critical mechanical parameters as
well as the GNP composites’ durability under defined storing conditions were analyzed.
In the first project, flexible strain sensors on polyimide (PI) foil made from GNPs with a
mean core diameter of ~7 nm cross-linked with 1,9-nonanedithiol (9DT) were fabricated.
These sensors were used to characterize the anisotropic response to strain, a phenomenon
observed for metal nanoparticle based sensors. To this end, rectangular shaped sensors
were rotated from 0-180° and strained with a custom-built flexural test setup. Finite
element modeling (FEM) simulations were combined with an analytic model to fit the
obtained measurement data and to separate geometric and piezoresistive effects. Parallel
(¢g11) and perpendicular (g12) gauge coefficients were extracted describing the composite’s
anisotropic piezoresistive response. Values of ~32 and ~21 were obtained, respectively,
indicating that charge carriers percolate through the material taking detours through the
nanoparticle network.

Based on these findings, two possible applications of such sensors were presented in the
field of health care monitoring. For this purpose, a lithographically patterned GNP trans-
ducer was transferred onto and embedded in a silicon polymer (Dragon Skin 30) yielding a
highly flexible triaxional sensor. First, pulse wave measurements were conducted exhibit-
ing well resolved pulse waves. Second, gesture recognition measurements were performed.
To this end, a linear discriminant analysis (LDA) was trained with a set of test data from
sensors with different orientations. An additional set was recorded and fitted using the
LDA which led to a good assignment of identical gestures.

In the second study, fully printed chemiresistors were fabricated using GNPs (mean dia-
meter: ~7 nm) cross-linked with 9DT and mixtures of 9DT with a variety of monothiols
(1-thioglycerol, 3-mercaptopropionic acid, 4-mercapto-1-butanol). The printing process
comprised of to steps, first, dispenser-printing silver paste for electrode structures and
second inkjet-printing GNP /thiol inks to form the transducers. Chemiresistive response
measurements with a sensor array consisting of seven different sensors to a variety of
hydrophilic (ethanol, water), amphiphilic (1-butanol, 1-propanol) and hydrophobic (n-
octane, toluene, 4-methylpentan-2-one (4M2P)) analytes at concentrations ranging from

100 to 2000 ppm were performed. Here, the addition of monothiols with carboxyl and
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hydroxyl end groups tuned the selectivity of the sensors by providing sorption sides for
polar analytes. The sensor array allowed good discrimination between the different ana-
lytes. Sensors fabricated with pure 9DT showed the highest sensitivity for hydrophobic
analytes such as toluene, whereas the sensor containing 50 vol% of 1-thioglycerol showed
higher responses to polar analytes, e.g., water. The sensors were still functional even after
bending repetitively around radii of curvature down to 5 mm.

In the third project, composite thin films made from GNPs with different core diame-
ters (~4 nm and ~7 nm) cross-linked with alkane dithiols of different chain lengths and
1,4-benzenedithiol (BDT) were fabricated. The films were transferred onto holey sili-
con substrates containing a circular aperture (diameter: ~80 pm) to obtain freestanding
nanomembranes, which were bulged until rupture using a custom built bulge setup with an
atomic force microscope (AFM) detection readout. From the measurements stress/strain
curves were calculated and Young’s moduli of ~3-5 GPa and ~2.5-8 GPa were obtained
for nanomembranes made from 4 nm and 7 nm GNPs in size, respectively, depending
on the cross-linking agent. Critical strains (strain at which the membrane ruptured) of
~0.3-1.5 % were found for particles with a mean core diameter of 7 nm. Here, GNP
nanomembranes fabricated with the aromatic cross-linker exhibited the lowest average
values due to the rigid nature of the cross-linking molecule. The highest critical strains
were observed for GNPs cross-linked with 9DT. For GNPs with a mean diameter of 4 nm
critical strains of ~1.2-2.5 % were observed. For both particle systems a decrease of the
critical parameters with decreasing alkane linker chain length was observed. In agreement
with the results from experiments with larger GNPs, nanomembranes made from 4 nm
GNPs cross-linked with BDT as well exhibited the lowest critical strain for this particle
system.

Finally, durability measurements were performed for 9DT cross-linked GNPs with mean
diameters of 3-4 nm and 7 nm. To this end, the samples were artificially aged for 28 days
in a climate chamber at 65 %rH and 65 °C and 85 %rH and 85 °C. Here, a variety of
electrical and electromechanical measurements as well as imaging and spectroscopic mea-
surements were performed. These measurements revealed that films made from smaller
particles exhibited an overall higher durability to the artificial aging conditions. This
was observed in electrical measurements and microscopic images showing less increase in
conductivity and less agglomeration of particles over time, respectively. X-ray photoelec-
tron spectroscopy (XPS) measurements might indicated that the changes observed in the
electrical and microscopic measurements find their origin in the evaporation of excessive
cross-linker. All samples made from both particles systems remained astonishingly oper-
ative with respect to their electromechanical properties after the full aging period even

under 85/85 conditions. However, future work might address appropriate sealing of the
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GNP films with suited materials to further prevent aging effects on the GNP transducers
caused by humidity and other external influences and to preserve their initial or tuned

electrical and mechanical properties.
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3 Introduction

Within the past century the reports on syntheses for colloidal gold nanoparticles (GNPs)
emerged rapidly. Starting with an aqueous synthesis presented by Turkevich et al. in the
early fifties,[!! the variety of presented synthesis routes increased dramatically. Different
approaches to tune size,> % shapel® 7 and stabilizing ligands!"® % were presented and im-
proved continuously. The strong interest for this type of particle system finds its origin in
the unique material properties making them highly attractive in the fields of catalysis,'!
optics,['¥ electronics,™ clean energy!™ and medicine.!*>16]

However, especially for the latter field, it is favorable to arrange GNPs in composite ma-
terials. For this purpose different approaches such as spray-coating,'” drop-casting!'®!
or spin-coating!'”! are described in literature, yielding composites with unique tunable
optical?® 23 and electronic'®232% properties. These materials have proven themselves
as highly precise resistive strain sensors!'®2627 and, because of their ability to sorb
analyte molecules, chemiresistors.?®??! Due to their excellent and tunable mechanical
properties?*33 these composites can be supported by various substrates such as glass,
wafers or flexible polymers. Though the vast majority of such sensors is substrate sup-
ported, the robustness of such composites allows further the fabrication of freestanding

nanomembranes to analyze mechanical properties of the as fabricated GNP composites.

Commercially available strain sensors are commonly made from metal alloy foils embed-
ded in thin sheets of polymers and usually have sensitivities of ~2.34 Contrary to these
commercial sensors, the charge transport in sensors made from GNPs is based on tunnel-
ing of charge carriers. This phenomenon makes such sensors highly perturbation sensitive
and is especially prone to the change in interparticle distance which greatly increases their
sensitivities to some tens up to some hundreds.®>36 This renders such sensors possible
to be applied in fields where faint deformations need to be detected, e.g., in health care
applications. In this field of science it is also of importance to discriminate between dif-
ferent directions of the applied strain, as it was already shown in literature.l?738l

The anisotropic sensitivity to strain exhibited by GNP-based strain sensors can be ex-
ploited to detect different strain directions. It is caused by charge carriers percolating
through the GNP composite by not taking the direct path between two opposing elec-
trodes but taking detours perpendicular to the overall current direction. This behavior was

well described by Jiang et al.l*”) However, since contradicting results have been presented
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in literature 49 the first part of this work presents an in-depth study of the anisotropic
strain sensitivity behavior and exploits this feature to fabricate resistive strain sensors for
pulse wave monitoring and gesture detection devices. Here, the spin-coating method was
used to fabricate highly homogeneous thin film composites on glass made from solutions
of colloidal gold and alkanedithiols cross-linking the GNPs. To employ these composites
as strain sensors, the GNP films were transferred onto flexible polymer foils using contact
printing.[*1:42

As described above, the tunability of such GNP composites has been described well in
literature. However, to enable an eased and effective fabrication of low-cost sensor de-
vices made from GNPs, new deposition and patterning methods have to be investigated.
Since GNPs are commonly obtained in colloidal solutions, especially inkjet-printing proved
itself as a straight-foward method for deposition and was firstly used approximately
ten years ago with commonly accessible technology,*3 to fabricate printed nanoparti-
cle sensors.**%6! However, since most of the devices contain only sensor parts printed,
it is of great interest to deposit all sensor components with printing techniques. This
would further ease the fabrication of sensor arrays for the detection of volatile organic
compounds (VOCs), so called "electronic noses'. To this end GNPs are equipped with
different ligands and linkers to exhibit individual sensor responses to different analytes.
In the second part of this work it is intended to fully pattern and print chemiresistor
devices made from chemically differently tuned GNPs on flexible substrates to build a
sensor array to discriminate between various analyte molecules.

Since GNP-based sensors are investigated as wearable sensors, numerous applications de-
mand the attachment to different parts of the human body. Depending on the application,
the sensors need to endure different mechanical stresses and strains!*™%% as well as exhibit
a good durability to constantly provide the same electrical responses to similar stimuli. In
industry so called "85/85 tests" are usually conducted for electronic devices, such as LCD
displays, in climate chambers at 85 %rH and 85 °C for several 1000 hours to artificially
age the materials and record the change of their properties testing their long-term stabil-
ity. Since only few studies have been presented in the past years on the aging behavior
of GNP composites only few information are present about the change of electrical and
structural parameters of such material.

Hence, the third part of this work covers the investigation of critical mechanical parame-
ters of freestanding nanomembranes made from differently sized GNPs stabilized with a
variety of dithiol linkers to classify the operating range of sensors comprising cross-linked
GNPs. Furthermore, the influence of artificial aging to several electrical and structural

parameters of substrate supported 9DT stabilized GNP composites is discussed.
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4 Objectives

Gold nanoparticle (GNP) composite materials made with organically stabilized or cross-
linked nanoparticles exhibit unique features due to their electrical properties such as the
highly perturbation-sensitive charge transport via tunnelling junctions and the sorption
of analyte molecules into the composite’s organic matrix. These features enable a variety
of possible applications which have been demonstrated in manifold studies, emphasizing
the great potential of thin nanoparticle films supported on flexible substrates or, even
without any support, being employed as freestanding nanomembranes.

In this thesis, studies were conducted with the focus on three different subjects:

deepen the analysis on strain sensitivity properties and exploit these features by designing
new health care sensors, demonstrate novel fabrication methods for flexible chemiresistive
devices as well as analyze critical mechanical parameters and durability properties.

1. Direction Dependent Strain Sensing

The first study of this thesis aims to thoroughly analyze the anisotropy of the strain
sensitivity of GNPs cross-linked with «, w-alkanedithiols. In these composites charge car-
riers do not percolate in straight lines from one electrode to another but take detours
across the nanoparticle network. This behavior strongly affects the sensitivity to strain
imposed to the composite in different directions. Here, the combination of simulations
and experimental data should thoroughly characterize the anisotropic response to strain
of such GNP-based sensors. Furthermore, this phenomenon should be exploited to fabri-
cate highly robust and sensitive strain gauges, which can be employed for human health
care measurement, sensors.

2. Fully Printed Chemiresistive Devices with Tuned Selectivity

This project’s objective was to fabricate fully printed chemiresistors, which can be tuned
in their selectivity to preferably detect different analyte molecules. To this end, electrode
structures as well as GNP transducers should be printed onto flexible polymer foils and
their selectivity should be tuned by varying the composition of the organic matrix with
different dithiol/monothiol blends. By arranging such sensors in an array, the overall
sensor responses should lead to unique response patterns for different analytes to enable

the discrimination between hydrophilic and hydrophobic molecules.
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3. Critical Mechanical Parameters and Durability

The third part of the study focuses on the characterization of critical mechanical parame-
ters for such GNP composites. Therefore, bulge experiments with freestanding nanomem-
branes leading to the membranes’ collapse aim to yield critical stress and strain param-
eters, to estimate the fields of applications at which these composites can possibly be
employed.

Furthermore, artificial aging under defined conditions should give insights on the long-

term stability of such nanomaterials.
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5 Theoretical Background

5.1 Gold Nanoparticle Synthesis

The history of gold nanoparticles (GNPs) dates back to the Roman empire, where GNPs,
though unwittingly, were used to stain glasses for decorative purposes.[*”! The resulting red
glasses, commonly known as ruby glass, were originally fabricated by including colloidal

50 However,

gold and stannic hydroxide, so called "Purple of Cassius", into molten glass.
in modern approaches for stained glass tetrachloroauric acid is mixed to the base-glass,
which is annealed at 500-700 °C.°!] One of the most prominent examples of incorporating
metal nanostructures is the Lycurgus Cup exhibited in the British Museum.?
Nowadays, GNPs can be synthesized using two different approaches, namely top-down
or bottom-up approaches, though bottom-up methods are far more commonly used.354
Among the most popular representatives concerning the development of GNP synthesis
is Turkevich et al., who reported in 1951 the reduction of HAuCly in water using citrate
as both, stabilizing and reducing agent.!!! In 1981 Schmid et al. reported on gold clus-
ters with a very narrow size distribution by reducing gold halides with diborane.l® The
Brust-Shiffrin method, published in 1994, had a vast impact on the scientific community,
because it allowed a fast and easy two-phase synthesis of thermally stable GNPs in organic
solvents.°®l Here, the two phases consist of water and toluene and the GNP precursors
were transferred to the organic phase by using tetraoctylammonium bromide (TOAB) as
a phase transfer agent before the gold was reduced by sodium borohydride (SBH).

In the following, two synthesis routes are presented, which were used in this work to
obtain differently sized amine-stabilized GNPs. The synthesis according to Leff et al.
yields particles with a core diameter of ~4 nm and a relatively broad size distribution.?”
This synthesis is performed in a two-phase system containing water and toluene, based
on the method reported by Brust et al.’dl After dissolving HAuCl, precursor in water,
the [AuCly]" ions are transferred into the organic phase by using TOAB. Subsequently,
they are reduced by SBH in the presence of 1-dodecylamine (12A) as stabilizing agent.
Since amine ligands show a weaker bonding to the GNPs, further ligand exchanges with
different thiols are facilitated.’”5® The size control of the obtained GNPs is conducted

by simply altering the metal-to-surfactant ratio.
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Here, higher amounts of metal lead to larger particles.[-6%

The synthesis according to Peng et al. yields particles with a diameter of ~2-10 nm,
which is controlled by the reaction temperature.®! In this work, particles with a mean
diameter of ~7-8 nm were synthesized to obtain particles with a diameter approximately
twice as large as the smaller particles obtained from the method according to Leff et al.
Contrary to the synthesis presented by Leff et al., the method by Peng et al. is performed
in one (liquid) phase. Here, a solution of the gold precursor and an amine ligand is pre-
pared in an organic solvent. Next, a reducing solution containing tert-butylamine-borane
complex (TBAB) is quickly added to the precursor and nanoparticles are formed. This
synthesis yields particles of a very narrow size distribution of < 10 % and their mean

diameter can be adjusted by varying the reaction temperature.

5.2 Gold Nanoparticle Composite Materials

Since composites made from GNPs exhibit novel, unique properties, that can be easily

adjusted, these materials are promising candidates for many possible applications.2%:62-65]

66,67]

To this end, a variety of approaches was developed in the recent years.! Depending on

68,69 or cross-linked™ ™ and different

< [62,63,72]

the specific purpose, GNPs are variously stabilized!

deposition methods have been developed for manifold target substrate

5.2.1 Fabrication of GNP Films

This section gives an overview on the variety of deposition methods to obtain metal
nanoparticle-based composite films. Most approaches include the modification of the size
and shape of the nanoparticles as well as the composition of the embedding organic matrix
to fulfill certain requirements.

Since nanoparticles are often obtained as colloidal solutions, various low-cost and straight
forward deposition techniques can be applied for their deposition on different substrates.

[73-75] drop-castjng7[76’77] Langmuir-Blodget

These techniques include, e.g., spray coating,
deposition, ™ inkjet-printing, ™! layer-by-layer (LbL) self assembly, 523 and LbL spin-
coating.!¥%%% Depending on the deposition method, size, shape, solvent, ligand shell, and
concentration one can precisely tune the thickness (mono-/multilayers), crystallinity (or-
dered/disordered films) and spatial dimensions of such composite materials. With these

methods in hand, different devices were reported in literature.
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Le et al. reported on CsPbl based solar cells which were fabricated by an all-spray-coating
process.®!! Wang et al. fabricated an ZnO-based ultraviolet (UV) light photo detector via
inkjet-printing.!®” Since these technologies offer low-cost and easy deposition approaches,
nanoparticle composite materials became promising candidates for flexible wearable elec-
tronics, a highly emerging field of science. Jayathilaka et al. give a comprehensive review
on recent progress made on the fabrication of nanoparticle-based flexible devices. 58!
Most fabrication methods yield composites containing GNPs stabilized by an organic ma-
trix. By using such composites as resistive sensors, electrical current flows through the
particles via tunnel junctions made of these organic molecules. Depending on the compo-
sition of the matrix it is possible to thune the properties of the sensor material. To this
end, two approaches of the above mentioned techniques were used in this work, first LbL
spin-coating and second inkjet-printing.

Inkjet-Printing.  Especially the latter method allows the facile and alternating de-
position of different solutions on a variety of substrates and the deposition of different
materials such as bio-components,® ceramics,?” metal nanoparticles,®" and polymers.’!
Furthermore, digital communication with the printer enables a facile change of the ge-
ometries of the printable material reducing material usage and waste.[’? It also allows
changing the deposition parameters on the fly without fabricating new master patterns
or photomasks to restructure the printed composites.

As shown in figure 5.1 there are two main operating modes for inkjet-printers, continuous
inkjet-printing (CIJ) printing and drop-on-demand (DoD) inkjet-printing.l®s! While CIJ
produces a continuous jet of droplets steered by an electric field, DoD printers control the
droplet deposition by moving the substrate relatively to a static nozzle.” Since, DoD
printers are more commonly used and were also used in this work, CIJ printers will not
be further discussed in this scope. As can be seen in figure 5.1 b) the droplets are formed

on demand by either a thermally or piezo driven print head.
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Figure 5.1: Schematics of the two different operating modes for inkjet-printers. a) CIJ printing
system, which continuously ejects droplets controlled by electric fields. b) DoD printing system,
ejecting droplets by piezo or thermally driven printer heads on a moving substrate. Reprinted with
permission from Ref. [93]

In case of the thermally driven print head a heating element located in the print head heats
the inks and causes a formation of vapor bubbles pushing the fluid through the nozzle.
However, this approach is far less common as the piezo driven print head. Piezo-driven
heads use a voltage-induced deformation of a piezoelectric transducer to form mechanical
stress in the walls of the fluid chamber. By that, the liquid is forced in the nozzle and
accelerated, leading to an ejection of the droplet.!%"!

The ejection is commonly achieved by applying a single pulse wave to the piezo-resistive
print head (cf. figure 5.2 a) including a rise time ¢, and a fall time tg,); determining the
periods until a target voltage is reached starting at a baseline voltage and vice versa. The
dwell time tqwen describes the period at which the voltage applied to the piezo element
is kept constant. However, as done in this work, bipolar pulse waves (cf. figure 5.2 b)

93] Here, a positive

are also applied to the print head to further tune the droplet shape.
as well as a negative voltage are applied to the print head to excite the piezo element
in certain periods. The times needed to lower the voltage to a negative bias and return
to the baseline voltage are called tgy and fgnanise, respectively. The period at which the
negative voltage is kept constant is called teqo (cf. figure 5.2 b).

Besides the forces acting during the ejection of the liquid, also its viscosity plays an im-
portant role for the printing process. It alters the diffusion and evaporation when the
nanoparticle solution is deposited on the substrate and is crucial for the overall quality

5.[96,97]

of the printed pattern Furthermore, inkjet-printing requires accurate adjustment of
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additional parameters, such as ink concentration and printing temperature.’” An exem-

plary GNP film inkjet-printed onto a glass substrate is shown in figure 5.2 ¢).

Pulse
voltage
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tawen

(a)

Pulse |
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[ Tt { . "
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Figure 5.2: a) Depiction of a single pulse waveform. b) Depiction of a bipolar pulse waveform.
¢) Micrograph of an inkjet-printed GNP film cross-linked with 9DT. A consecutive zoom in to the
center region of the sample is shown in d) . Scale bars: ¢) : 1 mm, d) : 200 pm. Figure parts a) and
b) were reprinted from publication Ref. [95] with permission from Elsevier (2022).

Layer-by-Layer (LbL) Self Assembly. Another deposition method to fabricate thin
films of GNPs is the LbL self assembly. To this end, first, a target substrate’s surface is
functionalized (solution A) to offer binding sites for the first particle layer and immersed
into a solution of nanoparticles (solution B) to be deposited. Second, a washing cycle
is conducted, to remove unbound material and to prevent to contaminate solution A.
Third, the substrate is again immersed in solution A to start a new cycle for multilayer
material deposition.”® Though the LbL self assembly yields highly ordered nanoparticle
structures,!® it has several drawbacks if the obtained structures need to be transferred
to another substrate. Since the first particle layer is covalently bound to the surface of

its original substrate, lift-off and transfer procedures are hampered.

Spin-Coating. Next to the LbL self assembly, the spin-coating is a useful technique
for the fast and reproducible deposition of liquids. In 2011 a procedure to fabricate thin
films made from GNPs and alkanedithiols was published by our group and is described
in detail in chapter 6.2.1.09 Briefly, concentrated amine stabilized GNP solutions and

dithiol/methanol solutions were deposited onto rotating glass substrates in an alternating
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manner. The amine is thereby exchanged by the cross-linking dithiol and films of inter-
connected GNPs are formed on the glass substrate. After immersing the fabricated films
in the respective dithiol solutions for several hours the films were rinsed in acetone and
dried under nitrogen flow. The solvents of the cross-linkers and GNP stock solutions were
chosen in a way, that the nanoparticles are not soluble in the solvent of the cross-linkers to
prevent the GNPs from being washed away during spin-coating. By varying the number
of deposition cycles, films with various thicknesses could be obtained. [

This fabrication method has several advantages compared to other deposition approaches
as for example the LbL self assembly. For spin-coating the functionalization of the ini-
tial substrate is not needed, which enables a facile removal of the obtained composites.
Another advantage of the spin-coating is time efficient deposition of the nanomaterial,
while several immersion and washing cycles need to be performed at the LbL self assem-
bly process to obtain films with reasonable thicknesses. Finally, it is not necessary to
immerse the substrate into the particle solutions. Hence, only small volumes (several plL)
are needed for each deposition cycle. GNP films obtained with the spin-coating approach
show a homogeneous morphology on a larger scale (figure 5.3 a). With increasing particle
layers, however, they form disordered stacks (cf. figure 5.3 b), whereas the layer closest

to the substrate shows highly ordered domains (cf. figure 5.3 ¢).

Figure 5.3: Microgaphs of 9DT interconnected GNPs with an average diameter of ~7 nm. a) ,
b) Transmission electron microscopy (TEM) microgaphs. ¢) Scanning electron microscopy (SEM)
micrograph of the bottom layer of an 9DT interconnected GNP film. The sample was obtained by
skimming the GNP film as described in chapter 6.6. Scale bars: a) 100 nm, b) 25 nm, ¢) 100 nm.

Since the GNPs are not covalently bond to the carrier substrate used for spin-coating,
GNP films can be removed with a flexible polymer stamp, e.g. polydimethylsiloxane
(PDMS) and transferred onto a variety of different target substrates.[%2 Methods to trans-

[42]

fer nanoparticle patterns were reported by Li et al.*!) and Choi et al.*? and their ap-

proaches were adapted in this work as explained in chapter 6.2.1. In brief, the GNP
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thin film is structured and coated with a sacrificial poly(methyl methacrylate) (PMMA)
layer. Next, a PDMS stamp is gently pressed on top of the coated pattern and peeled off
carefully. The PDMS stamp carrying the GNP/PMMA structure is then pressed onto the
(flexible) target substrate and could be removed after applying a heating/cooling proce-
dure. Finally, the sacrificial PMMA layer was removed by dissolving the target substrate
in acetone.

By this process nanoparticle films can be transferred onto different flexible polymers i.e.
PII%2 or polyethylene terephthalate (PET)!U with low effort. Our group could further
show that nanoparticle patterns remained unchanged in geometry and morphology after

transfer onto the target substrate.!%?

5.2.2 Charge Transport

This section describes the fundamentals to understand the sensing mechanism of resistive
strain sensors and chemiresistors based on GNPs. In a composite material, e.g. made
of GNPs and alkane(di)thiols, GNPs act as conductive cores, whereas their surround-
ing organic matrix (comprising of ligands or cross-linkers) forms tunneling barriers for
the charge carriers. Due to that, the electric properties of GNP composite materials
are governed by tunneling of charge carriers through the organic matrix and can be de-
scribed with a thermally activated tunneling process. According to this model, these
materials exhibit a non-metallic behavior, i.e., increased conductivity when heated.[19?
To describe the electrical behavior different studies showed that the conductivity expo-
nentially depends on the inverse of the temperature, showing the thermal activation of the

[103-106]

tunneling process. Furthermore, the distance of the particles to each other plays

a major role for the tunneling of charge carriers, hence the resistance of the composite
material. [30:100,107]

As a first approach to model the tunneling process Neugebauer and Webb developed a
simple model to describe the conductivity of evaporated metal films consisting of many
discrete metal island.['%! They derived an Arrhenius-type correlation between the con-

ductivity and the inverse temperature 7! including an activation energy term Fj:

E*
0 = 0, exXp (— k:b/%) (5.1)

Here, o is a preexponential factor, E} is the activation energy and ky, 7" are the Boltz-

mann constant and the temperature, respectively.
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These findings were later adapted by Terrill et al. to develop their model as it is presented
in equation 5.2. The activation energy E,4 is needed, because the transfer of an electron
between two neutral particles results in a charging energy. Due to the low capacitances of
the nanoparticles, this amount of energy is non-negligible. In addition to the activation
energy E4 they added a tunneling term to include the conductivity’s dependence on the

interparticle distance 0. They proposed following commonly accepted model to describe

the conductivity of alkanethiol (AT) stabilized or alkanedithiol (ADT) cross-linked GNP

materials:[7°l

Ea

0(8,T) = ogexp(—pF0) exp <—ka> (5.2)

Here, o0g describes a preexponential factor,  is the tunneling decay constant, F, is the
activation energy, k, is the Boltzmann constant and T is the temperature. As one can see,
equation 5.2 comprises of two exponential terms. The first term describes the tunneling
of charge carriers between two particles. It has to be noted that the tunneling probability
depends on the width and height of the tunneling barrier. In this model, the width of
the tunneling barrier is given by the distance of the GNPs to each other and the height
of the barrier is given by the chemical composition of the organic matrix surrounding the
particles and affects the tunneling decay constant.'? According to that, the tunneling
efficiency is strongly dependent on the fermi level of the metal nanoparticles and the
arrangement of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the organic molecules in the surrounding matrix.'% If the
fermi level of the nanoparticles is in the gap between the HOMO and LUMO, the con-
ductivity strongly depends on the length of matrix molecules. However, if the fermi levels
of both the nanoparticles and the matrix molecules are on similar levels a weak distance
dependence can be observed.['9) Tt is possible to experimentally determine the tunneling
decay constant according to equation 5.2 using an Arrhenius type plot (In(c(d,7)) vs.
1/T) and extracting the y-intercepts. These can then be plotted against the interparticle
distance ¢ to obtain a good estimation of the tunneling decay constant. 83110

For ADT cross-linked GNPs a tunneling decay constant of Sy = 0.61 +0.1 was observed
by Joseph et al.®3 It has to be noted that the tunneling decay constant in that study is
measured in reciprocal numbers methylene units of the ADT chains. These finding were
in good agreement with a study performed by Lindsay and co-workers, finding values of
0.57 for fn."Y However, higher values of 1.2 were found for Sy for particles embedded

in an AT matrix.[119
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The second term of equation 5.2 describes the above-mentioned temperature dependence
and activation energy. The activation energy can be described using two different mod-
els. In a simple approach, one can consider neighboring nanoparticles as a conducting
continuum separated from a central nanoparticle by an insulating shell.l'"?l According to

this model, the capacitance of the nanoparticle is given by:

=14 (1 ! )1 (5.3)

=A4dmege, | = — —— :
“"\R R+¢

Here, R is the particle radius, ¢ is the interparticle distance and €y and ¢, are the per-

mittivity of the vacuum and the relative permittivity of the organic matrix, respectively.

According to fundamental electrostatics the capacitance is given by

C=q/U (5.4)

Here, ¢ and U are the charge and the applied voltage, respectively. Further, the energy

saved in a capacitor is given by

1
E = qU (5.5)

By substituting U in equation 5.5 with an expression from equation 5.4 and consider-
ing only single electrons with a charge of e tunneling between the nanoparticle and the

conducting continuum following formula is obtained:

E=— (5.6)

By now inserting the capacitance obtained from Abeles et al. (equation 5.3) in equation

5.6, one obtains an expression for the activation energy of granular metals given by:!*%!

e? 1 1
E = _— 5.7
’Tener (R R+5) (57)

According to this equation, the activation energy depends on the particle radius as well
as on the permittivity of the surrounding organic matrix. Increasing the permittivity of

the organic matrix results in a decreased activation energy, since charge carriers are more
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stabilized. However, a reduction in particle radius results in an increase of the activation
energy. Below a certain particle radius the activation energy for a charge carrier to tunnel
between two particles is larger than the thermal energy defined by k,T. Hence, charge
transport is inhibited until the thermal energy is high enough to overcome this so called
Coulomb blockade, resulting in non-linear current-voltage characteristics.'

The second model to describe the activation energy of the tunneling process was presented
by Marcus.[''5119 According to this theory, the free energy of activation for an electron—

transfer reaction AG, is given by:

A AGH\?
AGA = Z <1 + \ ) (58)

Here, AG* is the standard free energy of the reaction and A is an "outer—sphere" reorga-
nization energy due to the repolarization of the surrounding dielectric medium. A charge

transfer between to spheres can be expressed by:

A e? 1 1 1 1 1
AGy =2 = ( - > - 5.9
ATy 16meg \2R; * 2Ry Ri+Ry+6 (eop es> (5.9)

Here, R; and R, are the radii of the spheres, Ry + Ry + ¢ is the center-to-center sepa-
ration and e, and ¢ are the optical and static dielectric constants of the surrounding
medium, respectively. Similar to the granular metal theory, this model also describes a
dependency of the activation energy on the particle radius and the permittivity of the
organic matrix. However, Wuelfing et al. found that, although the trends found for the
activation energy can be described by equation 5.9, this model yields values much smaller
than those observed.™%117 The activation energy can experimentally be obtained from

the slope of an Arrhenius-type plot (Ino (0, T) vs. 1/T) using equation 5.2.0118]

5.2.3 Resistive Strain Sensing

As discussed above, the resistance of the GNP composite materials strongly depends on
the interparticle distance. This feature makes such materials highly interesting for sensing
applications. To express the response of such sensor, one measures the relative change

in resistance AR/Ry, where Ry is the baseline resistance. Assuming, that the relative

20



5. Theoretical Background

changes in resistance are equivalent to the relative changes in resistivity, equation 5.2 can

be rearranged to:[™

AR

AFE
T = exp(BAS) exp < kb;> -1 (5.10)

Microscopic Model.  Wieczorek and coworkers were the first to report on the fabrica-
tion of highly sensitive GNP films using an airbrush system. The diameter of the particles
used was ~18 nm and they were stabilized using 4-nitrothiophenol.'? The group stated
that for nanoparticles with an average diameter of ~10 nm or larger and an surface-to-
surface distance of ~1 nm the Arrhenius term of the activated tunneling becomes negligibly
small compared to the tunneling term. Hence, equation 5.10 can be simplified to equation
5.11, so that the relative change in resistance solely depends on the change in interparticle

distance:[119

AR — exp(BAS) — 1 (5.11)
Ry

The group further presents a model, to transfer the macroscopic strain ¢ applied to the
material to the change in the interparticle distance Ad, which is described in the following.
By applying mechanical stress to the material along the length L parallel to the current
flow, the change in length can be expressed as AL. The resulting change in the length of
the film corresponds to a strain of e = AL/L. The length of the material in one direction
can be expressed as L = N(d + &y), where N is the number of particles along a certain
direction and d and &y are the particles’ diameter and the initial interparticle distance,
respectively. The organic molecules between the nanoparticles are deformed much more
easily than the nanoparticles themselves. So, the applied macroscopic strain is assumed
to fully translate into the increase in interparticle distance, as it is schematically shown
in figure 5.4, yielding AL = NAJ. According to these assumptions an expression can be

derived relating the interparticle distance to the macroscopic strain:!*9!

AS = (d+50)ALL = (d+ bo)e (5.12)

Therefore, equation 5.11 can be rearranged to an expression related to the strain e:['*¥)
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%—? =exp(B(d+ do)e) — 1 (5.13)
From this equation it can be derived, that the resistive response of GNP composite mate-
rials upon an applied strain is generally non-linear. Equation 5.13 further shows, that the
resistive response can be tuned by changing the interparticle distance, as well as the size
of the GNPs. However, in the limit of small strains equation 5.13 can be simplified using

a Taylor approximation, yielding a linear correlation between AR/R, and € according to:

% = B(d + do)e = ge (5.14)
0

Here, g = f(d + &y) and is called gauge factor, a measure for the linear sensitivity of

resistive strain gauges.

Figure 5.4: a) Schematics of GNPs in a relaxed state on a substrate with an initial interpaticle
distance dp. b) Strained GNPs with an interparticle distance dp+ Ad. Reprinted from Ref. [119] with
the permission of AIP Publishing (2022).

For typical metal foil strain sensors gauge factors of ~2 are found,!'?”! whereas Wieczorek
and coworkers found gauge factors between 50 and 200 for their GNP systems.[''?) These
finding were in good agreement with values obtained from the calculations, using a tun-
neling decay constant of 5 = 10 nm™ and d + §; = 10 nm, yielding gauge factors of ~100.
However, in recent studies of our group performed with GNPs cross-linked with 9DT and
fabricated via LbL spin-coating gauge factors between 10 — 25 were found.[6263118] The
relative low sensitivities found in these studies were suggested to originate from the highly
disordered GNP networks formed during spin-coating process as TEM images indicate.%

Farcau et al. fabricated wires of GNPs with 18 nm in diameter and widths of a few
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micrometers. They could show that the sensitivity of such sensors increased when the
amount of monolayers was reduced.['?!]

Furthermore, Olichwer et al. found structural changes in the film’s morphology when
strained, resulting in reversible crack formation during bending as well as irreversible
crack formation, resulting in a permanent increase in resistance.l®® These changes in the
structure of the GNP films might also affect the overall sensitivity to strain due to strain-
induced rupture of interconnects in the GNP network.

Huang et al. fabricated sensors comprising of GNPs with an average diameter of 25 nm
and tetra(ethylene glycol) dithiol as cross-linking agent. The sensors were fabricated using
consecutive batch deposition. To this end fresh amounts of GNP and cross-linker solution
were cast multiple times onto a substrate. Gauge factors of ~126 were found for this type
of sensor."?2l The group attributed these high gauge factors to the highly flexible linker
system as well as to the number of deposition cycles, finding similar results as observed
by Farcau et al.['2!

Anisotropy and Percolation. Though Herrmann et al. developed a commonly
accepted microscopic model for GNP-based strain sensors, they did not mention the often
overlooked (an)isotropic strain sensitivity observed for this type of sensors. This material
behavior, however, is highly important, especially considering sensor arrays to determine
strain directionalities.®"123] The sensor response, i.e., the relative change in resistance %f,
is attributed to two phenomena. They are called piezoresistive and geometric effect and

are described in equation 5.15 for a sensor with an applied bias along the z direction.!'?4

(5.15)

. A
with pp = G116y, + G126y, + g12€.,
0

Here, the change of the material’s resistivity upon applied strain is described by the
piezoresistive effect and is expressed by the relative change of the specific resistance Ap/pq.

The relative resistance change of the material due to changes in the sensing elements ge-

/ / /

) 6yy? €2z

denote the applied strain in z, y and z direction, respectively.?*! Compared to typical

ometry upon applied strain is described by the terms € These latter terms
metal foil strain gauges, where the change in resistance is mainly related to the geometric
effect, for semiconductor-based strain sensors both effects mentioned above play a major

role.[124,125]
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Assuming a linear correlation between strain and relative change in resistance, equation
5.15 shows, that the piezoresistive effect can be described by a sum of products of a
gauge coefficient and a strain along one dimension. The gauge coefficients g;; and gy
represent two different contributions to the relative change in resistance, depending on
the orientation of the strain axis to the overall current direction (current flows across the
electrode gap). In this model, g1; describes the piezoresistive sensitivity to strains applied
in parallel to the overall current direction and g2 describes the piezoresistive sensitivity
to strains oriented perpendicular to the overall current direction.

Another highly important aspect for the precise description of the responses to strain of
GNP-based sensors is percolation. If a voltage bias is applied to a GNP film, the charge
carriers follow preferred percolation pathways through the material, meaning that they
do not traverse from on electrode to another in a straight line, but take detours across
lower impedance junctions. Since these detours do not follow the overall current direc-
tion, they give rise to significantly influence sensitivities to strains applied perpendicular

to the overall current direction. This phenomenon is described by Jiang et al. and is

schematically depicted in figure 5.5.139)
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Figure 5.5: Schematic illustration of a percolation pathway through a GNP strain sensor between
two electrodes with parallel and perpendicular sections. The illustration shows the effects of parallel
and perpendicular strain on the percolation sections compared to a theoretical direct path. Reprinted
with permission from Ref. [39].

However, in literature studies report inconsistent response characteristics of GNP-based
strain sensors to strain applied in different directions. In contrast to the work presented
by Jiang et al.,) reporting on relatively small influences of perpendicular strains on
the overall sensor response, Zhao et al. stated that GNP-based sensors exhibit highly
anisotropic sensitivities.[*”) They found responses to orthogonal strains which are up to
two orders of magnitude higher than such to parallel strain with respect to the overall
current direction. Zhao et al. used GNPs with mean diameters of 2-5 nm, whereas Jiang

et al. used GNPs with diameters of 7-12 nm. However from equation 5.14 one would
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expect, that sensor made from particles with larger diameters exhibit higher sensitivities
to strain, which is contradictory comparing both of the afore mentioned studies.

As GNP-based strain sensors offer high flexibility and can be fabricated using various
deposition and patterning methods and due to their increased sensitivity compared to
metal foil strain gauges this work further emphasizes the impact of GNP-based devices
for the usage as strain sensors. They are promising candidates to be implemented in
a variety of applications such as health-monitoring, human—-machine interfaces, smart
robots and entertainment. Zhang et al. give a state of the art overview of nanoparticles
as sensor systems used in these fields.?6) However, as shown in equation 5.10 GNP strain
sensors exhibit cross sensitivities to temperature changes. These cross sensitivities can
be overcome by choosing dithiocarbamates as linkers!'%! or arranging such sensors in
Wheatstone bridges.

5.2.4 Resistive Chemical Sensing

Composite materials made from GNPs are also well-suited for the detection of gases, as
it will be explained below. In the 1990s Wohltjen and Snow discovered, that organically
stabilized GNPs exhibit a change in resistance when exposed to volatile organic com-
pounds (VOCs).[™ In their studies they fabricated sensors made from 2 nm sized GNP
clusters stabilized by octanethiol monolayers, deposited on interdigitated microelectrodes.
These chemiresistors were exposed to vapors of toluene, tetrachloroethylene, 1-propanol
and water.

The resistive chemical sensing mechanism of GNP-based materials underlies two major
phenomena that occur when analyte molecules interact with the matrix surrounding the
GNPs. First, due to analyte sorption, the GNP films swell, which results in an increased
interparticle distance. This leads, according to equation 5.10, to an increase in resistance.
Second, the adsorption of analyte in the organic matrix affects its permittivity €.. In
the case, that the organic matrix, surrounding and interconnecting the GNPs, consists of
saturated carbon dithiols, the permittivities of most analyte vapors are higher compared
to the matrix.'?”l According to the granular metal theory (equation 5.7) the activation
energy decreases with increasing €,. Concluding to that, the overall conductivity increases
(cf. equation 5.2) and hence this effect leads to a resistance decrease.

To investigate these two effects, Joseph et al. fabricated GNP films made with ADT cross-

[128] The latter are more rigid linkers compared

linkers as well as from staffene dithiols.
to ADTs, meaning the swelling of the GNP film is mostly suppressed upon analyte sorp-

tion. They showed that for staffene linkers the resistivity decreases upon analyte sorption,

25



5. Theoretical Background

presumably because the increase in permittivity becomes the dominating phenomenon,
since the swelling was less pronounced. However, as can be seen from many studies, the
increase in resistance due to swelling is the predominant effect, when using cross-linked
GNP films as chemiresistors.[63:128-130]

For several applications, however, the detection and recognition of VOCs is often required
within mixtures of various compounds. These circumstances demand for chemiresistors
which can discriminate between different analytes from mixtures, meaning they can se-
lectively detect certain analyte molecules in such mixture. This is required, e.g. for
pollutant detection,™! disease detection,!'®? food quality management!’3 and the de-
tection of explosives."” A common approach to detect single analytes from mixtures, is
to build arrays, so called "electronic noses', made from sensors with different selectivities,
which exhibit distinct response patterns upon exposure to different mixtures of analytes.
As an example, Persaud and Dodd were the first to develop a sensor array to mimic the
mammalian olfactory system in the 1980s.'3% This array was made of various copper-
doped tin oxide semiconductors, having distinct sensitivities to different analytes.

With ongoing technological development, the responses from the later called "electronic
noses" could be interpreted very effectively using principle component analysis (PCA) and
LDA.['35] To adapt this approach in the case of sensors made from cross-linked GNPs,
a crucial aspect about building a sensor array is to replace parts of the cross-linking
dithiol matrix with linkers or ligands containing different functional groups, like hydroxyls,
amines or carboxyls.[81136:137] These groups expose sorption sites for more polar analytes,
while the cross-linking matrix mostly interacts with non-polar molecules. An overview of
recent developments for electronic noses comprising of nanoparticle materials is given by
Hu et al.l®]

5.2.5 Mechanical Properties of Nanomembranes

In the following chapter, the term "nanomembrane" will be introduced. This term refers
to freestanding layers of cross-linked GNP composite materials with thicknesses in the
sub micrometer range and lateral dimensions of a few micrometers, which exhibit remark-
able strength and robustness. This section gives an introduction on different fabrication
methods as well as different approaches to determine the mechanical properties of such
materials.

A first fabrication method is presented by Jaeger and coworkers, who developed a two-
phase self assembling process. Here, GNPs stabilized with 1-dodecanethiol (12T) dissolved

in toluene were spread across a water droplet, deposited on a holey substrate. After the
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evaporation of the water, a freestanding monolayer of GNPs is formed over the holes.!'38!

Tsukruk and coworkers used spin-assisted LbL assembly together to build up multilayer

82,139] Together

nanoparticle composite materials as it was presented in various studies.!
with a sacrificial layer approach reported by Mamedov et al.,l'*01* where a cellulose ac-
etate membrane served as supporting layer and was subsequently dissolved in acetone,
they fabricated nanocomposite membranes suspended over circular microcavities with di-
ameters of up to several hundreds of micrometers.[142143l

Kowalczyk et al. presented a strategy to obtain freestanding nanoparticle membranes
comprising of mono- and multilayers. First, GNPs self assembled on a glass substrate
(cf. figure 5.6 a),b) and were subsequently cross-linked (cf. figure 5.6 ¢). Next, sodium
hydroxide solution was used to underetch the glass substrate and weaken the electrostatic
interactions between the nanoparticles and the substrate. After floating the substrates in
the NaOH solution for a few minutes, thin free floating membranes could be picked up

with an PDMS stamp (cf. figure 5.6 c).['44
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Figure 5.6: a) Fabrication of monolayers of GNPs on a plasmaoxidized glass substrate. b) Fab-
rication of GNP multilayers via solvent evaporation. The right columns give representative SEM
images of the mono-/multilayers. ¢) Depiction of the cross-linking, lift-off and transfer process of
GNP nanomembranes. Reprinted from Ref. [144] with permission from Whiley-VCH (2022).

This approach was also adapted and slightly modified by our group to fabricate GNP
membranes as presented in different studies.?*31:%4 Instead of PDMS stamps, 3D struc-
tured wafers were used to skim the membranes from the liquid/air interface. While the
above mentioned publications presented studies based on non-crosslinked nanoparticle
membranes, studies mentioned from our group reported on cross-linked multilayer GNP
membranes.

Furthermore, Hartmann et al. presented a study, where they adapted a transfer mecha-
nism for nanoparticle thin films published by Li et al.[*!] to obtain GNP nanomembranes

transferred onto 3D structured silicon wafers.™ Briefly, small PDMS stamps were pressed
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onto GNP films on glass. Next, the stamps were gently peeled of and pressed onto the
structured target substrate following a heating and cooling procedure. Subsequently, the

PDMS stamp was removed and freestanding nanomembranes were obtained.

Since nanoparticle composite membranes exhibit numerous new properties, there is a va-
riety of possible applications in the fields of sensing, wearable and flexible electronics.
To better estimate in which applications such GNP composites can be used, this works
aims to determine critical mechanical parameters such as stresses and strains until the
materials collapses.

There are different approaches for substrate-supported and freestanding composites re-
ported in literature to probe their mechanical properties, such as nanoindentation, buck-
ling and bulging. Even though the focus in this work laid on bulge experiments the first
two approaches are briefly explained.

Nanoindentation experiments are conducted using an AFM. The AFM is not only a pow-
erful tool for imaging, it is also capable of examining mechanical properties of nanomate-
rials, i.e. with indentation experiments.['*>148! During the indentation the AFM probe is
used to deflect the nanomaterial and a force-displacement curve is recorded. Later, me-
chanical properties can be extracted from such measurement using suitable models.!14’)
Various groups studied GNP membranes via nanoindentation finding elastic moduli of
several GPa.l'38143] These findings are in good agreement with simulations.?*'*9 Further-
more Pileni and coworkers observed, that the elastic modulus decreases with increasing
particle size as well as with increasing ligand length.'% This unintuitive behavior is ex-
plained by the increase in curvature for smaller particles compared to larger ones. Here,
the arrangement of the ligand molecules is affected, causing different ligand-ligand inter-
actions, resulting in different elastic moduli.[*?0-151]

Another approach to investigate the mechanical properties of nanoparticle composite ma-
terials is the buckling method. A typical measurement includes a soft polymer like PDMS
with a known elastic modulus and Poisson ratio.l'® After transferring the nanomaterial
onto the polymer substrate a compressive force is applied to it. This compression leads to
a microbuckled pattern. The buckling wavelength A can be obtained from either optical
microscopy or AFM measurements. According to equation 5.16 one can calculate the

elastic modulus of the nanomaterial.[*52]

— \1/3
E

A=2rd | =L (5.16)
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s
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Here, d is the thickness of the nanomaterial, E = E/(1 — v?) is the plain-strain modulus
and E and v are the elastic modulus and the Poisson ratio, respectively. The subscripts

f and s refer to the nanomaterial and the substrate, respectively.

The bulging approach employed in this work aimed to determine the elastic moduli, crit-
ical strains and critical stresses of GNP nanomembranes interconnected with different
dithiol linkers and is schematically shown in figure 5.7.

To perform bulging experiments, a nanomembrane is transferred onto a wafer substrate
containing an aperture. These apertures are typically circular shaped and in the microm-
eter range. Next, pressure differences of up to several kPa are applied and can even cause
the nanomembranes to collapse. The resulting deflection of the nanomembranes can be
measured via interferrometry!!42143:153 or via AFM,B0154159] 49 it was done in this work.
In a simple bulging approach, a nanomaterial with a pre-stress oy is placed onto such
afore mentioned substrate with a circular aperture having the radius a. The material is
then bulged by applying different overpressures P. The shape of the bulge can then be

[156] Because

calculated by applying a spherical cap model with a radius of curvature R..
the thickness t of the material is much lower than its lateral extent, the bending stiff-
ness of the material can be neglected by only considering the in-plane stress. Hence, the
nanomembrane can be considered as a thin-walled pressure vessel and its biaxal stress o

can be calculated according to equation 5.17.[31:156]

PR,
2t

(5.17)

g =

The biaxial stress is directly related to the biaxial strain € in the linear regime with the

biaxial modulus Y and the Poisson ratio v according to equation:3!

€ (5.18)

The biaxial strain € of the nanomaterial can be obtained from equation 5.19:3!]

S — 8o

(5.19)

S0
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Here, s is the bulge’s arc length measured upon application of an overpressure and sq is
the bulge’s arc length at infinitesimal applied stress. The arc length s can be calculated

according to:

a
= 2R, in — 5.20
s arcsin I ( )

(¢

The radius of curvature R, is extracted using the circular-fit method. To this end, circles
were fitted to the dome section of the line profiles of the nanomembrane’s bulge taken
with the AFM under varying pressure.!

In this work, the nanomembranes’ critical stress and strain parameters were recorded.
For that purpose, the nanomemrbanes were bulged until they ruptured and from the last
obtained set of measurement points for an intact nanomembrane, critical stress and strain
values were calculated. In order to protect the AFM’s cantilever from being damaged by
rupturing nanomebranes, underpressures were applied to the back side of the nanomem-
branes by using a vacuum pump. However, it should be noted, that all calculations shown

above can be conducted for either positive or negative pressure differences.

S

Figure 5.7: Schematic illustration of a bulge measurement as it was conducted in this work. An
underpressure was applied to the nanomembrane. The blue and green arrows indicate the radius
of curvature R. and the aperture radius a, respectively. The purple outline marks the bulge’s arc
length s. Line profiles of the nanomembrane’s topography were obtained via AFM measurements.
Adapted from Schlicke.!'57]

5.2.6 Stability of Gold Nanoparticles

Despite the progress in understanding the manifold possible applications of GNP compos-
ite materials, another crucial aspect regarding their implementation in commercial devices
is the evaluation of their aging behavior. Here, it is of high importance to understand

under which conditions and time scales GNP composites are stable in a way that crucial
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properties such as the perturbation sensitive charge transport remain unchanged. Other-
wise sensor responses would change and hence false interpretations might be the cause.
Dasog et al. presented a study in 2007, showing that halide ions play a crucial role in
oxidizing GNPs in solution when exposed to air.'®® They found that Ostwald ripening
mechanisms lead to an increased particle size and that thiol oxidation decreased with in-
creasing particle size. Hou et al. investigated the oxidation of monothiolate and dithiolate
capped GNPs with a diameter of ~2 nm. They surprisingly found that dithiolate-capped
GNPs have a higher oxidation rate than monothiolate-capped GNPs. They attribute
these findings to the higher accessibility for oxygen ions to reach the metal core in a dis-
ordered dithiolate matrix, whereas monothiolates form highly ordered monolayers on the
particles’ surface.!'5%

In a recent work, Kraus and coworkers found that the storage of 12T stabilized GNPs
under different ambient and inert conditions alters the particles’ colloidal stability and
optical properties. They state that only particles stored under argon gas are mostly pro-
tected from aging effects and quantified their results with dynamic light scattering (DLS)
and UV /vis absorption spectroscopy measurements. !

However, most of the above presented studies investigated particles in solution. Since
the sensor applications of GNPs relevant in this work are based on substrate-supported
composite materials, aging experiments performed with cross-linked GNP films would be
more meaningful. Here, Joseph et al. presented a first study about the long-term stabil-
ity of 9DT and 1,16-hexadecanedithiol (16DT) cross-linked GNPs aged for 44 months.[*6!
They compared the gas sensing properties towards a variety of analytes before and after
the storage under different conditions (ambient and inert). Their findings were supported
by XPS and resistance measurements. The group showed, that composites stored un-
der ambient conditions mainly change their sensing properties due to oxidation of the
gold-bound sulfur, resulting in lower responses to hydrophobic and higher responses to
hydrophilic gas analytes after 44 months. Furthermore they found decreased baseline
resistances after storing, as well as coalescent particles. This is in agreement with a study

158] However, contradictory results were found in studies by Hou et al.

[159,160]

mentioned above.
and Lacava et al., because no particle agglomeration was observed after aging.
Even considering its importance, only little on GNP aging was found literature. Hence,
aging experiments were conducted in the scope of this work, focusing on artificial aging, as
commonly employed in industry.'2 Here, 9DT cross-linked GNPs of different sizes were
aged at high temperature and high humidity for four weeks in a climate chamber to pro-
mote higher reaction speeds. As an approximation the Qg rule, which is commonly used
for enzyme reactions, is applied to estimate a virtual aging time for the samples if aged

under ambient conditions.'®¥ Several experiments such as charge transport, mechanical,
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x-Ray diffractometry (XRD), XPS, UV /vis spectroscopy and optical measurements were

performed to monitor the aging of such composite nanomaterials.
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5.3 Applications of Gold Nanoparticles as Flexible

Wearable Sensors

In the past years, significant research efforts have been devoted to investigate GNP com-
posites as wearable strain and chemical sensors. The possible applications are widely

(164] human-machine

spread across a variety of topics, such as body motion monitoring,
interfacing,!'%! breath and sweat analysis.['%1677 GNPs are also commonly employed as
colorimetric sensors, due to their strong plasmonic coupling. However, this aspect is not
further discussed in the scope of this work.

Figure 5.8 schematically summarizes the different fields of applications for wearable GNP
chemical and strain sensors. A huge benefit among other (metal) nanomaterials is the
high biocompatibility of GNPs,'%8 a crucial aspect, since most devices are in direct con-
tact with the human skin. In the following a state of the art overview is given for the

categories chemical and strain sensing, in which GNPs find various applications.
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Figure 5.8: Schematics of the employment of GNP-based sensors for various applications. Reprinted
from Ref. [67] with permission from Whiley-VCH (2022).
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5.3.1 Chemical Sensors

Wearable chemical sensors capable of monitoring humidity from human skin in real
time can provide information on the individual health status.l'6% In a recent work, Su
et al. presented a highly sensitive humidity sensor based on GNPs/graphene oxide/3-
mercaptopropyltrimethoxysilane. The sensor was fabricated via a sol-gel process and self
assembly. The sensor showed high flexibility, low hysteresis and relative humidity (rH)
detection from 20 %90 %.'™ Liao and coworkers also presented a highly responsive hu-
midity sensor with a detection range of ~2 %95 % rH and fast recovery times of 1-3 s.14%!
To fabricate highly homogeneous humidity sensors, Zhang et al. adapted inkjet-printing
technology to fabricate flexible humidity sensors made of GNPs/reduced graphene oxide
composites on PET substrates. The sensor exhibited high optical transparency and a wide
detection range from 11 %98 %rH.'™ Samori and coworkers reported on a sensor based
on GNPs interconnected with oligoethylene glycol dithiols showing high response times

(~26 ms) and short recovery times (~250 ms) without hysteresis or fatigue effects.!™

Despite the exhaled water, the human being transpires a myriad of biomarkers and VOCs
while sweating or breathing. Hence, the development of chemical sensors to detect and
discriminate such biomarkers is of high interest for disease diagnosis to improve health care
monitoring applications.'™ As for example NHj is a biomarker for kidney and stomach
diseases, Li et al. developed a sensor comprised of gold/polypyrrole electrospun nanofi-
brous films. Here, NH3 can easily penetrate into the porous structure. The GNPs play
a crucial role in promoting the reactions between the polypyrrole and the NHjs leading
to high sensitivity, fast response and recovery behavior at room temperature.l'™ GNPs
can further help to reduce the operating temperature of state-of-the-art semiconductor
metal-oxide based gas sensors. Ma et al. fabricated SiO,-WO3 composites decorated
with GNPs (diameter: 5 nm) capable of sensing ethanol gas with high sensitivity at an
operating temperature of 150 °C.[166

Glucose sensing also plays a major role in the field of chemical sensing, since diabetes is a
chronic illness that has high impact on human health and can lead to a variety of compli-
cations in many organs.!”™ To ease diabetes monitoring, electrochemical glucose sensors
can overcome these challenges. Park and coworkers presented a graphene oxide/PtGNP
alloy sensor having great potential to detect glucose in the human sweat. The alloy was
electrochemically deposited onto the graphene oxide to increase the electroactive area.
Here, the oxidation of glucose to gluconolactone and HyO45 was catalyzed and the glucose
concentration was determined by the redox potential of the HyO4.'") To improve the

wearing comfort, Kim et al. developed a noninvasive wireless patch type glucose sen-
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sor based on hyaluronate/GNP /graphene oxide.l'” The complex provided high surface
area, good stability, long-term sweat retention and enhanced enzyme reaction. The group
showed, that the sensor exhibited fast response times (~5 s) and a low detection limit
(0.5 mg dL''). By comparing this sensor to a commercially available blood glucometer, a

good correlation was found.

5.3.2 Strain Sensors

Among many nanomaterials such as graphene, carbon nanotubes and carbon black, metal
nanoparticles have proven to be effective for building high-performance wearable strain
sensors. In this scope GNPs are excellent candidates to develop such sensors, as it will
be discussed in the following.

As can be seen from chapter 5.2.2 GNP based sensors show an unwanted cross sensitivity
towards changes in temperature. Here, Yi et al. developed a strain sensor fabricated on

PET substrates in two thermal evaporation steps.[104

The sensor showed high sensitivity
with a detection limit for mechanical strain of 8.3 x 10% and temperature coefficients of
almost zero. This suggests, that distortions of the sensor signal by changes in temperature
are eliminated. The group presented a proof of concept application to use this sensor for
pulse wave measurements, since the shape of the pulse wave patterns give insight to many
diseases such as arterial stiffness and high blood pressure.[7”

Another method to monitor pulse-related data to prevent cardiovascular diseases, is to
record a cardiogram. You et al. reported on a flexible PDMS supported sensor, where
GNPs were rubbed over the elastomer’s surface.'™ Liquid PDMS was subsequently
poured onto the GNP pattern to form the final sensor. This sensor could be employed to
measure real-time mechanocardiogram and hemodynamics of the heart.

Next to the above mentioned physiological parameters, it is also of high interest to monitor
human motions with lightweight and high comfort sensors. Gong et al. developed flexible
strain sensors on different substrates (PET, PDMS, Eco-flex, nitrile, latex) made from
gold nanowires.'™ The sensors exhibited high stretchability of >305 %, a wide strain
range (0.01 % — 200 %), fast response times (<22 ms) and high robustness of over 5000
loading—unloading cycles. These sensor properties allowed for the movement detection
of different muscle regions such as cheek motions and finger flexion at a moderate gauge
factor of ~10. Such nanowire-based sensors can also be employed as human-machine in-
terfaces as presented by another of that group’s studies.'® Here, gold nanowires were
doped with polyaniline microparticles and drop-casted onto a latex rubber increasing the

conductivity by a factor of 10 and improving the sensitivity by a factor of ~8. The as
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fabricated sensors were fixated onto a glove to allow the remote control of an robotic arm.
Duan et al. presented another approach by forming a hybrid material of silver nanowires
and gold nanowires. This composite material exhibited gauge factor values from 12 at 5 %
strain to 2370 at 70 % strain and allowed for the detection of moving body parts, such as
facial movements, drinking and saliva swallowing.'®! Furthermore, An et al. presented
a sensor made of gold nanowires partially embedded in PDMS, which were subsequently
transferred onto polyvinyl alcohol paper and used as a human-machine interface.['8?

Among spherical nanoparticles and nanowires a third type of nanoparticle shapes, gold
nanosheets, were employed as wearable strain sensors. Here, Lim et al. presented a sensor
made from multilayers of nanosheets (thickness: 20 nm) stacked on an elastomeric sub-
strate yielding a highly stretchable thin film.'®3l Gauge factors of up to 70 were measured
and the sensor was capable of enduring strains of up to 70 %. The sensor response further
remained reliable even after 10.000 stretching cycles and could be used for body motion

detection such as walking, swallowing and breathing.
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6 Experimental Section

6.1 Gold Nanoparticle Synthesis

In the following, two syntheses methods for the preparation of amine-stabilized GNPs with
different particle diameters are described. Particles synthesized according to a method
described by Leff et al.® have a diameter of ~4 nm, whereas particles synthesized ac-
cording to a method presented by Peng et al.l®!] have a diameter of ~8 nm. It has to be
noted, that the synthesis according to Peng et al. was slightly modified by using n-hexane

and 1-dodecylamine (12A) instead of tetralin and oleylamine, respectively.

6.1.1 Synthesis according to Leff et al.

Materials and Apparatus. Materials: Gold(III)chloride trihydrate (Alfa Aesar,
99.99 %), tetraoctylammonium bromide (TOAB), 12A (both Sigma Aldrich, 98 %),
sodium borohydride (SBH) (Fluka, > 99 %), toluene (VWR, 99.5 %), ethanol (VWR,
100 %), n-heptane (Honeywell, > 99 %), 0.2 pm polytetrafluoroethylene (PTFE) syringe
filters (Micropur), 12T (Sigma Aldrich, > 98 %), demineralized water (18.2 MQ cm,
ELGA LabWater, PURELAB flex System).

Apparatus: Centrifuge (Sigma, 3-18K).

Synthesis.  The reaction was conducted in 500 mL Schott flasks. All agents as well
as their molar amounts and solvents used for the synthesis are listed in table 6.1. First,
gold(III)chloride trihydrate was dissolved in demineralized water and added to the Schott-
flask. Then, TOAB and 12A were separately dissolved in toluene and SBH was dissolved
in demineralized water. All agents were heated to 30 °C in a water bath before usage. Due
to the short half-life period of SBH it was dissolved just before adding it to the reacting
solution. Under vigorous stirring TOAB, 12A and SBH were added to the reacting solution
in this order. Here, the TOAB acts as a phase transfer agent to transfer the gold precursor
to the organic toluene phase. After the phase transfer was completed, the 12A was added
to stabilize the nanoparticles and the solutions changed its color to a turbid orange. After

adding the SBH, which acts as a reducing agent, the reaction solution instantly turned
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into a dark red indicating the formation of GNPs. The reaction was left under stirring for
16 h. Afterwards, the aqueous phase was discarded and 80 mL of ethanol were added to
the organic phase to precipitate the GNPs. Subsequently, the solution was stored for at
least 15 h at -8 °C. After discarding most of the clear supernatant the remaining solution
was centrifuged for 10 minutes at 4400 g and 0 °C. After subsequent drying the GNPs in
a stream of nitrogen, the GNPs were redispersed in 4 mL of n-heptane and filtered using
0.2 pm PTFE syringe filters.

Table 6.1: Molar amounts of chemicals for Leff synthesis.

chemical amount of solvent / volume
substance [mmol] [mL)]
gold(IIT)chloride trihydrate 0.5 demin. water / 20
TOAB 1.2 toluene / 20
12A 6.4 toluene / 30
SBH 6.04 demin. water / 20

Ligand Exchange for TEM Analysis. = GNPs stabilized with 12A tend to accumulate
during exposure to high energy electron beams. To increase the stability of such GNPs
during TEM analysis, a ligand exchange from 12A to 12T was conducted.!'% Therefore,
500 pL of n-heptane were firstly mixed with 25 pL of 12T and 25 pL of the GNP stock
solution were added. After agitating the mixture for 30 min, 1 mL of ethanol was added.
The resulting suspension was centrifuged at room temperature (2000 g, 5 min) and the
supernatant was discarded. The particles were subsequently dried in a stream of nitrogen

and finally redispersed in toluene.

6.1.2 Synthesis according to Peng et al.

Materials and Apparatus.  Materials: 12A (Sigma Aldrich, 98 %), n-hexane (Honey-
well, > 99 %), gold(III)chloride trihydrate (Alfa Aesar, 99.99 %), TBAB (Sigma Aldrich,
97 %), n-heptane (Honeywell, > 99 %), 2-propanol (VWR, 97.8 %), ethanol (VWR,
100 %), oleylamine (Sigma Aldrich, 70 %, technical grade), 0.2 pm PTFE syringe filters
(Micropur).

Apparatus: Centrifuge (Sigma, 3-18K).

Synthesis. Table 6.2 lists the required amounts of all agents needed for the synthesis. A
typical synthesis was performed in a 50 mL three-neck flask by dissolving 12A in 10 mL of
n-hexane and heating the solution to 30 °C. After the amine, used to stabilize the forming

nanoparticles, fully dissolved, 1 mL was withdrawn and gold(III)chloride trihydrate was
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added to the remaining solution in the three-neck flask under vigorous stirring. In a next
step TBAB, acting as a reducing agent, was added to the separated 1 mL of 12A /n-hexane
mixture. After dissolving the TBAB completely, the TBAB/12A /n-hexane mixture was
rapidly added to the three-neck flask. The solution was kept under mild stirring for one
hour. Subsequently the synthesis was stopped and 50 mL of ethanol were added to the
solution and it was stored over night at 4 °C. Afterwards, the solution was centrifuged
(20000 g, 10 min, 0 °C) and the precipitant was dried in a stream of nitrogen. The GNPs
were redispersed in 4 mL of n-heptane. To remove excess ligands from the GNPs, 12 mL
2-propanol were added. The solution was centrifuged again according to the parameters
mentioned above. The washing step cycle was carried out twice. Finally, the GNPs were

redispersed in 4 mL n-heptane and filtered using 0.2 nm PTFE syringe filters.

Table 6.2: Molar amounts of chemicals for Peng synthesis.

chemical amount of

substance [mmol]
gold(I1T)chloride trihydrate 0.25
TBAB 0.5
12A 30

Ligand Exchange for TEM Analysis. To prevent agglomeration of such GNPs a
ligand exchange from 12A to oleylamine was conducted. Therefore, 500 nL of n-heptane
were mixed with 25 pL of oleylamine and 25 ulb of GNP stock solution. After agitating
the mixture for one hour, 1 mL of ethanol was added. The resulting suspension was
centrifuged at room temperature (2000 g, 5 min) and the supernatant was discarded.
The particles were subsequently dried in a stream of nitrogen and finally redispersed in

toluene.

6.2 Fabrication of Gold Nanoparticle-Based Sensors

In this work, GNP strain and gas sensitive sensors comprised of differently sized GNPs
cross-linked with 9DT were fabricated. For the chemiresistors, various monothiols were
added to tune the sensors’ selectivity. GNP thin films were fabricated and structured
using different methods. Strain sensors were solely fabricated using a spin-assisted LbL
deposition technique (cf. figure 6.1) as described in our groups earlier work.!'°! Chemire-
sistors were fabricated using ink-jet printing (cf. figure 6.5). For all applications, the

sensors were transferred onto flexible supporting substrates.
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6.2.1 Fabrication of Resistive Strain Sensors

Materials and Apparatus.  Materials: Glass cover slips (Carl Roth, LH24.1, borosil-
icate, 22 x 22 mm?, thickness 0.17 + 0.005 mm), acetone (VWR, 100 %), methanol
(VWR, 100 %), 2-propanol (VWR, > 99.5 %), chlorobenzene (Honeywell, > 99 %),
PMMA (Sigma Aldrich, average molecular weight: 996 kDa), 4M2P (Sigma Aldrich,
> 98.5 %), 9DT (Alfa Aesar, 97 %), demineralized water (purified using a Purelab flex
system, 18.2 MQcm), PDMS (Sigma Aldrich, Sylgard 184, ratio 10:1, w:w, base:curing
agent), PI foil (DuPont, 200QR1), Dragon Skin 30™ (DS) polymer (KauPo), conductive
silver paste (PE873).

Apparatus: Plasmasystem (Harrick Plasma, Plasma Cleaner PDC-32G), ultrasonic bath
(PTIC-3-ES, Palssonic), spin-coater (Stiss MicroTec, LabSpin 6), hot plate (Harry Ges-
tigkeit GmbH, PZ 28-2 SR), vacuum deposition system (Oerlikon Leybold Vacuum, UNI-
VEX 350G).

Substrate Preparation for Spin-Coating. Glass cover slips for GNP film prepara-
tion were first immersed into an acetone bath and sonicated for 15 min. Afterwards the
glass substrates were washed with demineralized water and dried in a stream of nitro-
gen. Finally they were treated in air plasma for two minutes to remove residual organic

components.

Fabrication of GNP Films. For a typical GNP film fabrication, GNPs were de-
posited onto the pre-treated glass cover slips using spin-coating LbL deposition rotating
the cover slips at 3000 rpm. In a first step, 100 pL of the 9DT /methanol cross-linker
solution (7.4 mM) were deposited twice within a time interval of 30 s. Next, 10 pL of the
GNP stock solution were applied, followed by two deposition steps of the 9DT /methanol
cross-linker solution. Between each deposition step an intermission of 30 s was adhered
to. In this context one GNP stock solution and two cross-linker solution steps represent
one layer of the GNP film. This sequence may be repeated for several times to vary the
film’s thickness. In this work, GNP films comprising of three or five layers layers were
fabricated.

Subsequently, the cover slips were immersed in ~5 mL of the cross-linker solution for
~16 h. Next, the films were thoroughly rinsed with acetone and dried under nitrogen

flow. Figure 6.1 depicts a schematic of the spin-coating process.
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a) 2x DT/methanol 1x GNP/n-heptane 2x DT/methanol

& d &

b)

immerse in DT/methanol
over night

Figure 6.1: a) Schematic depiction of the spin-coating process.!'®? First, a dithiol (DT)/methanol
solution was spin-coated twice onto the substrate. Next, the GNP solution was deposited followed by
the cross-linking solution. The obtained GNP films were immersed in the respective DT /methanol
solution for ~16 h. b) An exemplary GNP film deposited on glass is shown.

Fabrication of Lithographically Patterned GNP Films. To fabricate GNP films
with elaborate geometries, they were patterned via deep ultraviolet (DUV) lithography in
a lift-off method according to a procedure by Schlicke et al.l®¥ First, the glass cover slip was
plasma treated as described above. Next, the substrate was coated with PMMA dissolved
in chlorobenzene (33 mg/mL) via spin-coating (4000 rpm, 60 s) and baked for 10 min
at 60 °C (cf. figure 6.2 a) step i). Next, the PMMA-coated substrate was exposed to a
custom-built DUV radiation source (A 254 nm, dosis: 34,4 mW/cm?) through a custom-
designed quartz photomask for 130 min (cf. figure 6.2 a) step ii). After irradiation, the
PMMA was developed using a mixture of 2-propanol and 4M2P (ratio 3:1, v:v) for 70 s
and rinsed with 2-propanol (cf. figure 6.2 a) step iii). After additional plasma cleaning
the glass substrates for 2 min, GNPs were deposited via spin-coating as described above
(cf. figure 6.1). The fabrication of the photomask is described below. The GNP films
spin-coated onto PMMA-patterned substrates were immersed in 9DT /methanol solution
for two hours. In a final step, a lift-off was performed by immersing the cover-slips into
acetone to remove residual PMMA yielding a patterned GNP film (cf. figure 6.2 a) step
iv). A representative image of a lithographically patterned GNP transducer on glass is

shown in figure 6.2 b).

42



6. Experimental Section

a) b)

!
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Figure 6.2: a) Schematics of the fabrication of lithographically patterned GNP films. Part i shows
PMMA-coated glass substrates. Part ii depicts the DUV irradiation of the glass substrate through
a photomask. Part iii-iv show the developed PMMA on the glass substrate and the GNP thin film
after the lift-off, respectively. b) Image of a GNP film after the PMMA layer and excess GNPs were
removed from the top side via lift-off. Residual GNP film still remains on the backside of the glass
substrate.

Transfer onto Flexible Polyimide (PI) Substrates. Before transferring the as-
prepared glass-supported GNP films onto a flexible polymer substrate, the films were
mechanically structured using a scalpel. The GNP films were removed in such a way, that
there was 1 mm space to the edges of the glass substrate and 2.5 mm x 4 mm rectangles
were obtained (figure 6.3 a)). It has to be noted, that no further mechanical structuring
for the GNP films fabricated using the lithography step was necessary. The mechanically
structured rectangular films were cleaned under nitrogen flow and a sacrificial PMMA
layer (100 pL, 5 wt% in toluene) was spin-coated on the sample. The PMMA layer was
also removed at the edges of the glass substrate as described above and the samples were
cleaned under nitrogen flow (figure 6.3 b).

A small piece of PDMS (~4 mm x 4 mm, thickness: ~2 mm) was used as a stamp and
gently pressed onto the GNP film (figure 6.3 ¢). Next, a small amount of demineralized
water (1-3 pl) was applied to the glass substrate/PDMS interface. By thoroughly lifting
the PDMS stamp with tweezers the water was guided between PDMS stamp and glass
substrate and creeped underneath the GNP film. Finally, the PDMS stamp could be
removed with the GNP film on it (figure 6.3 d).

Before transferring a GNP film onto the target PI substrate, the substrate was thoroughly
cleaned in acetone, 2-propanol and demineralized water and subsequently treated with air
plasma for two minutes. After plasma cleaning, the PDMS/GNP stamp was immediately
placed onto the flexible PI substrate and it was ensured, that no air was trapped in the
PI/GNP interface. In a next step, the PDMS stamp was pressed onto the PI substrate
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with a custom made press to ensure full contact between GNP film and target PI sub-
strate 6.3 e). The substrate containing the PDMS stamp was then heated to 70 °C for
seven minutes and subsequently cooled to 0 °C for another seven minutes to ease the
removal of the PDMS stamp 6.3 f). After the PDMS stamp was detached, the sacrificial
PMMA layer was removed by immersing the PI substrate into acetone and subsequent
drying under nitrogen flow. In a final step, gold electrodes (thickness: 100 nm) were de-
posited via physical vapor deposition (PVD) onto the PI substrates using shadow masks
6.3 g)-h). Typically, canulas with diameters from 200 pm — 800 pm were used as shadow
masks, however, for the lithographically structured GNP films custom designed shadow
masks (fabricated by Beta LAYOUT GmbH, Germany) were used. Figure 6.3 i shows an
exemplary image of a GNP film with gold electrodes transferred onto PI.

ress  PDMS *\
glass : p_ - peel off 1 Hs0
a) GNPfim Substate  p) PMMA ©) I d) e
iy . — y e 3 o f:_:-:-o
PVD
h) electrodes 9) Q ! ! !
shadow 2
mask 7

Figure 6.3: Schematics of the transfer process of GNP films onto PI flexible substrates. a) — d)
depict the transfer mechanism from the glass cover slip to the PDMS stamp. e), f) show the transfer
process onto the flexible PI substrate. g), h) depict the gold electrode deposition process via PVD.
A representative image of a GNP film transferred onto PI foil with an electrode gap of 200 nm is
shown in figure i). Reprinted with permission from Ref. [62]. Copyright 2018 American Chemical
Society.

Transfer onto Flexible Dragon Skin 30™ (DS) Substrates.  First, flexible DS
polymer substrates (thickness: 0.5 mm) were fabricated by mixing both silicon compo-
nents (ratio 1:1, m:m) in a petri dish. To achieve the desired thickness, the petri dish
was gently rotated at 500 rpm for 20 s using a spin-coater. After curing for 24 h, circu-

lar parts (diameter: 32 mm) were cut out and gold electrodes (thickness: 100 nm) were
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deposited onto the DS substrate via PVD using custom designed shadow masks. Next,
a glass piece containing a lithographically patterned GNP film was gently pressed onto
the DS substrate containing the evaporated electrode structure. The glass substrate was
thoroughly removed using a small amount of water as described above, yielding a GNP
transducer transferred onto the electrode structure (6.4 a). Next, thin copper wires were
fixated onto the electrode pads using silver conductive paste. After drying the paste for at
least 2 h, a protective layer of liquid DS polymer was poured on top of the lower DS layer
to fully cover the GNP thin film and the electrode structure, yielding a flexible sensor
with a total thickness of ~2 mm (6.4 b).

Figure 6.4: a) GNP film transferred onto flexible DS substrate with evaporated gold electrodes. b)
Readily prepared DS sensor with GNP film transducer and wires fully embedded in the DS polymer.
The wires are fixated onto the gold electrodes via silver conductive paste before embedding them in
the DS polymer.

Fabrication of DUV Lithography Photomasks.

Materials and Apparatus.  Materials: Quartz microscopy slides (Science Services,
25 mm x 25 mm x 1 mm), ammonia solution (Emsure, 28-30 %), hydrogen perox-
ide (Chemsolute, 30 %), AZnLOF 2020 (MicroChemicals), AZ 726 MF (MicroChemi-
cals), potassium iodide (Merck, 99.5 %), iodine (own filling, 100 %), triammonium citrate
(VWR, 99.4 %), TechniStrip NI555 (MicroChemicals).

Apparatus: Plasmasystem (Harrick Plasma, Plasma Cleaner PDC-32G), ultrasonic bath
(PTIC-3-ES, Palssonic), spin-coater (Stss MicroTec, LabSpin 6), hot plate (Harry Ges-
tigkeit GmbH, PZ 28-2 SR), vacuum deposition system (Oerlikon Leybold Vacuum, UNI-
VEX 350G).

First, organic components were removed from quartz glass substrates by immersing them
in a solution of HoO:NH3:HyO4 (5:1:1, viv:v) for 20 min at 65 °C. Subsequently, 10 nm of
titanium and 100 nm of gold were deposited onto the quartz substrate via PVD. Next,
the substrate was coated with AZnLOF 2020 via spin-coating (3000 rpm, 60 s) and soft-
baked for 60 s at 110 °C. The substrate was then selectively exposed to UV-light according

to a pattern designed with Klayout (version 0.24.10). After exposure, a post-exposure
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baking step was performed for 60 s at 110 °C. The photoresist was developed for 60 s
using AZ 726 MF and rinsed with demineralized water. The gold layer at the exposed
areas was removed in a solution of HoO:KI:I, (400:4:1, v:v:v) for 5-7 min. The titanium
layer was removed by immersing the quartz mask in a solution of 5 wt% triammonium
citrate in HyOs for 60 s at 40 °C. After rinsing the quartz mask with demineralized water,
the residual photoresist was removed using TechniStrip NI555 at mild stirring (120 min,
80 °C).

6.2.2 Fabrication of Chemiresistors

Materials and Apparatus. Materials: 9DT (Alfa Aesar, 97 %), 4-mercapto-1-
butanol (4AM10OH) (Merck, 95 %), 3-mercaptopropionic acid (3MPA) (Merck, > 99 %),
1-thioglycerol (TG) (Merck, > 97 %), n-octane (Merck, 99 %), ethanol (VWR, 99.8 %),
I-propanol (Griissing, 99.5 %), PI foil (Kapton, 200QR1; thickness: ~50 pm), conductive
silver paste (PE873), nylon syringe filters (PureTech, Nylon030N0451, pore size: 0.45 pm).
Apparatus: robotic dispensing system (Dispenser Tech Co., Ltd., DT-200F), homogeniser
(Kennesaw, Omni Ruptor 4000), plasmasystem (Delta, TP04), inkjet printing system
(MicroFab Technologies Inc., JetLab 4), multimeter (Hila, DM2630).

Fabrication of Fully Printed Flexible Chemiresistors. In a first step, conduc-
tive silver paste was homogenized for 3 min before an interdigitated electrode structure
containing four fingers with a length of ~4.5 mm and a spacing of ~250 pm was printed
on PI foil using a robotic dispenser system (nozzle diameter: 110 pm). Additionally, two
electrode pads (3 mm x 3 mm, distance: 5 mm) were printed at the outer parts of the
electrode fingers. After printing, the silver paste electrodes were sintered for 1 h at 100 °C.
In a next step, the PI foil with the patterned electrodes was cleaned with air plasma for
90 s to allow a homogeneous deposition of the GNPs onto the substrate.

For the fabrication of fully printed GNP chemiresistors, two types of inks were used,
namely a GNP ink and a cross-linker/ligand ink and deposited onto the substrate with
an inkjet printing system (nozzle diameter: 50 pm). The nozzle was driven by a bipolar
(positive, negative) pulse. For droplet ejection the rise time was set to 4 ps, dwell time,
fall time and echo time were set to 3 ps, the final rise time was set to 2 ps, the dwell
voltage was set to 20 and 25 V (for GNP ink and cross-linker ink, respectively) and echo
voltage was set to -30 V. Before printing the GNP ink, it was filtered using nylon syringe
filters. A variety of cross-linker inks consisting of either pure 9DT or 9DT with monothiols

was used to interconnect the GNPs during the printing process (cf. table 6.3).
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Table 6.3: Cross-linking mixtures used for inkjet printed GNP chemiresistors.

cross-linker/ligand  ratio [vol%]  solvent
9DT/- 100 n-octane
9aDT/TG 50/50 1-propanol
9IDT/TG 75/25 1-propanol
9DT/3MPA 50/50 1-propanol
9DT/3MPA 75/25 1-propanol
9DT/4M10H 50/50 1-propanol
9DT/4M10OH 75/25 1-propanol

Both ink types were printed in an alternating sequence (i.e., GNP-(cross-linker)-GNP-
(cross-linker), etc.). Each coating (GNP, cross-linker) consisted of four layers printed on
the substrate (cf. figure 6.5). To obtain a fairly homogeneous coating the droplet spacing
for each layer was set according to table 6.4. After each printed layer the moving direction
of the printer stage was rotated 90°. To achieve the desired droplet spacings the moving
speed of the printer stage was altered for each of the four layers (cf. table 6.4), because

a constant ejection frequency of 500 Hz was maintained.

Table 6.4: Droplet spacing and movement speed for printed GNP and cross-linking layers.

layer droplet spacing [pm] moving speed [mm s7!|

1 40 20
2 50 25
3 45 22.5
4 37 18.5

These parameters led to a droplet size of 45 to 65 pm in diameter at an ejection speed
of 1-2 m s!. After each printed coating the resistance of the films were measured using
a Hila DM2630 multimeter in order to monitor the formation of the GNP films during
the printing process. Finally, after printing, the sensors containing only 9DT as cross-
linker were immersed in the respective 9DT cross-linker ink for 12 h at room temperature.
Sensors fabricated using mixtures of 9DT and a monothiol (cf. table 6.3) were immersed
in the respective 9DT /monothiol ink for one hour. In a final step each sensor was washed
with n-octane and ethanol, dried and subsequently stored under nitrogen atmosphere.
Figure 6.5 shows a sketch of a fabricated sensor containing interdigitated electrodes and

the structure of the GNP film with its GNP and cross-linker coatings and layers.
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electrodes
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Pl substrate contact pad layer 4

Figure 6.5: Schematics of the inkjet printing process showing the mesh-like structure of the printed
layers building up a coating. First, a coating of GNPs consisting of four layers was printed. Next,
a coating of dithiol cross-linking ink was deposited the same way. This process was repeated until
a total of five coatings was printed. Adapted with permission from Ref.[81]. The material was
modified compared to the original figure shown in the publication.

6.3 General Characterization

In this chapter general characterization methods for GNP stock solutions, GNP films and
sensor comprising of cross-linked GNPs are described. It has to be noted that due to their

fabrication process not all sensors could be characterized identically.

6.3.1 UV-Vis Absorbance Spectroscopy

To estimate the particle concentration of obtained GNP stock solutions, absorbance spec-
tra were recorded using a UV /Vis spectrometer (Varian Cary 50). A typical measurement
was performed using quartz glass cuvettes (optical path length: 10 mm). The GNPs were
diluted with the respective solvent of the stock solution. All measured spectra were
corrected for background absorbance by recording a baseline spectrum of the respective
solvent. The concentration of the GNP stock solution was obtained by using the formula
presented by Haiss et al.l'84

Furthermore, fabricated GNP films on glass substrates were analyzed to estimate the
homogeneity of the films. Therefore, the substrate was placed in a custom-built sam-
ple holder perpendicular to the incident beam and spectra at four different spots were

acquired.
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6.3.2 Transmission Electron Microscopy (TEM)

Ligand-stabilized GNPs were prepared for TEM analysis as described in chapter 6.1.1.
Next, 3 times 10 pL. were deposited onto a carbon film covered TEM copper grid and the
excessive solution was removed after 30 s. Cross-linked GNPs were prepared for TEM
analysis by floating the glass cover slip supported GNP film on a water surface for at least
16 h. After gently pressing down the cover slip, a floating GNP film was obtained and
skimmed from the water surface using a carbon film covered TEM copper grid. All samples
were measured with a Jeol JEM-1011 (LaBg cathode, acceleration voltage: 100 kV). To
determine the average diameter of the particles at least 500 GNPs were evaluated using
ImageJ software. Particles with a diameter below 1 nm were excluded from the statistics

and the circularity was set to a range of 0.6.!'°)

6.3.3 Scanning Electron Microscopy (SEM)

SEM images were acquired from GNP films on various substrates such as silicon wafers
and carbon film covered TEM copper grids. Measurements were performed using a Leo
1550 (Zeiss) at operating voltages from 5 kV to 20 kV.

6.3.4 Atomic Force Microscopy (AFM)

AFM measurements were performed using a Digital Instruments Multimode AFM scanner
and a JPK Nanowizard AFM. The AFMs were operated with ACTA and NSGO1 can-
tilevers, respectively. Measurements were conducted by operating in intermittent contact
mode. Height profiles and membrane thicknesses of fabricated GNP film samples were

extracted. For this purpose the films were scratched to obtain sharp edges.

6.3.5 X-Ray Diffractometry (XRD)

For XRD measurements, GNPs were spin-coated and cross-linked as described above
(chapter 6.2.1) onto silicon XRD substrates. XRD diffractograms were recorded using a
PANalytical X’PERT Pro diffractometer. The diffractometer was equipped with a copper
anode (A 1.54 A) and operated at 45 kV, 40 mA. A baseline correction was performed by
subtracting a diffraction pattern of a blank XRD subtrate from the obtained data.
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6.3.6 Small Angle X-Ray Scattering (SAXS)

Small angle X-Ray scattering (SAXS) measurements were performed on GNP films trans-
ferred onto PI. The setup is equipped with an Incoatec — X-ray source InS and a Quazar
Montel opitcs. The wavelength of the incident X-ray beam was 1.54 A and the size

2. Samples were placed on a motorized sample

of the spot on the sample was 0.6 mm
stage and were measured using a Rayonix SX165 CCD—detector. The measurement time
was set to 10 min and data evaluation was done using Scatter software. Measurements
were performed in cooperation with Dr. Andreas Meyer (Institute of Physical Chemistry,

University of Hamburg).

6.3.7 X-Ray Photoelectron Spectroscopy (XPS)

For XPS measurements, GNPs were deposited and cross-linked via spin-coating as de-
scribed above (chapter 6.2.1) onto unoxidized silicon wafer substrates. Measurements
were performed using a high-resolution two-dimensional delay line detector. The inci-
dent radiation was provided by a monochromatic Al Ka X-ray source (photon energy:
1486.6 eV, anode operating at 15 kV). The data was recorded in fixed transmission mode.
A pass energy of 20 eV was chosen, resulting in an overall energy resolution better than
0.4 eV. A flood gun was used to compensate charging effects and binding energies were
calibrated based on the graphitic carbon 1s peak at 284.8 ¢V.['80] Measurements were
performed in cooperation with Dr. Heshmat Noei and Dr. Michael Wagstaffe (X-Ray
Physics and Nanoscience, DESY, Hamburg).

6.3.8 Charge Transport Measurements

Charge transport measurements were performed using a Keithley source measurement unit
(SMU) 2601A and an Agilent 4156¢ parameter analyzer. Measurements were performed
on various substrates and the GNP films were electrically contacted using gold-coated
micro probes or spring-loaded contact pins. Current voltage (I-V') curves were recorded
by applying voltages from 45 V and measuring the resulting current. Typically, these
measurements were carried out at room temperature.

To determine charge transport activation energies of GNP films, further measurements

were performed at cryogenic temperatures (100-300 K). To this end, the samples were
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loaded into a custom-built test cell provided with four power resistances acting as heating
elements. The test cell was then sunk into a Dewar flask filled with liquid nitrogen.
Temperatures were measured via Pt100 thermistors. A custom-designed microcontroller-
based unit controlled the heater power via a PID loop. Before cooling down to 100 K
the test cell was heated to room temperature for 30 min to evaporate water from the
sample surface and to prevent further condensation while cooling down the sample. After
cooling down to 100 K a custom-written python software automatically controlled the
heating of the test cell and performed I-V-measurements via a Keithley 2601A SMU,
when desired temperatures were reached. For activation energy measurements solely
GNP films prepared on glass cover slips were used. A more detailed description of the

cryocell used for activation energy measurements is given in the appendix chapter A.1.

6.4 Chemiresistor Measurements

Materials and Apparatus. Materials: 1-propanol (Grissing, 99.5 %), n-octance
(Merck, 99 %), 4M2P (Merck, 98.5 %), 1-butanol (Alfa Aesar, 99 %), ethanol (VWR,
99.8 %), toluene (VWR, 99.6 %), demineralized water (18.2 MQ cm, ELGA LabWater,
PURELAB flex System), nitrogen 5.0 (Linde).

Apparatus: gas calibration system (Umwelttechnik MCZ GmbH, Kalibriersystem Model
CGM 2000), SMU (Keithley Instruments, 2601A), multimeter (Keithley Instruments,
2002).

Chemiresistor measurements were carried out using fully printed GNP films with inter-
digitated electrode structures (see chapter 6.2.2) and is schematically shown in figure 6.6.
The samples were placed in a custom-made metal cell (total volume: ~10 mL) capable
to read out eight sensors simultaneously. A gas calibration system was used to generate
a variety of analyte vapors of different concentrations (25-2000 ppm) (n-octane, toluene,
4M2P, 1-butanol, 1-propanol, ethanol, water) and nitrogen (quality 5.0) was used as car-
rier gas. A constant flow rate of 400 mL min' through the test cell was set. After
exposing the sensors to analyte vapor for 240 s, they were purged using carrier gas for
480 s. Each of the sensor samples was connected in series with a commercial surface
mount device (SMD) resistor (tolerance: 0.1 %) acting as a shunt to read out the resistive
responses upon analyte exposure. To this end, a constant bias of 5 V was applied using

a Keithley 2601A sourcemeter. The shunt resistor readout was carried out using a mul-
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timeter (Keithley 2002). The voltage drops at the shunt resistors were used to calculate

the resistive responses of the sensor samples according to following equation:

~ Vaso1a — Vshunt

R ensor — 6.1
5 VShunt/ RShunt ( )

Here, Rgensor is the resistance of the chemiresistor sample, Vago1a is the voltage applied
using the Keithley 2601A SMU, Vgpune and Rspunt are voltage measured at the shunt re-
sistor and the shunt resistor’s resistance, respectively. Sampling rate for the chemiresistor
readout was set to 0.5 Hz.

Figure 6.6 schematically shows the chemiresistor measurement setup and an image of the

test chamber containing seven printed GNP chemiresistors used for characterization.
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Figure 6.6: Scheme of the measurement setup for chemeresistive measurements. An image of the
test chamber containing seven sensors is shown in the lower left. Reprinted with permission from
Ref. [81].

6.5 Strain Measurements

Materials and Apparatus. Materials: Instant glue (Uhu), glass-reinforced epoxy
laminate FR4 material (thickness: 1.6 mm, 0.8 mm).

Apparatus: Custom-built four point flexural bending setup, SMU (Keithley Instruments,
2601A).

Before performing strain measurements, PI-supported GNP sensors were fixed onto FR4

material. For this purpose, the FR4 stripes (160 mm x 10 mm x 1.6 mm) and discs
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(diameter: 60 mm, thickness: 0.8 mm) were roughened in their center using abrasive
paper and the sensor samples were glued onto it using instant glue. It has to be noted
that the rectangular GNP films were fixed onto FR4 stripes and discs (cf. figure 6.7 a), b),
whereas the lithographically patterned samples were solely fixed onto the circular shaped
FR4 discs (cf. figure 6.7 c).

a)

b) c)

Figure 6.7: Images of samples used for strain measurements. a) Two electrode geometry with
mechanically structured GNP film on FR4 stripe. b) Two electrode geometry with mechanically
structured GNP film on FR4 disc. ¢) Lithographically patterned GNP film with four electrodes on
FRA4 disc.

Next, the FR4-supported sensors were inserted in a custom-built four point flexural bend-
ing setup. A detailed description of the bending setup can be found in the appendix,
chapter A.2. Since the dimensions of the FR4 substrates differ from each other, the dis-
tance of the top and bottom pins of the bending setup were set differently for each type
of FR4 substrate (stripe, disc). For the FR4 stripes the top and bottom pins were set to
a distance of 40 mm and 80 mm, respectively. For the FR4 discs the top and bottom pins
were set to a distance of 20 mm and 40 mm, respectively. The sensors were electrically
contacted via crocodile clips at small freestanding straps at the edges of the gold covered
PI foil. A commercial strain sensor (Omega, SGT-1/350-TY11) was used as reference
and measured simultaneously to the sample to determine the applied strain. For a typical
measurement the top pins were lowered for 1 mm using a stepper motor resulting in a
total strain of ~0.12 % — ~0.25 %, depending on the distances between the pins of the
bending setup.

To measure the resistive responses of the sensors a constant bias of 5 V was applied using
a Keithley 2601A sourcemeter for both sensors, the GNP sample and the reference.

Since the lithographically patterned sensor samples are equipped with four electrodes (cf.
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figure 6.7 ¢), they were electrically contacted using a custom-built microcontroller-based
multiplexer device based on reed relays, applying a 5 V bias in an alternating manner
between each electrode and the ground electrode. During measurements conducted with
samples supported by FR4 substrate discs, no additional reference sensor was measured
simultaneously. Instead, this measurement was performed once before to obtain reference
strain values for sensor samples on FR4 disc substrates. The electrical readout and step-
per motor control were linked using a custom python routine. All measurements were

performed under ambient conditions.

6.6 Nanomembrane Bulging

Materials and Apparatus.  Materials: Demineralized water (18.2 M2 cm, ELGA
LabWater, PURELAB flex System), silicon wafers (Silicon Materials, SEMI standard
prime, thickness: 300 + 10 um, orientation: (100); both sides polished; n-doped, resistiv-
ity: 1-10 Qcm), ACTA AFM cantilevers (JPK Instruments, k ~40 Nm™, fy ~300 kHz),
NSGO1 AFM cantilevers (NT-MDT Spectrum Instruments, k ~5.1 Nm™, f; ~150 kHz),
9DT (Alfar Aesar, 97 %), 1,6-hexanedithiol (6DT) (VWR, 96 %), 1,4-butanedithiol (4DT)
(Sigma Aldrich, 97 %), BDT (Sigma Aldrich, 99 %), sulfuric acid (VWR, 95 %), hydrogen
peroxide (Merck, 30 %), double sided sticky tape (TESA, 05338).

Apparatus: Optical Microscope (Olympus, BH2-UMA), AFM (JPK, Nanowizard), pres-
sure sensor (Sensortechnics, HDIM100DUF8P5, range: 1 — 10 kPa), pressure sensor (Sen-
sortechnics, HDIBOO1DBF8P5, range: -100 — 100 kPa).

To fabricate GNP films for nanomembrane bulging, GNPs were deposited onto glass cover
slips and cross-linked via spin-coating as described in chapter 6.2.1 using three spin-
coating cycles (cf. figure 6.8 a) i, b). GNPs of different sizes (~4 nm, ~8 nm) and a
variety of cross-linkers (9DT, 6DT, 4DT, BDT) were used for film fabrication. Next, the
glass cover slips were cut into quarters and ~0.5 mm of the edges of the GNP films were
removed from the substrate. Subsequently, each quarter was floated on demineralized
water (~20 mL). The substrate-supported film remained floating for approximately 16 h
and eventually the film could gently be detached from the substrate by pressing down the
substrate edges with tweezers. Thereby, the GNP nanomembrane remained floating on
the water surface.

Circular apertures (diameter: 80 pm) were etched into the silicon substrates using deep
reactive ion etching (DRIE). The etching was conducted by N. Schulz at Technische
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Universitdt Hamburg according to the Bosch process. Next, the wafers were cleaned in a
mixture of sulfuric acid and hydrogen peroxide (3:1, v:v) for 1 h at 85 °C. After rinsing
with demineralized water and drying in a nitrogen flow, the silicon substrates were used
to skim the floating GNP nanomembranes from the water surface (cf. figure 6.8 a) ii, c)
and thereby spanning it across the aperture (cf. figure 6.8 a) iii, d). The samples dried

for several hours under ambient conditions.

a)

Figure 6.8: a) Schematic illustration of the skimming process. First, a GNP film on glass (i) was
floated onto the surface of water. After the glass substrate sank to the bottom, the GNP film could
be skimmed with a wafer containing an aperture (ii) and was subsequently dried (iii). Figure parts
b) — d) show images of the process schematics from figure part a) i-iii. The inset in figure part d)
depicts a micrograph of a GNP nanomembrane spanned across an 80 pm aperture. Scale bar: 50 pm.

After drying, the samples were inspected for defects at the edges of the aperture via
optical microscopy. The samples were then taped onto custom-built sample holders (cf.
6.9 a) using double sided sticky tape, which were then screwed onto a testing stage. The
consecutive zoom in figure 6.9 b) shows the GNP nanomembrane spanned across the 80 pm
aperture. AFM scans (100 pm x 100 pm) in intermittent contact mode were performed
by recording ten line profiles at a scanning speed of 44.6 ym s as it is schematically
depicted in figure 6.9 ¢). Underpressures ranging from 100 Pa up to ~70 kPa were created
by the backpressure of nitrogen passing two needle valves and controlled using two pressure
sensors with different detection limits. For each scan, critical stress and strain data were
obtained using the circular-fit method described in chapter 5.2.5 and the pressure was
increased until the nanomembranes collapsed. All measurements were performed under

ambient conditions.
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sample
\

A\
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Figure 6.9: a) Wafer substrate with an 80 nm aperture taped onto a metallic sample holder with an
1 mm aperture in the center. b) Zoom-in to the center of the wafer substrate. The 80 pm aperture
as well as the GNP membrane spanned across it are clearly visible as can be seen by the change
in color. Scale bar: 50 pm. c¢) Schematic of the bulge experiment. The AFM cantilever scans the
membrane in intermittent contact mode. After each scan the underpressure is increased and the
membrane is further deflected (dashed lines).

6.7 Pulse Wave and Gesture Measurements

For pulse wave and gesture measurements, DS supported GNP strain sensors equipped
with four electrodes were used (cf. chapter 6.2.1). Pulse wave measurements were per-
formed by positioning a sensor probe onto the lower side of the wrist above the radial
artery. The sensor was fixated onto the arm using a bracelet made of hook and loop
fastener (cf. figure 6.10 a). The gesture measurements were performed by taping the
sensor onto the back of the wrist using medical tape as shown in figure 6.10 b).

For electrical readout, the four electrodes of the sensor were connected to a custom-built
WiFi enabled printed circuit board. The data were displayed and recorded using a custom
python routine. Test persons signed an informed consent according to a form provided by
TU Delft!'®” and all data were anonymized. The document is provided in the appendix
A.10.
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Figure 6.10: Flexible DS supported strain sensor mounted on the wrist. A custom-designed circuit
board rendered electrical read out possible and transmitted the data via WiF1i to a remote computer.
a) Position for pulse wave measurements. The inset shows a schematic of the sensor geometry with
its four electrodes (GND, 1, 2, 3). b) Position for gesture measurements.
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7 Results and Discussion

7.1 Strain Sensors

The anisotropic response behavior of GNP strain gauges is controversially discussed in

literature. 3940

| This phenomenon comprises of two relevant parameters, i.e., the geometric
effect and the piezoresistive effects which influence the composite. Primary (axial) strains
as well as the transversal strains depending on the Poisson ratio of the underlying substrate
and the GNP composite have to be considered. Furthermore, purely geometric effects
have to be well separated from the influence of strain (axial as well as transversal) on the
charge transport mechanism (tunneling and percolation). To this end 9DT cross-linked
strain sensors with different geometries were fabricated onto PI foil and their angular
dependent strain sensitivity was studied. Various bending experiments were performed
at angles ranging from 0° to 180° in steps of 15°. Additional mechanical finite element
simulations were performed to evaluate the axial and transversal strains acting on the
GNP composite. An analytic model accounting for geometric and piezoresistive effects
was fitted (cf. equation 5.15) to the experimental data and axial and transversal gauge
coefficients (g1; and g;2) were extracted. In this context it should be noted, that materials
having high gauge factors of some hundreds up to some thousands, geometric effects are
negligible, whereas for bulk metal-based strain gauges with low gauge factors piezoresistive
effects can be ignored. For GNP-based sensors, however, which have intermediate gauge
factors of some tens up to one hundred, both effects should be considered separately.
Finally, a triaxional sensor was fabricated by embedding lithographically structured GNP
films into a highly flexible polymer to monitor physiological signals such as pulse waves
and limb movement and was read out via a custom-built circuit.

Characterization of the Anisotropic Response of GNP-Based Strain Gauges.
For this study, particles with a mean diameter of ~7 nm were fabricated according to a

61 and were dissolved in n-heptan resulting in

synthesis route presented by Peng et al.
a stock solution with a concentration of ~5 pmol Lt. The particle concentration was
determined according to a method presented by Haiss et al.l'® UV /vis spectra, size
statistics and TEM images of the two used syntheses (S1, S2) are depicted in figure 7.1.

The dilution factors f for the UV /vis samples were 1/300 and 1/600, respectively and a
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7. Results and Discussion

cuvette with an optical path length of 1 mm was used. The characteristic surface plasmon

resonance (SPR) at ~517 nm can be seen.
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Figure 7.1: a) Size histograms of the GNP synthesis (S1, S2) used to fabricate strain sensors. b)
UV /vis spectra of GNP solutions with the respective dilution factors as indicated. Figure parts c)
and d) depict TEM images of ligand stabilized GNPs used in this study. Scale bars: 50 nm.

GNP films were fabricated via spin-coating and cross-linked using 9DT. Rectangular
shaped films with a width B of 2.4 mm were transferred via contact printing onto flex-
ible PI foil and electrode structures with different gap sizes L (200, 400, 800 pm) were
evaporated onto the material. To characterize the anisotropic strain behavior, the sensors
were glued onto circular shaped FR4 substrates. Figure 7.2 a) schematically shows the
rectangular shaped GNP film on PI foil. Figure parts 7.2 b) and c) exemplarily show an
optical micrograph of a sensor with a 200 pm gap and an image of such sensor glued onto

the FR4 disc, respectively.
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a) ,b) .

Figure 7.2: a) Schematics of rectangular shaped GNP films on PI foil with a width B and a length
L. b) Optical micrograph of a sensor with an electrode of 200 pm. Scale bar: 200 nm. ¢) Image of a
GNP sensor with an electrode gap of 200 pm, used for angle dependent strain measurements, glued
onto a FR4 substrate disc. The black line was for orientation.

To test the angular responses to strain, the FR4-supported sensors were deflected in a
custom-build four-point bending test setup (cf. figure 7.3 a). A detailed description of
the bending setup is given in the appendix chapter A.2. The anisotropy of the responses
was tested by performing bending experiments at each angle of rotation 6 between 0°
and 180° at steps of 15°. Here, 0 defines the relative orientation of the principal strain
axis (PSA) defined by the bending setup (cf. figure 7.3 a) with respect to the overall bias
direction of the sample. During a measurement, the FR4 substrate disc was deflected by
the upper (inner) two moving supports down by As (cf. figure 7.3 b). A constant bias of

5 V was applied to the sample while bending and the resulting current was measured.
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Figure 7.3: a) Image of a FR4 substrate inserted in the four-point flexural bending setup. The top
two supports are lowered to deflect the sample along the PSA as indicated by the dashed blue line.
The sample is consecutively rotated counterclockwise in steps of 6 15 © (red arrow) and the sensor
is located at the center of the lower side of the substrate as indicated by the arrow. b) Simulated
deflections of the FR4 substrate’s initial (top) and final (bottom) strained state after moving the top
supports by As = -1 mm. ¢) Strains in x and y direction €., and €,,, respectively, after a maximum
deflection of As = -1 mm. A cut-off at € = 0.4 % was made for better visibility. It can be seen, that
the location of the sensor (indicated by the arrows) is homogeneously strained. d) Plots depicting
the strains €,4, €y and €., acting on the sample as a function of the deflection height As. The strain
values shown correspond to a point at the center of the lower side of the FR4 substrate’s surface.
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Simulation of the Strain Acting on the GNP Composite. A FEM Comsol
simulation was employed to simulate surface deflections, which are shown in figure 7.3 b).
Here, a circular shaped FR4 substrate is depicted in its initial relaxed and final bending
state during the experiment. The parameters of the FR4 substrate for this simulation
were as follows: thickness: 0.8 mm, diameter: 60 mm, Young’s modulus E: 22 GPa,!
Poisson ratio v: 0.15 (Comsol library). The color bar indicates the z deflection w before
and after the supports were lowered by a distance As of 1 mm to deflect the FR4 substrate.
The resulting strains at the lower side of the FR4 substrate in x and y direction (€, €,,)
are shown in figure 7.3 ¢). As can be seen from the data, the spot, where the sensor is

located (indicated by the arrows and dashed outlines) is homogeneously strained.
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Next, the data obtained from the simulation were used to determine the strains acting
on the GNP film during deflection. These strains are a key aspect for the analysis of the
anisotropy of the sensors’ resistive responses. To extract a continuum of the strains €.,
and €, mechanical simulations were performed for values of As ranging from 0 to -1 mm
in steps of -0.01 mm. Since the flexible GNP /PI sample was directly attached to the FR4
substrate it was assumed, that strains acting in x and y direction were solely governed
by the deformation of the FR4 substrate. The z dimension of the GNP film, however,
can freely deform. Due to the Poisson effect it is expected that the GNP is compressed.
To consider this compression, the z strain of the GNP film is computed according to
equation 7.1, taking into account a Poisson ratio v¢;,, of ~0.33, which is commonly used

for organically stabilized GNP composites.!148189,190]

€xx T Vrilm€ €xz T Vrilm€
€22 = —Vfilm (W) — Vfilm <€yy + Vilm <W>> (71)
— Vfilm - yfilm

In figure 7.3 d) graphs showing the bending-induced strains along all three axes €,,(As),
€yy(As) and €,,(As) calculated for a sensor sample placed in the center of the lower
FR4 substrate’s surface are depicted. While the strains along the x direction €., are the
most prominent with ~0.26 % at maximum deflection, smaller values of -0.035 % and
-0.098 % for the compressive strains €,, and €., were found, respectively. The differences
in compressive strains along the y and z directions are attributed to the different Poisson
ratios of the substrate (responsible for y-compression) and the GNP film (responsible for
z-compression) of 0.15 and 0.3, respectively. For further model calculations the simulated
strains €,,(As) and €,,(As) were fitted using a third-degree polynomial fitting as indicated
by the solid red lines shown in figure 7.3 d).

Evaluation of Bending Experiments. Three representative strain response curves
of a sensor sample with an electrode gap L of 200 pm and a channel width B of 2.4 mm are
shown in figure 7.4 a) at angles of § = 0°, 45° and 90°. The inset shows a schematic of the
sensor’s relative bias orientation (dashed green line) to the setup’s PSA (solid green line)
at the angle #. For the measurement of each strain response curve the sample was deflected
to a maximum strain of €,, = 0.26 % along the setup’s PSA and subsequently relaxed
to its initial state (e;, = 0 %). Strain values were obtained from Comsol simulations
based on the displacement As, as described above. For further analysis the model fitting
was performed in the linear regime up to 0.12 %. Up to this point, both responses of a
commercial sensor (SGT-1/350-TY11, Omega) and the simulation show linear behavior

when plotted against the displacement As (cf. appendix figure A.3 a).
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As expected, the sensor is most sensitive (AR/Ry = ~3 % at As = -0.55 mm) at an
angle 6 of 0° when the overall bias direction is aligned with the PSA of the setup. At
0 = 45°, the relative change in resistance decreases to ~2 % as the sensor’s bias direction
is rotated out of the PSA. Even at # = 90° a non-zero relative change in resistance of
~1 % is measured for 0.12 % applied strain. One could now define the anisotropy as the
ratio of the relative changes in resistance at sensor orientations of 8 = 0° and 6§ = 90°
with respect to the PSA. According to that a value of ~3 is found (cf. figure 7.4 a), which
is in good agreement to a value of ~3.2 indicated by the data presented by Jiang et al.l"]
Figure 7.4 b) shows the relative changes in resistance AR/ Ry at a strain of €,, = 0.12 %
for angles # measured between 0° and 180° for a sample with an electrode gap L of 200 pm.
This plot as well shows that the angular dependent sensor response decreased until an
angle of 90° and increased again until the sensor was aligned in parallel to the setup’s
PSA at # = 180°. Similar results were found for sensor samples with electrode gaps L
of 400 pm and 800 pm, respectively, proving that within this geometric size scale the
variation of the electrode gap length has no significant influence on the sensors’ strain
sensitivity. Corresponding plots of sensors with 400 pm and 800 pm electrode gaps are

shown in the appendix in figure A.3 b) and c).
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Figure 7.4: a) Measurements performed with a sensor sample at angles § = 0°, 45° and 90° with
a 200 pm electrode gap. The dashed lines depict linear fits as an guide to the eye. The inset shows
a sketch of the sensor with its rimary axis (dashed lines) rotated out of the setup’s PSA (solid lines)
at the angle 6. b) Relative changes in resistance plotted against the rotational angle 6 at a strain
of €z, = 0.12 %. ¢) 2D plot depicting the measured data of a rectangular shaped sensor sample.
Measurements were performed at angles 6 from 0° — 180° in steps of 15° at a bending range (As)
corresponding to the linear regime shown in figure part a). d) Absolute error between the analytical
fitting function and the measured data shown in figure part c¢). The overall residual error is below
0.13 %.

For the determination of the anisotropic strain response of the sensor, strains acting

/
yy?

calculated. These strains depend on both the angular orientation of the sensor to the

parallel and perpendicular to the overall current direction, €/ and €, respectively, were

PSA (cf. figure 7.4 a) inset) and the strain imposed by the bending setup. According to a

could be calculated

coordinate transformation shown in equations 7.2 and 7.3 €,, and €,

from the global strains applied by the bending setup.

— Cuw ;— Coy | Cao ; vy c0s(20) + €4, sin(20)

(7.2)
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o = €xx —;— €y | Coo ; U cos (2 (9 + g)) + €,y sin (2 (9 + ;T)) (7.3)

As described above, €,, and €, are the strains in the global coordinate system of the
bending setup obtained from the Comsol simulations and €, and €, are the strains acting
parallel and perpendicular to the overall current direction of the sensor sample. The angle
0 describes the rotation of the sensor out of the bending setup’s PSA. For this experiment
the shear strain €, is small, which was further confirmed by Comsol simulations and is
three orders of magnitude lower than the strains €, and €, (cf. appendix figure A.4).
Hence, the sine terms in the coordinate transformations are assumed to be zero. Note, that
no coordinate transformation is necessary for the strain along the GNP film’s z-direction,

I
hence, €, = €,..

The 2D plot shown in figure 7.4 ¢) depicts all strain response measurements from 6 = 0°
to 8 = 180° in 15° steps performed with a sensor sample having an electrode gap L of
200 pm. A model based on €,, and €, obtained from the Comsol simulations, €., (cf.
equation 7.1), the coordinate transformations according to equations 7.2 and 7.3 and the
gauge coefficients g1 and gy2 (cf. equation 5.15) was used to fit the measured data. With
this model, the GNP sensor’s sensitivity towards axial and transversal strain with respect
to the overall current direction could be described and eventually the piezoresistive gauge
coefficients g1; and g12 could be extracted. Figure 7.4 d) shows the residual error of the
fit and indicates that the applied model well fits the obtained data from the experiments.
The overall residual error between the experiments and the fit is ~0.13 4+ 0.11 %.

Table 7.1 provides the axial and transversal gauge coefficients g;; and gyo for sensors
with different electrode gaps L ranging from 200 pm to 800 pm. The gauge factors were
obtained from fitting the data up to strains of €,, = 0.12 %.

Table 7.1: Axial and transversal gauge coefficients (g1; and g12) for rectangular shaped GNP strain
sensors with different electrode gaps.

electrode gap [pm|]  g11 12

200 33.4 223
400 32.5 20.9
800 31.2 194

According to these results, the sensors exhibit an anisotropic strain response behavior,
however, having a non vanishing sensitivity when being strained perpendicular to the
overall current direction. These results are attributed to the fact, that the GNPs form

disordered films during the spin-coating fabrication process. When a bias is applied, pre-
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ferred percolation pathways for the charge carriers are formed. In this context, Miiller
et al. thoroughly described the effect of percolation paths in three dimensions for the
conductivity of GNP composites.!'%7 Concerning the charge transport, such percolation
pathways can be split into parallel and perpendicular (detours) components with respect
to the overall current direction, which is also discussed by Jiang et al. in their study on
GNP films.?

However, inconsistent results were found by Zhao et al. They observed relative changes in
resistance one order of magnitude higher when the device was strained perpendicular to
the overall current direction compared to relative changes in resistance when the device
was strained parallel to the overall current direction.[*”) Contradictory to that, Jiang et
al. found relative changes in resistance which are three times higher when the device
is strained parallel to the overall current direction, which goes hand in hand with the
assumption that charge carriers primarily move along the bias direction leading to higher
sensitivities in a parallel orientation. Furthermore, the findings of Zhao et al. are indeed
astonishing, because GNPs used by them were smaller (2-5 nm) compared to GNPs used
in the study of Jiang et al. (7-12 nm). In both studies, GNPs were stabilized with
a similar type of linker, namely mercaptic acids. According to the commonly accepted
semi-empiric model correlating the relative change in resistance to the applied strain (cf.
equation 5.13) one would expect that sensors made from larger particles exhibit higher
sensitivities to strain, which was confirmed in various studies.%62191 In summary, the
sensitivity to parallel and perpendicular strain differs in both studies. Also the sensitivity
of sensors made from the smaller GNPs presented in the study of Zhao et al. is greatly
increased compared to the results presented by Jiang et al., where larger particles were
used. This does not follow the commonly accepted microscopic model for GNP strain
sensors (cf. equation 5.13).

The gauge factors found by Zhao et al. are ~225 for strains applied perpendicular to the
overall current direction, which is rather uncommon for GNP-based strain sensors.6263]
Such high gauge factors are commonly attributed to crack formation during the deflection
of the nanoparticle strain sensor, which indeed is an established method to tune the sen-
sitivity of nanoparticle strain gauges.'? Moreover, electrodes used to contact the GNP
transducers need to be designed in a way to ensure that the material does not fail during
the bending experiment. In the study of Zhao et al.,however, interdigitated copper elec-
trodes were employed having ~300 nm thick and 6 pm wide electrode fingers.[*l In this
context it can not be excluded that the fragile design of the electrode patterns lead to a
physical malfunction due to crack formation, especially when the devices were deflected
perpendicular to the overall current direction, namely along the length of the electrode

fingers. Here, breaking of the electrodes finger could then explain such high gauge factors.
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Employment of Triaxional Strain Sensor. Based on the comprehensive character-
ization of the strain anisotropy of GNP-based strain gauges, a triaxial sensor is presented
made from a lithographically patterned GNP film transferred onto PI foil. The sensor
comprised of three transducing elements aligned in an angle of 120° and four gold elec-
trodes (GND, 1, 2, 3; cf. figure 7.5 a). The resistive read-out was performed with a
custom-built multiplexer device based on reed relays to alter the bias at the terminals be-
tween 0 and 5 V and measuring the resulting current. Figure part 7.5 b) shows a stitched
optical micrograph of the sensor’s electrode structure with arrows indicating the current
flow, as well as the PSA and the angle #. This sensor enables distinct measurements
of angles between 0 and 180° exhibiting a unique triplet of resistive responses from the
transducers Ry, Ry and Rg.

In figure 7.5 c¢), these responses are depicted as a function of the angle 6 and the relative
changes in resistance are shown for strains €., = 0.26 %. As expected, the signal period
restarts after 180° and a phase shift of the sensor responses of 60° can be observed (cf.
figure 7.5 ¢), d) for the transducers aligned in an orientation of 120°. It should be noted,
that since the goal of these measurements was to show the angular dependent sensor

response, the resistive responses at maximum strains of €., of 0.26 % are shown.
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Figure 7.5: a) Image of a triaxional strain gauge on Pi foil glued onto a circular FR4 substrate.
The resistance between the electrodes 1, 2, 3 was measured against the ground electrode (GND)
at each step of deflection. b) Stitched optical micrograph of the electrode structure and the three
transducing elements. The arrows indicate the current flow to the central ground electrode, the
dashed blue line marks the PSA at 0°, the solide green line marks the PSA at 60°. c¢) Relative
changes in resistance at a maximum strain of €, = 0.26 % plotted against the angle 6 ranging from
0° to 360° in steps of 15°. d) Polar plot of the data shown in figure part c).

Highly Flexible Strain Sensors for Health Care Applications. In this study
the importance of low-cost and facile fabrication health care monitoring sensors, e.g. for
pulse wave measurements and limb motion, is emphasized by further presenting a triaxial
strain sensor on a highly flexible Dragon Skin 30 (DS) polymer (cf. figure 7.6 a). For the
fabrication of such sensor, first, a lithographically structured GNP film was transferred
onto a thin layer of DS containing evaporated gold electrodes (thickness: 0.5 mm) via
transfer printing. Second, thin copper wires were glued onto such electrode pads using
silver conductive paste. Finally, liquid DS was poured onto the sensor and dried for 16 h
embedding the electrodes and the GNP transducers in a 1.5 mm thick polymer layer
making it highly robust against mechanical stresses and other external influences, e.g. by
sweat. Since the elastic modulus of the Dragon Skin 30 polymer is in the range of ~0.25 —
0.6 MPa,[193194 it is in the range of the elastic modulus of human skin (< 0.3 MPa).[1%%l
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This feature renders DS well-suited as a substrate for skin-mounted devices, because
the matching elastic moduli minimize shear forces and motion artifacts caused by the
detachment of the sensor when the polymer is fixated on the skin. Moreover, the high
flexibility of the DS polymer allows the detection of even faint deformations of the skin.
The sensor geometry also allows time-efficient mounting of the sensor onto the artery for
pulse wave measurements. Here, no exact alignment is necessary, since the sensor contains
three differently oriented transducers to ensure that at least one sensor part can clearly
resolve the human pulse wave.

To measure human pulse waves, the DS sensor was fixated onto the wrist, above the
radial artery and connected to a custom-built readout device, digitalizing the recorded
data and transmitting it via Wi-Fi to a remote computer (cf. figure 7.6 b). Pulse wave
measurements were performed continuously before (at rest) physical exercise and after
physical exercise (20 squats, large peaks in top panel of figure part 7.6 ¢). The lower
panels in figure part 7.6 ¢) depict zoom-in graphs of the transients before and after the
execution of 20 squats. The pulse frequency before and after the exercise were determined
to be 60 bpm and 96 bpm, respectively. The pulse wave could further be highly resolved
exhibiting details such as the percussion wave (PW), tidal wave (TW) and dicrotic wave
(DW). The sensor responses of sensor S1-S3 prove, that the redundancy of three sensors
always ensure a precise measurement of the pulse wave. Whereas sensor S1 only gives a

weak response, sensor S2 and S3 clearly measured pulse wave signals.
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Figure 7.6: a) Image showing the triaxional sensor. A lithographically patterned GNP film is
transferred and embedded into DS polymer. The polymer further protects the electrodes and the
electrode/wire interfaces from being separated, providing a highly robust sensor. b) Image of the
DS supported sensor fixated onto the wrist above the radial artery. The sensor is connected to a
custom-built electrical read-out system and a Wi-Fi transmitter. ¢) Top panel: overall time trace
of a pulse wave measurement recorded before, during and after physical exercise (20 squats). The
green shaped areas mark regions which are depicted in the lower panels. Lower panels: Zoom-in of
the pulse wave sequences recorded by sensor S1-S3 before and after physical exercise. The increase
in pulse frequency as well as distinct features of the pulse wave such as the percussion wave (PW),
the tidal wave (TW) and the dicrotic wave (DW) can clearly be seen.

Next, the sensor was employed to detect different limb motions and hand gestures. To
this end, the sensor was mounted on top of the wrist (cf. figure 7.7 a, grey frame) using
medical tape. Responses of all three sensor parts were recorded. Limb motions were
recorded by moving the wrist to the four positions (colored frames, i-iv) shown in figure
7.7 a). Compared to the wrist’s initial stance (cf. figure 7.7 a) i) resistive responses of
three additional positions were measured (figure 7.7 a) ii-iv). After each position i-iv, the
wrist was kept stable for several seconds before moving to a new position.

The sensor responses, as well as the different positions of the wrist were used as input
parameters for a linear discriminant analysis (LDA). First, several movements were per-
formed to train the LDA model following a set of test measurements. The LDA was
performed using the LinearDiscriminant Analysis algorithm provided by the sklearn (ver-

sion 0.24.2) python (version 3.9.0) library. Figure 7.7 a) clearly shows, that all four
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positions of the wrist could be well discriminated from each other. Here, light colored
cross markers depict the training data and darker triangular-shaped markers depict the
results obtained from the test measurements.

The sensor further allows to discriminate finger movements, as it is shown in figure 7.7 b).
After repeatedly performing finger counts (cf. figure 7.7 b) i-iv) and returning to the ini-
tial position of the wrist (figure 7.7 a), grey frame) a second LDA model was trained and
fitted to a set of test data. Except the finger count "two" (cf. figure 7.7 b) ii), which
was hardly distinguishable from the initial position, all other finger counts could be well

discriminated.
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Figure 7.7: Measurements performed with a sensor mounted on top of the wrist (white arrow in
image i in figure part a). a) Images i-iv depict hand positions (colored frames). Here, the initial
hand position is shown in the grey frame. The plot shows an LDA analysis of the recorded sensor
data. b) Images i-iv in colored frames depict different hand counts, while recording the responses of
the triaxional sensor. The plot shows the LDA analysis of the different finger counts. In both LDA
plots, light colored crosses denote the data used for fitting the LDA, while darker triangles depict
the test data.

Summary. In this study, an in-depth analysis of anisotropic strain response behavior
of GNP-based strain gauges is presented. Rectangular shaped two-electrode sensors with
different aspect ratios were fabricated and responses to strains at different directions with
respect to the overall current direction were measured. FEM modeling in combination
with an improved mathematical model was employed to separate piezoresistive and geo-
metric sensor responses. According to the model, parallel (gi;) and perpendicular (g2)

piezoresistive gauge coefficients, describing the anisotropic sensor response were extracted.
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Values of 32.4 + 1.1 and 20.9 £ 1.5 were found for gi; and gyo, respectively. Furthermore
two possible health care applications of a lithographically patterned DS supported triax-
ional sensor were presented. Pulse wave analysis measurements exhibited high-resolution
pulse waves with distinct features (PW, TW, DW). Measurements were performed before
and after physical exercise resulting in pulse wave frequencies of 60 bpm and 96 bpm,
respectively. The sensor was also employed to detect and discriminate wrist movements
and finger counts using an LDA to cluster the respective sensor responses for each position
of the wrist and hand count sign. The sensor was read out with low cost commercially

available equipment.

7.2 Chemiresistors

GNP-based gas sensors are well suited for the detection of volatile organic compounds
(VOCs), e.g. released by the human body. The sensors are highly sensitive because of
their high permeability, as well as their perturbation-sensitive charge transport based on
thermally activated charge carrier tunneling.!'?*) Moreover, these composites exhibit short
response and recovery times and offer the possibility to be operated at room temperature
at low power consumption. As described in chapter 5.2.4, the chemical selectivity of
such sensors can be tuned by functionalizing the GNPs with different ligands or cross-
linkers. However, the efficient fabrication and patterning of GNP-based chemiresistors
remains a challenging task. Among a variety of fabrication methods (cf. chapter 5.2.1)
inkjet-printing offers a resource-efficient approach, which allows fast on demand changes
of geometric features of the device.

In this study, a new fabrication protocol for fully printed GNP-based chemiresistors with
tunable selectivities is presented. The fabricated chemiresistors were characterized regard-
ing their electrical properties and were further arranged in a sensor array to study their
response patterns to different analytes by dosing them with vapors of solvents ranging
from nonpolar (hydrophobic) to polar (hydrophilic) nature.

For this work, particles with a mean diameter of ~7 nm, synthesized according to a pro-
cedure by Peng et al., were used.[!] The particles were dissolved in n-octane resulting
in a GNP ink with a concentration of ~4.5 pmol L'. The particle concentration was
determined according to a method presented by Haiss et al.'*! Figure 7.8 provides a size
histogram of the used particles, as well as a UV /vis absorbance spectrum showing the

characteristic surface plasmon peak at 517 nm. The dilution factor for the preparation of
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the UV /vis sample was 1/300 and a cuvette with an optical path length of 10 mm was
used. Further, TEM images depict oleylamine stabilized GNPs at different magnifications.
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Figure 7.8: a) Size histogram of the GNPs used for ink fabrication. Particle diameters of 6.7 =+

0.7 nm were determined via TEM analysis. b) UV/vis absorbance spectrum of GNP ink. Figure
parts ¢) and d) depict TEM images of ligand stabilized GNPS at different magnifications. Scale bars:

¢) 50 nm, d) 10 nm. Adapted with permission from Ref. [81]. The material was modified compared
to the original figure shown in the publication.

To obtain fully printed GNP chemiresistors, two printing processes were combined. First,
dispenser printing was used to print interdigitated electrode structures onto PI foil using
silver conductive paste. Second, the GNP film transducer was deposited onto such elec-
trode structure via layer-by-layer (LbL) inkjet-printing, which is thoroughly described in
chapter 6.2.2. Fairly homogeneous films were obtained by rotating the deposition direc-
tion by 90° after each printed layer and altering the printing speed between 18.5 — 25 mm
st After four layers of GNPs were deposited, the same printing procedure was repeated
using a cross-linker ink (or monothiol/dithiol blends) consisting of 9DT in n-octane. The
concentration was adjusted, to yield a 1000-fold excess of cross-linker molecules with re-
spect to the GNPs. To promote solvent evaporation and increase cross-linking reactions,

inkjet-printing was performed at a constant temperature of 37 °C. The dithiol cross-linkers
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can easily replace the original amine ligands of the GNPs due to the formation of strong
Au-S bonds!™ and robust cross-linked GNP networks are formed.**! Fully printed sen-
sors were obtained (cf. figure 7.9 a) exhibiting a mesh-like pattern, as can be seen in

figure 7.9 b), resulting from the printing process.

T =

Figure 7.9: a) Optical photograph of fully printed GNP chemiresistor on PI foil (orange). The
dispenser printed interdigitated silver paste electrodes and the inkjet-printed GNP film (dark rectan-
gle) can clearly be discriminated. b) Optical micrograph showing the overlap region of the electrode
fingers. The mesh-like structure of the printed GNP film is clearly visible. Scale bars: a) 2 mm,
b) 500 pm. Adapted with permission from Ref.[81]. The material was modified compared to the
original figure shown in the publication.

To allow a facile read-out of the chemiresistive devices, it was preferable to fabricate sam-
ples with baseline resistances in the low megohm range. For this purpose, multiple layers
of GNPs and linker ink were printed to achieve a certain thickness of the nanomaterial.
The sample shown in figure 7.9 was fabricated by printing 3x4 layers of GNPs and 2x4
layers of 9DT, resulting in a baseline resistance of 0.7 MOhm. In figure 7.10 a), the resis-
tances of four sensor devices made from 9DT cross-linked GNPs depending on the amount
of coatings (note: 1 coating = 4 layers) are shown. The figure shows, that with increasing
number of coatings the baseline resistance decreases, resulting in similar baseline resis-
tances below 1 MOhm after three coatings of GNPs for all shown devices. According to
these findings all sensors used in this study were fabricated by printing three coatings of
GNPs. To exchange the amines of the top GNP coating with the mono-/dithiols and to
enhance the cross-linking of the GNPs throughout the whole film, all samples were im-
mersed in the respective thiol ink before testing their gas sensing properties. It has to be
noted, that data points shown in figure 7.10 a) represent resistances measured before the
samples were immersed, whereas the inset shows [V-curves measured after sensors passed
through the last immersion step. Since the slope of the curves corresponds to a resis-
tance of ~0.7 MOhm it can be concluded, that the last immersion step has no significant

influence on the final baseline resistance.
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Figure 7.10: a) Baseline resistances of four samples of 9DT cross-linked GNPs as indicated by four
different symbols (black, blue, green, orange). Each coating (GNP /linker) consisted of four inkjet-
printed layers. Resistance measurements were conducted directly after printing at a temperature of
37 °C. The IV-curves shown in the inset were recorded after finally immersing the printed films in
the cross-linker ink. Note, that after printing one coating of GNPs the baseline resistance was too
high to be measured. b) IV-curves of chemiresistors used in this work. The 9DT cross-linker ink
contained different monothiols (L) in various concentrations as indicated in table 7.2. All IV-curves

shown were measured after immersing the samples in the respective 9DT or 9DT+L ink. Adapted
with permission from Ref. [81]
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For a more detailed view on the morphology of the printed GNP films, SEM images
are provided in figure 7.11. Here, one can see that on the micrometer scale a fairly
homogeneous film is obtained. However, higher magnifications show a granular structure,
most likely due to clustering of the GNPs. Similar results were reported by our group’s
former work for 9DT cross-linked GNPs deposited onto polyethylene (PE) via LbL self-

assembly. 53]

Figure 7.11: SEM images of a GNP film printed onto interdigitated electrodes and cross-linked
with 9DT. The film was prepared similar to the sample shown in figure 7.9. a) Micrograph depicting
the GNP film and the electrode fingers at low magnification. b) Higher magnification image of the
border line between film and electrode. ¢) Zoom of the area marked in figure part b) . d) High
magnification image of the area indicated by the red box in figure part ¢) . Scale bars: a) 200 pm,
b) 20 pm, ¢) 4 pm, d) 400 nm. Adapted with permission from Ref. [81]. The material was modified
compared to the original figure shown in the publication.

To initially test the sensing responses of the pure 9DT cross-linked GNP sensor, a sample
was dosed with toluene vapors at concentrations of 25 — 2000 ppm. The concentrations
were generated using a programmable gas calibration system with nitrogen as carrier gas.
Such responses to exposure periods of 240 s are depicted in figure 7.12 a). It can be
seen, that the sensor exhibits very short response and recovery times, resulting in almost
ideal rectangular response profiles. At a test cell volume of ~10 mL and a flow rate
of 400 mL min!, the time required to fully exchange the zero gas (nitrogen) with the
analyte vapor is ~8 s. As the tgg times of the transients are in the same time scale, one
can conclude that the actual tgy times of the sensors were < 8 s. A response isotherm is

depicted in figure 7.12 b) by plotting the response amplitudes vs. vapor concentrations.
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Here, mean values of three measurements with different devices are shown and small error
bars indicate good reproducibility of the sensor probes. A first-order Langmuir isotherm

could be fitted well to the data according to equation 7.4:

AR (AR)S“ K,[A] (7.4)

Roe \ Ry ) 1+KJA]

with (%)Sat being the relative change of resistance at saturation of the sensor, [A] being
the concentration of the analyte vapor and K}, being the Langmuir binding constant. The
extracted parameters for (%)Sat and K} are 6 % and ~10* L mol™!, respectively. The
binding constant is similar to results reported in our groups’ earlier work for 9DT-based
chemiresistors fabricated via LbL self assembly on PE substrates.[®¥ It is noteworthy
though, that this value is three times higher than that reported for similar GNP films
deposited on glass substrates.['”] The maximum sensitivity corresponds to 2 x 10 ppm™,

which is given by the initial slope of the response isotherm and is similar to values reported

earlier.[63]
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Figure 7.12: a) Baseline-corrected response transients of a chemiresistor made of GNPs cross-linked
with 9DT on PI foil. Toluene vapor was used as test gas. b) Response isotherm of a 9DT cross-
linked chemiresistor exposed to toluene vapor. The values were obtained by plotting the transient
amplitudes vs. analyte concentration. The red line indicates a first-order Langmuir sorption model
fitted to the data (cf. equation 7.4). Data points represent mean values of three measurements with
different devices and deviations are shown as error bars. Reprinted with permission from Ref [81].

To validate the mechanical robustness of the printed sensor devices, a 9DT cross-linked
sensor device was repeatedly flexed at radii of curvature down to 5 mm. The baseline

resistance as well as the response patterns to toluene remained nearly unchanged, indi-
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cating no significant changes in the sensor’s morphology. Further, optical micrographs
proved that neither the GNP transducer nor the electrodes degraded or delaminated from
the PI foil. Details are provided in the appendix chapter A.5.

After the printing protocol was established for chemiresistor fabrication, their chemical
sensitivity was tuned. To this end, monothiols (ligands, L) with polar functional groups
were added to the 9DT cross-linking ink at different molar ratios. An overview of all
blends containing the respective monothiol (L), its concentration and the abbreviation
used for the fabricated sensors is given in table 7.2.

Table 7.2: List of thiols (abbreviations), structural formulas of 9DT and monothiols L as well as

relative molar concentrations of the ligand L in 9DT+L blends used in this study. Furthermore, the
abbreviations of sensors used in this study are given.

thiols rel. conc.
(abbreviations) structural formula of T, [%] sensor
0
1,9-nonanedithiol
1-thioglycerol OH 25 S-TG.25
(TG) HS\)\/()F 50 S-TG.50
3-mercaptopropionic i 25 S-3MPA .25
acid (3MPA) HS/\)J\OH 50 S-3MPA .50
4-mercapto-1-butanol . 25 S-4M10OH.25
(4M10OH) TN 50 S-4M10H.50

The printing protocol for such sensors was the same as for the 9DT cross-linked sensor,
except that the 9DT+L mixtures were used for fabrication. The used monothiols (L) bind
to the GNP surface via their thiol head-group and add hydroxyl or carboxyl groups to
the unpolar 9DT matrix surrounding the GNPs. Their introduction should consequently
increase the sensors’ sensitivities to polar analyte vapors.

IV-curves of all used sensors can be seen in figure 7.10 b) demonstrating that all samples
exhibit ohmic conductivity. However, sensors made with mixtures of 9DT and monothiols
show higher resistances compared to the sensor made with pure 9DT. These findings are
in agreement with a study presented by Cui et al. stating that replacing cross-linkers
to some extent with alkylthiols leads to a less interconnected GNP network, hence, to a
material with reduced conductivity.!''!] These findings are further supported by the fact,
that sensors containing the highest amount of monothiol (50 vol%) exhibited the highest
resistances as can be seen in the inset of figure 7.10 b). However, it should be noted

that different trends were observed, exhibiting an increase in conductivity by replacing a
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dithiol cross-linker with a monothiol such as, e.g., TG.[130l

Seven sensors with different ink formulations (cf. table 7.2) were combined to form an
array and read out via a custom-made multiplexer setup (details in the appendix chapter
A.6). Their chemical sensitivity was characterized using volatile analytes with hydrophilic
(ethanol, water), amphiphilic (1-butanol, 1-propanol) and hydrophobic (n-octane, toluene,
4M2P) character. Baseline-corrected response transients for these analytes at concentra-
tions of 2000 ppm are depicted in figure 7.13 a). As the pure 9DT sensor, sensors fabri-
cated with the mixed ink formulations also showed remarkably fast and fully reversible re-
sponses. The sensitivities of all sensors to the different analytes presented in figure 7.13 b)
were determined from the initial slopes of the response isotherms. Graphs of all response
isotherms are depicted in the appendix figure A.6. Although the response isotherms show
non-linear characteristics, the response transients presented in figure 7.13 a) basically

show similar trends compared to the sensitivities shown in figure 7.13 b).
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Figure 7.13: a) Baseline-corrected response transients of GNP-based chemiresistors fabricated with
different 9DT+L blends. The sensors were dosed with vapors of hydrophobic (n-octane, toluene,
4M2P), amphiphilic (1-butanol, 1-propanol) and hydrophilic (ethanol, water) analytes at concen-
trations of 2000 ppm. Scale bar: timescale for all traces shown. b) Sensitivities of the sensors to
different analytes. The sensitivities were determined from the initial slopes of the response isotherms
shown in the appendix figure A.6. The error bars represent the deviations of the slopes to the fitted
data. Reprinted with permission from Ref. [81].
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As described in chapter 5.2.4, the sensitivity of a GNP-based chemiresistor to different
analyte gases depends on various effects. Swelling of the film on the one hand causes
an increase in resistance, since the interparticle distance is increased.™™ On the other
hand, sorption of analytes with high permittivity can decrease the charging energy of the
GNPs, thus, leading to a decrease of the transducer’s resistance.'?®! However, commonly
a GNP-based chemiresistor’s response upon analyte exposure is an increase in resistance,
indicating that for these types of films swelling is the predominant effect of the sensing
mechanism. Moreover, the sensitivity of such a chemiresistor to different analytes criti-
cally depends on the partition coefficient of the respective analyte. It is generally accepted,
that partition coefficients are high for analytes matching the solubilitiy properties of the
ligand /linker matrix of the GNP transducer. Here for example, if GNPs are embedded in
a non-polar hydrophic matrix the partition coefficients of non-polar hydrophic analytes
are significantly higher compared to polar hydrophilic analytes.!'?”]

The vapor pressure of the respective analyte also plays an important role. Considering
an analyte with a low vapor pressure, it tends to have a higher partition coefficient, most
probably resulting in an increased sensitivity response of the chemiresistor. Also the
molecular dimension of the analyte may affect the efficiency of the swelling, since larger
molecules could more effectively cause swelling of the GNP film.[™

Based on the above mentioned aspects, a quantitative analysis of the sensitivity to differ-
ent analytes is highly complex and beyond the scope of this work. However, a qualitative
analysis for the most pronounced trends will given in the following. First, as can be seen
from figure 7.13 a), all sensors responded to the applied vapors with an increase in resis-
tance. This behavior suggests, that sorption-induced swelling was the dominating effect

for each chemiresistor/analyte pair, which is in agreement with previous studies.!™12%

Furthermore, the sensors showed relatively high sensitivity towards 1-butanol, which has
an amphiphilic character and intermediate polarity. This result seems remarkable es-
pecially for sensor S-9DT (pure 9DT matrix) containing a pure hydrophobic alkylene
backbone. However, it is known from Schlicke et al. that 9DT cross-linked GNP films
contain various unbound thiol groups.®”) These free thiol groups can interact with protic
(1-butanol, 1-propanol, ethanol) and aprotic (4M2P) polar compounds and form hydro-
gen bonds. Moreover, it can not be excluded, that the fabricated GNP film still contained
some residual amphiphilic 12A, which was the initial stabilizer of the GNPs in solution.
Since all sensors contained 9DT as cross-linker (and possibly residual 12A), it is reasonable
why all sensors exhibited a relatively high sensitivity towards 1-butanol. An additional
aspect to explain the high sensitivities towards 1-butanol is its low vapor pressure, which

may allow for a better sorption to the GNP films as shown in our groups previous study.®
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The comparison of sensors printed with pure 9DT and 9DT—+L blends shows that the
sensor containing the 9DT+L matrix exhibited lower sensitivities towards hydrophobic
analytes, such as 4M2P, toluene, and n-octane. This trend can, for example, be seen
clearly for the sensors S-3MPA.25 and S-3MPA.50 printed using the 9DT/3MPA ink.
Here, the increased amount of 3MPA for sensor S-3MPA.50 led to a further decreased
sensitivity towards hydrophobic analytes compared to sensor S-3MPA.25. Accordingly, it
was concluded that increasing the amount of monothiol increased the hydrophilic charac-
ter of the GNP films. For example sensor S-TG.50 (9DT /TG, 1:1) shows greater responses
to 1-propanol and ethanol than sensor S-9DT.

The data shown in figure 7.13 b) also demonstrate, that the sensitivities of all sensors
to alcohols decrease in the order 1-butanol > 1-propanol > ethanol. This trend is gen-
erally attributed to the differences in vapor pressure (1-butanol: 8.85 hPa; 1-propanol:
28.2 hPa; ethanol: 78.7 hPa)'?®19] Jeading to a decreased solubility in the ligand /linker
matrix with increasing vapor pressure.

Moreover, the decreasing molecular volume, as well as the increasing permittivities (1-
butanol: 17.8; I-propanol: 20.1; ethanol: 25.3)1%1%] may contribute to the observed
results. By further inspecting the results, one finds that the sensitivities towards 1-
butanol, 1-propanol, and ethanol of the sensors printed using the 9DT+L increased in
this order compared to the sensitivity of the sensor containing pure 9DT. This behavior
in general confirms the expected increased sensitivity to hydrophilic analytes of sensors
with increased monothiol amount. Even more pronounced are the results for water as
analyte. Here, both sensors fabricated with 9DT /TG S-TG.25 and S-TG.50 show signifi-
cantly increased sensitivities to water. Hence, blending the 9DT ink with TG containing
two hydroxyl groups (cf. table 7.2), thus forming more H-bonds, tuned the chemical se-
lectivity most effectively towards polar hydrophilic analytes.

Radar plots of the sensor responses to toluene, 1-propanol and water for concentrations
of 2000 ppm and 100 ppm are shown in figure 7.14. The radar plots clearly show that
the selectivity of the sensors was successfully tuned by blending additional monothiols
with polar functional groups into the 9DT ink. Moreover, although the above discussed
response isotherms are non-linear, the radar plots at different concentrations (2000 and
100 ppm) are very similar in shape allowing for the discrimination of analytes at different
concentrations. In this context it should be noted, that if the selectivity of the sensor
remained unaffected by the blending of the different monothiols and only the sensitivity
changed, the radar plots would form distorted heptagons which would have different sizes
but the same shape for different analytes. Figure 7.14 a) and b), however, show distinct

shapes for three different analytes.
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Figure 7.14: Radar plots of sensor response amplitudes. Selected analytes are depicted ranging from
hydrophobic to hydrophilic character. The sensors were exposed to analyte vapors at concentrations
of a) 2000 ppm and b) 100 ppm. The corresponding response transients for figure part b) are shown
in the appendix figure A.7. Reprinted with permission from Ref. [81].

Summary. In this study the fabrication of fully printed flexible chemiresistors based
on cross-linked GNPs was presented. First, interdigitated electrodes were printed onto
flexible PI foil via dispenser printing. Second, transducers of cross-linked GNPs were
deposited onto the electrode structures via inkjet-printing. Here, the cross-linking ink
consisted of either 9DT or mixtures of 9DT and functionalized monothiols to tune the
selectivity of the chemiresistors. This fabrication method is be well-suited for on-demand
fabrication of flexible chemiresistor arrays for specific purposes. Further, it should be
possible to tune the selectivity of such sensors to be highly suitable for personalized
health care monitoring, eg., breath analysis or for diagnostic applications in electronic
skin devices. Future work may include the introduction of a greater variety of differently
functionalized ligands to further adjust the organic structure of the matrix and alter the
selectivity. Additionally, differently shaped GNPs could be included to further alter the

nanoscale structure and change the overall electric properties of the transducer material.

7.3 Mechanical Resilience

In view of the potential future applications of GNP-based materials as flexible, wearable
sensors, a thorough assessment of their mechanical resilience and durability is of great
interest, since the performance of the strain gauges and chemiresistors critically relies on
the mechanical properties of the cross-linked GNP films.

These properties were tested by fabricating so called nanomembranes (freestanding GNP
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films) via LbL spin-coating followed by floating and transferring them onto holey sub-
strates. The nanomembranes were subsequently bulged as described in chapter 6.6. Dif-
ferent parameters such as critical stresses and strains (stress/strain at which the nanomem-
branes collapse) as well as elastic moduli of the nanomaterial were extracted from exper-
iments conducted with nanomembranes comprising differently cross-linked GNPs. Fur-
thermore, the nanomembranes’ toughnesses were calculated to obtain the energy stored in
them until the applied underpressure resulted in a rupture of the membrane. The graph
in figure part 7.17 a) depicts stress/strain curves closest to the critical parameters shown
in figure part 7.17 b). Stress/strain curves of all characterized nanomembranes are shown
in the appendix in figure A.8 and A.9.

The experiments were conducted with particles of ~4 nm and ~7 nm in diameter fabricated
according to Leff et al. and Peng et al., respectively.?®%1 Figure 7.15 provides size his-
tograms, as well as UV /vis spectra and representative TEM images of the particles used
for these experiments. Particles from both systems were interconnected with a variety
of dithiols (1,4-butanedithiol (4DT), 1,6-hexanedithiol (6DT), 1,9-nonanedithiol (9DT),
1,4-benzenedithiol (BDT)) to investigate the cross-linker’s influence on the mechanical pa-
rameters mentioned above. Structural formulas of the linkers are provided in figure 7.15
f). Since the position of the GNPs’ surface plasmon resonance (SPR) (cf. figure 7.15 b)
provides valuable information about the films’ interparticle distance and microstructure,
additional UV /Vis spectra of the cross-linked films are provided in figure part 7.15 e).
These results show that the average distance of the GNPs can be controlled by varying
the dithiol cross-linker. Note, the UV /vis spectra were obtained from glass substrate sup-
ported GNP films before they were transferred onto the holey substrates used for bulge
experiments and all spectra were normalized for a better comparison of the shift of the

plasmon peaks.
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Figure 7.15: a) Size histograms of the particles used for nanomembrane fabrication. b) SPR peaks
of the GNP films as a function of the number of CH units of the respective cross-linkers. The BDT
cross-linker was separately added to the plot. ¢) Representative TEM image of the ligand stabilized
GNPy, particles. d) Representative TEM image of the ligand stabilized GNPy ,,, particles. e)
Normalized UV /vis spectra of all cross-linked films used for bulge experiments compared to the
respective stock solution (grey line). The red-shift with decreasing linker length due to enhanced
coupling of the plasmons is clearly visible. f) Structural formulas of all dithiol linkers used. i:4DT,
ii: 6DT, iii: 9DT, iv: BDT. Scale bars: ¢) , d) 50 nm.

To conduct bulge experiments, the GNP films were transferred onto holey silicon sub-
strates with an aperture diameter of ~80 nm to provide freely suspended nanomembranes.
They were bulged in a setup presented in one of our groups earlier worksP®! and by step-
wise increasing underpressures ranging from 100 Pa up to ~70 kPa until the membranes
collapsed. At each bulging state an atomic force microscope (AFM) scan was performed
to obtain height profiles of the nanomembrane. All measurements were performed within
~60 min. The nanomembranes were bulged with pressure rates of up to ~60 and ~10 Pa s
for the GNP 4, and GNP, respectively. According to the model presented in chapter
5.2.5 the biaxial stress acting laterally in the membrane was calculated using the ap-
plied underpressure, the thickness of the membrane and the radius of curvature. The
latter was obtained by fitting spheres to the height profiles of the nanomembrane at each

applied underpressure. The respective biaxial strains were calculated using the nanomem-
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branes’ arc lengths at zero and at different applied underpressures. Thicknesses of the
nanomembranes were determined via AFM and were in the range ~20-35 nm. Exemplary
topographic scans of each particle system are depicted in figure 7.16. It should be noted,
that these topographic scans were performed at the edges of the holey silicone substrates

to obtain the exact topography of the nanomembranes used for bulging.

Figure 7.16: Representative topographic AFM scans of nanomembranes used for bulge experi-
ments. a) GNP 4,,-4DT, b) GNP 4,,-6DT, ¢) GNP4,1,-9DT, d) GNP4,,,-BDT, ) GNP7,,,-6DT, )
GNP7,,-9DT, g) GNP7,,,-BDT. Scale bar: 2 pm.

For each experiment the last measured height profile before the nanomembrane ruptured
was taken to calculate the critical stress and strain. Biaxial moduli were obtained by
fitting the linear regime of the stress vs. strain curve. From the biaxial moduli Young’s
moduli were extracted using Poisson ratios for the GNP nanomembranes of 0.33, as they

are commonly found in literature.[148:189,190]

Mean values were calculated from at least three different samples. Toughnesses were ob-
tained by integrating polynomial fits of the stress/strain curves ranging from strains at
600 Pa up to the critical strains. It has to be noted, that no bulge experiments were per-
formed with GNPz, /4DT, since the membrane immediately ruptured after mounting the
sample on the substrate holder. Table 7.3 shows the Young’s modulus, the core diameter
of particles used for nanomembrane fabrication as well as the nanomembranes’ critical
parameters and toughness and employed cross-linkers. For GNPy, and GNP, Young’s
moduli between 2.4-5.7 GPa and 2.3-9.3 GPa were obtained, respectively, depending on
the cross-linker used. These results are in good agreement with values found in litera-
ture. Schlicke et al. obtained Young’s moduli of ~3.6 GPa for 9DT cross-linked GNPs
with a core diameter of ~7 nm!™ and Young’s moduli of ~3.6-10 GPa for GNPs with a
core diameter of ~4 nm depending on the cross-linking agent.®”) Wang et al. determined
a Young’s modulus of 2 GPa for 12T stabilized particles with a mean core diameter of
~5 nm.!"% These studies confirm that the elastic moduli of GNP nanomembranes are in

the low GPa regime. As can be seen from table 7.3 the Young’s modulus is increasing with
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decreasing linker length, which is in good agreement with literature.®” Since the Young’s
modulus is a measure for a material’s stiffness it is expected, that with decreasing linker
length the nanomembrane becomes stiffer. Both types of nanomembranes (GNP 4, and
GNP7,m) exhibit the lowest critical strain, when BDT is used as cross-linker, since this
molecule offers least flexibility (cf. figure 7.15 f). As can be seen in the table below, the
Young’s moduli of nanomembranes made from GNP 4, cross-linked with BDT, 4DT and
6DT are similar which is probably related to a similar size of the cross-linking agents.

By comparing the Young’s moduli of composites made from both the GNPy, and
GNP7,m, composites made from smaller particles tend to have higher Young’s moduli
for the same alkane organic cross-linker. This is probably due to the increased inter-
connection of smaller particles compared to larger ones. Hence, higher forces are needed
to yield a similar strain of a nanomembrane comprising smaller particles compared to a
nanomembrane made from larger ones. For BDT nanomembranes made from both parti-
cle systems exhibit the highest Young’s modulus compared to nanomembranes made with

ADT linkers because of the rigid molecule structure.

Table 7.3: Young’s moduli, critical strains and stresses and toughnesses for both particle systems
interconnected with different cross-linkers.

GNP cross-linker Young’s critical strain critical stress  toughness
size [nm] modulus [GPa] (%] [MPa] [MJ m™]
4 4DT 4.9 £ 0.7 1.8 £ 0.1 109 + 11 1.1 £0.1
6DT 4.4+ 0.2 24+£05 112 £ 15 1.7 £ 0.6

9DT 28 £0.3 244+ 04 82 + 10 1.1 £0.3

BDT 4.9 + 0.3 1.0 £ 0.25 65 + 10 0.3 £ 0.1

7 6DT 39 +0.3 1.1 +£0.2 53 + 64 0.3 £ 0.1
9DT 254+04 1.3+ 0.5 40 + 14 0.3 +0.2

BDT 79+ 1.0 0.33 £+ 0.07 38 £ 5.9 0.07 + 0.02

The overall comparison between the toughnesses of nanomembranes made from GNPy,
and GNP, particles shows that generally more energy can be stored in nanomembranes
made from smaller particles.

Figure 7.17 b) depicts critical stresses and strains for nanomembranes made of both par-
ticle systems. The overall tendency clearly shows that GNP,,,,-based nanomembranes
could be strained to a higher extend until rupture (~2.5 % strain for GNPy, /9DT)
than nanomembranes made from GNPz, with the same cross-linker (~1.3 % strain for
GNP7,,/9DT). The critical stresses for these two particle systems (GNP, /9DT and
GNP7,,/9DT) were in the range of ~110 MPa and ~40 MPa, respectively. Since the ap-
plied strain is primarily transferred to the organic molecules in the interparticle positions,

fewer interparticle positions have to compensate the same strain for nanomembranes made
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from larger GNPs. This effect leads to smaller critical stresses and strains for nanomem-
branes made from larger particles, hence to smaller toughnesses as elucidated in figure
7.17.

Additionally, as can be seen from figure 7.16 the nanomembranes made from GNPz, are
less homogeneous than the ones made from GNP 4, particles. These local inhomogeneities
of GNPs might also lead to punctually higher stresses during the bulge experiments, which
causes the nanomembranes of larger GNPs to collapse earlier.

Figure 7.17 further indicates the general decrease of the critical strain for each particle sys-
tem when the length of the alkane cross-linker is reduced. This behavior is expected, since
smaller alkane linkers can be strained less, which leads to a faster collapse of the nanomem-
brane. Jaeger and coworkers found comparable critical parameters for GNP (core size
~5 nm) monolayers stabilized with 12T in the range of 0.9 % strain and ~11 MPa.[0]
Tsukruk and coworkers found critical parameters for GNP (core size ~13 nm) nanomem-
branes sandwiched between polyelectrolyte multilayers of 0.8-2 % strain and stresses of
~75 MPa at similar Young’s moduli of 5-10 GPa.l'*3] Both works are depicted in figure
7.17 b) as reference.

This figure part also emphasizes the rigidity of the nanomembranes made from BDT-
cross-linked particles, exhibiting the lowest critical parameters with stresses of ~40 MPa
and ~65 MPa at strains of ~0.3 % and ~1 % for nanomembranes comprising GNP7,,
and GNPy, respectively. The relatively large deviations especially for 9DT cross-linked
nanomembranes can possibly be attributed to fluctuations during membrane transfer via

skimming and defects.
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Figure 7.17: a) Stress/strain curves of samples closest to the mean values of the critical parameters
depicted in figure part b). The highlighted values of each measurement curve were recorded just
before membrane collapse. b) Critical stresses and strains for particle systems comprising GNP 45
and GNP7,,, with different cross-linkers.
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Summary. Mechanical properties of GNP nanomembranes were determined via bulge
experiments. Different particle systems were employed comprising GNPs with different
core diameters and a variety of alkane cross-linkers and 1,4-benzenedithiol (BDT). Critical
mechanical parameters such as stresses and strains of the nanomembranes measured before
rupture showed that the smaller GNP,,,,,-based nanomembranes can be strained to a
higher extend compared to their GNP7,,,, counterparts. For both particle systems these
critical parameters decrease when the length of the alkane cross-linker is decreased as
well. GNPs cross-linked with BDT exhibit the lowest critical stresses and strains due to

the rigid nature of the linker molecule.

7.4 Durability

Since the long-term stability is highly important for the applications of cross-linked GNP
networks, as it was addressed in one of our groups former studies,/®? in this section the
accelerated aging behavior of such composites will be discussed.

To this end, the particles were artificially aged in a climate chamber (WKL 34/40, Weiss
Umwelttechnik GmbH) at mild (65 °C, 65 %rH) and harsh (85 °C, 85 %rH) temperature
and humidity conditions which are in the following referred to as 65/65 and 85/85 tests.
Climate chamber parameters were validated once at 85/85 conditions using an external
humidity and temperature sensor (BMEG80, Bosch) and are depicted in the appendix,
figure A.10 a). Especially the 85/85 test conditions are commonly chosen to perform
stress tests for electronic components in industry.?°)) The period for this type of test is
commonly 1000 hours (~42 days). However, in this study 9DT cross-linked GNPs with
different core diameters (~4 nm and ~8 nm) were aged for a total period of 28 days (~670
hours) and a variety of imaging and measurement techniques were applied to track the ag-
ing process of these systems. It should be noted, that for the LbL spin-coating preparation
of the GNP films in this project the same concentration (7.4 mM) for the 9DT cross-linker
was used. This might lead to a decreased linker to particle ratio for the smaller (~4 nm)
particles compared to the GNPs with a core diameter of ~7 nm. By applying the Qo rule
(cf. chapter 5.2.6) to roughly approximate the 28 days of degradation for the 65/65 and
85/85 tests, virtual tests periods of ~1 year and ~5 years were determined, respectively.
For all films, initial (day 0) non-electrical measurements were performed directly after
the GNP film was removed from the over-night immersion in the 9DT /methanol bath (cf.
chapter 6.2.1). The initial electrical measurement was performed directly after electrode

structures were deposited onto the film. However, due to the PVD deposition process of
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the electrodes, the initial electrical measurement was performed ~16 h after the films were
removed from the 9DT /methanol bath.

Figure 7.18 provides basic information, such as size histograms, UV /vis absorbance spec-
tra and representative TEM images, about the two particle systems used, which have a
mean core diameter of ~3—4 nm and ~7 nm, respectively, and are in the following referred
to as GNPg (comprised of two synthesis, GNP3,,, and GNPyy,,,) and GNPy, (comprised
of GNP7,,). The GNP films had thicknesses ranging from 20 to 45 nm.
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Figure 7.18: a) Size histograms of both particle systems used. b) UV /vis absorbance spectra of
both synthesis used for GNP film preparation. The dilution factor f was 1/300 for all synthesis and
the optical path length was 10 mm. ¢), d) , e) Representative TEM images of GNP3,m, GNP 4y
and GNPy, respectively. Scale bars: 50 nm.

Since nearly all applications involve applying a bias to the composites, first IV-curves were
recorded after each day of the first week of aging and after 14 and 28 days, respectively.
To this end, a bias sweep from -5-5 V was applied and the resulting current was mea-
sured. Figure 7.19 depicts specific conductivities o of artificially aged GNP films on glass
compared to a sample which was stored in a nitrogen atmosphere at room temperature
and another sample stored under ambient conditions. The specific conductivities were

calculated according to equation 7.5.
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Gd

- (7.5)

o=
Here, GG is the sample’s conductance, d is the distance between the electrodes, b is the
width of the electrodes and ¢ is the thickness of the GNP film.

The comparison of both 9DT cross-linked particle systems shows, that the larger GNPy,
particles exhibit higher overall specific conductivities, as expected (cf. equation 5.7).
All initially (day 0) measured specific conductivities are in good agreement with values
presented in literature.[62:83100 The graphs further show, that the increase in conductivity
during the artificial aging is most pronounced for the 85/85 tests, especially in the last
14 days for both particles systems. Here the conductivity of the GNPg and GNPy, system
increased by a factor of 1.4 and 2, respectively, compared to the initial measurement. The
sample stored under ambient conditions also showed an increase for the GNPy, system
similar to what was observed for the sample stored under 65/65 conditions, whereas the
GNPg ambient sample remained nearly constant. The samples stored under nitrogen did
not show any changes in conductivity over the measurement period of 28 days. Similar

trends were found by Joseph et al. for GNPs cross-linked with alkane dithiols!*6!

201]

and by
Panjwani et al. for gold-black.|
Furthermore, the GNPy, system showed a somewhat exponential increase in conductivity
when stored under 65/65 or 85/85 conditions. The GNPg sample, however, exhibited a
strong increase in conductivity after the first day and between day 14 and day 28. Between
day 1 and day 7 this sample only showed little change. The GNPg sample stored under
ambient conditions did not show any significant change in conductivity during the whole
aging period. The stability of the GNPg system’s ambient sample and the less pronounced
increase in conductivity during the 85/85 test period indicate that the smaller particles
are cross-linked more effectively than the larger particles from the GNPy, system. These
measurements also show, that the kinetics of the aging behavior for both particle systems

is different.
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Figure 7.19: Specific conductivities of artificially aged GNPs cross-linked with 9DT compared to
a sample stored under ambient conditions and in a nitrogen atmosphere. a) GNPg. b) GNPy.

Additionally, the GNPs’ sensitivity to strain under the influence of artificial aging was
investigated. For this purpose, GNP films on PI foil were glued onto stripes of FR4
material and deflected up to strains of ~0.12 % using a custom-built flexural bending setup.
Figure 7.20 shows the general increase of the sensitivity to strain for both particle systems
during artificial aging. Here, the same trends as for the conductivity measurements were
observed, namely, the larger effect of humidity and temperature to the larger particles
(GNPy). The sensitivity of the GNPy, system increased by a factor of up to 3, whereas for
the GNPg system the sensitivity only increased by a factor of 2, which as well indicates,
that the films fabricated using the smaller particles are more stable under the artificial
aging conditions. It is also astonishing that the GNPy, sample nearly reached its maximum
sensitivity after two days of aging under 65/65 conditions, while the increase in sensitivity
was more gradually for the GNPy, sample stored under 85/85 conditions. Moreover, no
additional increase of the sensitivities was observed when the particles were aged under
85/85 conditions compared to the 65/65 test showing that the aging process of such
nanoparticle systems is highly complex. As the IV-measurements showed, no significant
changes of the conductivity were observed for the samples stored in a nitrogen atmosphere,
hence no strain response measurements were performed with samples solely stored under

nitrogen conditions.
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Figure 7.20: Resistive strain response curves for artificially aged GNPg and GNPy, systems. a)
GNPg stored under 65/65 conditions. b) GNPg stored under 85/85 conditions. ¢) GNPy, stored
under 65/65 conditions. d) GNPy, stored under 85/85 conditions.

Since changes of the electrical properties of the GNP films are expected to be related
to changes in the composites morphology, TEM images of both particles systems were
recorded at day 0 and day 28. For this purpose, thin films were skimmed onto TEM cop-
per grids provided with a carbon film and for each measurement a new sample was taken.
The images are depicted in figure 7.21 and show nearly no change in the GNP film’s
morphology of the GNPg-based system after aging for 28 days under 65/65 conditions.
Under 85/85 conditions this particle system exhibited a slight increase in the domain size
after aging for 28 days. This heat-induced coarsening of GNP networks is also described
in literature. Yu et al. described structure transitions of GNP crystals under the influence
of temperature.?°2 Gubicza et al. also found agglomeration of cetyltrimethylammonium
bromide (CTAB) stabilized GNPs in water after a period of one year. Here, both Ostwald
ripening and particle agglomeration were observed, which was related to the removal of
surface stabilizing ligands.[?%3 It should be noted that for GNPg-based systems different
stock solutions were used for the 65/65 and 85/85 tests, resulting in slightly different
particle sizes for the day 0 TEM images (cf. figure 7.18 a).
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For the GNPy-based system the influence of the artificial aging was more pronounced.
Here, figure 7.21 clearly shows, that the GNPs formed even larger agglomerates after the
85/85 test compared to the 65/65 test. The changes of the GNPs shown in the TEM
images are in agreement with the results obtained from the 65/65 and 85/85 electrical
measurements shown in figure 7.19, where the GNPy -based particle system showed gener-
ally larger changes compared to the GNPg-based particle system. Furthermore, differences
between both test periods (65/65 and 85/85) are clearly visible for the GNPy -based par-
ticle system. The strong correlation between the reduction in resistance and the increase
of feature sizes was also reported for thermally evaporated porous gold films by Panjwani
et al.?% It has to be noted, that all samples for the TEM imaging were first transferred
to the copper grids before aging, since it was uncertain that after an advanced test pe-
riod still a transfer from initial glass substrate to TEM copper grids could be ensured.

Different substrates, however, might also affect the aging behavior of the GNP films.

Figure 7.21: TEM images of GNPgs- and GNPy-based particle systems. Images shown in the top
row refer to the 65/65 test. Images shown in the bottom row refer to the 85/85 test. Between
paired images, the left and right one refer to the particle system at day 0 and day 28, respectively.
Note that different stock solutions were used for the GNPg-based systems for the 65/65 and 85/85
tests, resulting in slightly different particle sizes at day 0. Scale bars: 50 nm. All GNP films were
transferred onto TEM copper grids before aging.

Because the electrical and morphological changes in both particle systems are assumed
to be correlated to the cross-linkers attached to the GNPs, XPS measurements were
conducted with three different samples at day 0, day 2 and day 7 for both particle systems
under 65/65 conditions. The samples were prepared via spin-coating and the GNPs were
deposited onto unoxidized silicon wafers.

All samples were analyzed regarding the sulfur (S 2p) energy range and were fitted using
two doublets of Gaussian functions, representing the S 2p;/, and S 2p3/, orbitals of thiol

groups and gold-bound sulfur. In agreement with studies performed previously on cross-
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linked GNPs, the peak at ~162 eV corresponds to gold-bound sulfur and the peak at
~164 eV corresponds to free thiol groups (S-H).%6% Figure 7.22 a) and b) depict the
XPS spectra of the S 2p energy range for the GNPg and GNPy, system, respectively. The
fit functions are shown as dashed and solid grey lines, respectively. For both particle
systems no oxidized sulfur species, which are expected at higher binding energies (165—
170 eV), were found in measurements of day 0 and day 2. For both particle systems
a slight increase in the regime for oxidized sulfur is observable for the measurement at
day 7 indicating the onset of degradation of the cross-linker. This phenomenon was also
observed by Joseph et al.l'!l for GNPs aged under ambient/light conditions for several
months and Schlicke et al. after irradiating cross-linked GNPs for two hours with DUV
light, indicating as well accelerated aging effects.!'%! Figure parts c) and d) depict the
relative sulfur concentrations (normalized to the corresponding Au 4f peak). The values

are displayed as a fraction of the total thiol concentration of the GNPg system at day 0.

This comparison shows, that the system comprised of the smaller particles contains sig-
nificantly more free thiol groups as well as gold-bound sulfur. This is probably related to
the increased surface to bulk ratio of the smaller particles. For both particle systems, the
amount of gold-bound sulfur remains nearly constant after seven days of aging, whereas
the amount of free thiol groups is reduced over time. The ratio of free thiol and gold-
bound sulfur is approximately identical for both particle systems over the observed period
of seven days. For the GNPg-based system, however, the amount of free thiol is reduced
by ~20 %, whereas for the GNPp-based system the amount of free thiol is reduced by
~30 % after the aging of seven days. Note, that no total sulfur-to-gold ratio could be
extracted in this scope, because the RSO, peak was to small to be fitted. Since the
gold-bound sulfur stays nearly constant over the aging period, these measurement might
indicate that only free thiol undergoes oxidation or evaporates from the organic matrix.
But it is also possible that sulfur is catalytically oxidized on the GNP’s surface and then
replaced by free thiols, which would also explain the reduction of the S-H amount. How-
ever, the evaporation process of free thiols was also found by Joseph et al. for GNPs aged
under ambient conditions.%!

The removal of free thiol might increased the electrical conductivity due to volume loss
of the organic matrix. The loss in volume could further promote the agglomeration of
particles as it was observed during TEM analysis (cf. figure 7.21). The results shown here
support the overall assumption that the smaller particles are better stabilized when fol-
lowing the used spin-coating fabrication procedure, probably due to the increased amount
of thiol in the organic matrix. Here, a readjustment of the linker concentration for the

larger particles could increase the stability of such composite material as well.
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Figure 7.22: a), b) XPS spectra of the GNPg and GNPy, system cross-linked with 9DT at day 0,
day 2 and day 7 during a 65/65 test, respectively. The plots show the S 2p energy range and the
data was fitted using two doublets of Gaussian functions. The dashed gray lines correspond to the
S H species, the solid gray lines correspond to the S Au species. ¢) , d) Relative S 2p concentrations
as percentage of the maximum total S concentration measured (day 0 of sample GNPg) for GNPg
and GNPy, respectively.

Since the changes in electrical properties and TEM micrographs indicate strong changes
in the films’ structure, which are partly supported by the XPS measurements, charge
transport measurements at temperatures from 100-300 K were conducted to obtain acti-
vation energies of the thermally activated tunneling of both particle systems.

To exclude any effects to the samples during the measurement due to the strong temper-
ature deviations, three samples were used in total, one for day 0-7 and one for day 14
and day 28, respectively. One measurement lasted approximately eight hours. After the
measurement was finished the sample was put again into the climate chamber.

The activation energy was obtained from the slope of an Arrhenius type plot according to
equation 5.1. These measurements, however, show that the changes described above have
only little effect on the activation energy when the particles are aged, as can be seen in
figure 7.23. As expected, the smaller GNPs exhibit higher activation energies compared
to the larger particle system (cf. equation 5.7). Note, the difference in activation energy
of ~500 J/mol for the GNPg system is due to the two different synthesis used which have
a slightly different mean particle diameter (cf. figure 7.18). Here, the higher activation
energies of ~4500 J/mol and ~4000 J/mol belong to the particle batches with mean diam-
eters of ~3 nm and ~4 nm, respectively. All measurements show a slight decrease of the

activation energy between day 0 and day 1 and a slight increase after the aging period
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of 28 days. This increase might be due to the increase in particle size due to Ostwald
ripening and the concomitant increase in interparticle distance. The latter effect may
become dominant for longer aging periods, which then causes an increase in activation

energy and cancels out the reduction due to the increase of the particle size (cf. equation
5.7).
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Figure 7.23: Activation energies of the thermally activated tunneling-based charge transport for
both particle systems, GNPg and GNPy,. The different activation energies of ~4500 J/mol and
~4000 J/mol belong to the two different particles batches (~3 nm and ~4 nm) used for the GNPg
particle system. The results show no significant changes during an aging period of 28 days for both
testing conditions. Note that no measurement was performed for GNPg at 85/85 for day six due to
a measurement device failure.

The changes in activation energy, however, indicate only little changes in the film’s mor-
phology or at least the effects of different phenomena which cancel each other out, showing,
that the fabricated GNP films have a high durability towards heat and moisture. This
trend is supported by UV /vis, XRD and SAXS measurements providing analysis for areas
in the millimeter regime. These experiments all show that the 65/65 and 85/85 tests have
only little effect on the GNP films.

Figure 7.24 depicts normalized UV /vis spectra for both particle systems after 65/65 and
85/85 tests. A total of four samples was used, one for each particle system and artificial
aging condition. The spectra show that the aging has nearly no effect on the particle
agglomeration for the GNPg-based system, which should result in a red-shift of the lo-
calized SPR band. For the GNPp-based system a slight red-shift is observed for both
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test conditions (figure 7.24 b), d), 65/65 and 85/85, which is a little more pronounced for
the latter. This result is further supported by the observations obtained from the TEM

measurements.
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Figure 7.24: UV /vis absorbance spectra of GNPg- and GNPy-based systems. a) GNPg 65/65. b)
GNPy, 65/65. ¢) GNPg 85/85. d) GNPy, 85/85. The insets show magnifications of the peak area.

Finally, XRD and SAXS measurements were performed to analyze possible changes in the
crystallinity of both GNP systems during the aging process as well as the change of mean
particle diameter and interparticle distance. For each of these methods a new sample was
measured, so that effects of the x-ray sources to the particles during the measurement
were excluded. It has to be noted, that due to the limitations of SAXS measurements only
the GNP -based system could be analyzed. Since it was observed that the changes in the
GNP films appear to be more pronounced at 85/85 conditions, both experiments were
solely performed under these environmental conditions. Figure 7.25 a) shows XRD survey
diffractograms from 30-120 ° as well as additional baseline-corrected diffractograms of the

region between 55 and 90 °, where the gold (220) reflection is located. The results are in
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good agreement with previously published data.®®) The gold (220) reflections were fitted
with a Lorentz fit. The obtained full widths at half-maximum, as well as the peak center
20y and the Scherrer equation (cf. equation 7.6) were used to estimate the domain sizes
of the GNP films, which are in the range of 2.6-3.2 nm for both particle systems and do
not follow any trend. These results suggest a negligible change of the particle domains

during the aging process.

K\
w cos b

L= (7.6)
Here, L is the domain size, A the wavelength of the x-ray source and K a shape factor,

which was assumed to be 1.

Figure 7.25 b) shows SAXS measurements of the GNPy -based system. The results as
well show, that no significant changes happened to the composites macroscopic domain
size and morphology during the aging process, since no broadening or shifting of the two

maxima were observed.
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Figure 7.25: a) XRD survey diffractograms for both particle systems, as well as additional diffrac-
tograms in the range of the gold (220) reflection for day 0, day 14 and day 28 at 85/85 conditions.
For the sake of clarity only one Lorentz fit (solid blue line) for day 28 is shown. b) SAXS pattern
of the GNPy -based system at three different days of artificial aging at 85/85 conditions. The mea-
surements show that on the millimeter scale no significant peak shifts occurred, which indicate no
noticeable change in the mean particle diameter or the particle distance.

It should be noted that in the scope of this work, aging experiments with samples aged in
an additional climate chamber (Memmert, HCP50) at 85/85 conditions were conducted.
To this end, I- V-measurements were performed with two samples from the GNPy, system
aged in the HCP50 chamber and were compared to two freshly prepared samples aged in
the WKL34/40 climate chamber. The results are depicted in the appendix figure A.10 a).

Though it could be shown that the samples aged in the WKL34/40 climate chamber
exhibited only little changes in conductivities after seven days of aging (cf. figure 7.19 b),
the results were inconsistent with the ones obtained for the samples aged in the HCP50
climate chamber (cf. figure A.10 a). Here, conductivities of up to two orders of magnitude
higher were found compared to the samples aged in the WKL34/40 climate chamber. The
temperature and humidity of both climate chambers were verified with an external sensor
(cf. figure A.10 b), ¢), but no significant inconsistencies were observed. The origin of the

different aging behaviors of the GNPs remained unclear and could not be clarified. These
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results, however, show that the aging process of GNP composites is highly complex and

needs further investigation.

Summary. The artificial aging of the GNP composites with two different mean par-
ticle diameters cross-linked with 9DT was analyzed with a variety of methods, focusing
on electrical structural properties of the material. These results show, that the particle
system comprised of the large particles (GNPy,) is generally more affected by the aging in
terms of increased conductivity and particle agglomeration, whereas the small particles
(GNPg) remain highly stable under both artificial aging conditions (65/65 and 85/85)
over the period of 28 days. However, millimeter scale analysis methods (UV /vis, XRD,
SAXS) reveal, that on this scale both composites remain sufficiently stable to be used
as sensors. Furthermore, electrical measurements showed that the aging process can be
greatly inhibited by storing the composites under ambient temperature in a nitrogen at-
mosphere. It should be noted that the strong morphological changes shown by the TEM
images might arise from the storage on the TEM copper grids during the whole aging
period, whereas all other measurements were performed on GNPs supported by glass sub-
strates or PI-foil. Finally, it was shown, that different climate chambers (WKL34/40 and
HCP50) lead to different results of the aging experiments.
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A. Appendix

A Appendix

A.1 Cryocell Setup

The cryocell setup comprises of a test cell (figure A.1 a) which is inserted into a dewar
containing liquid nitrogen. The GNP films on glass were inserted into the measurement
cell by gently lifting the printed circuit board containing spring loaded pins to contact
the electrodes of the sample. The measurement cell was inserted into a copper block
containing the heat elements and was fixated using screws. The measurement cell was
grounded and inserted into a metal cylinder, so that it has no direct contact to the liquid
nitrogen. A custom written Phython routine was used to automatically run through pre-
defined target temperatures and perform [V-measurements if the total error and standard

deviation of the respective target temperature were below 0.35 for five minutes.

coppefl'

block i L
— . ~ cylinder
measure erﬁ"! S
ey _

cell TR

===

Figure A.1: Cryocell setup for activation energy measurements for temperature activated charge
transport. a) Measurement cell for sample insertion and copper block. b) Test cell and copper block
inserted in the metal cylinder to be inserted into the dewar.
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A.2 Four Point Flexural Bending Setup

The bending test setup consisted of a threaded rod (pitch: 1 mm) connected to a step-
per motor (Nema 23). The rod was mounted to a custom-built metal plate with two
adjustable pins, which could be moved towards two additional pins mounted on a ground
plate. The stepper motor was controlled by a commercial drivers board (TB6560), which
was connected to a micro controller (MEGA 2560 R3, Elegoo). The stepper motor was
powered with a bias of 24 V. A custom Python script was used to execute desired test-
ing parameters. In order to achieve a smooth movement of the stepper motor, the step
size was set to 1/16 of a full step, resulting in single steps of ~0.1°. The electrical mea-
surements for the sensor samples and the commercial sensor were performed using two
Keithley 2601 A SMUs. Figure A.2 shows an overview image as well as an image of the
inside of the test chamber. Here, the four pins as well as the moving metal plate are

marked with red and blue squares, respectively.

Figure A.2: Images of the overall flexural bending setup, as well as an inside view of the test
chamber. Both SMUs are located above the test chamber. The power source for the stepper motor,
as well the computer to control the setup are located below the test chamber in the rack. The four
pins as well as the moving metal plate are marked with red and blue squares, respectively, in the
inside view image of the test chamber.
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A.3 Strain Measurements of Rectangular Sensors
with 400 pm and 800 pm Gap

In the following graph (figure A.3 b), strain measurements of rectangular sensors with

400 and 800 pm gaps at different angles are shown. The samples were fabricated similar

to the sample described in the main document. Additionally, figure A.3 c¢) shows strain

measurements performed up to strains of 0.26 %. These measurements show, that the

direction dependency is preserved even at strains, where the commercial sensor and the

simulation diverge from their linear behavior.

T T T a5 . —
a)0‘25- R = metal foil 1 b) 400 pm C) 55 .
.‘.. LIS 304 . 800 pm 5.04 = ; N
0.204 ."‘-.,.."\- H . 45
— [ —_ - . ]
—0.15 \"{% S ' . &40 ! .
2
= o 20 : of 35 : :
0.104 P . . X 3.0 Lt
<1 154 . <]
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0,00 1.04 ‘ 201 . aoopm  § . :
' 154 « 800um
T T T T T T 0.5 T r T T T T
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As [mm] 0] 0[]

Figure A.3:

a) Comparison showing a commercial sensor (SGT-1/350-TY11) and ey plotted

against the displacement As. Both graphs show a linear behavior up to a deflection of 0.55 mm,
which corresponds to a strain of ~0.12 %. b) Angular dependent response curves at strains of 0.12 %
for rectangular sensors with an electrode gap L of 400 and 800 pm, respectively. Measurements were
performed at angles 6 from 0°-180° at steps of 15°. ¢) Similar measurements performed as shown
in figure part b). The relative changes in resistance are plotted at strains of 0.26 %.

A.4 Comsol Strain Simulation for Shear Strain

The following graph shows the results of Comsol simulations for the shear strain e,

performed for an FR4 substrate disc used as described in the main document. It can be

seen, that the shear strain is approximately three orders of magnitude smaller than the

strains €,, and €, which are in the range of ~10®. Hence, this strain component can be

neglected.
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Figure A.4: Shear strain €, at two points of the circular shaped FR4 substrate obtained from
Comsol simulations plotted against the displacement As.

A.5 Response Transients Before and After Bending
Fully Printed Chemiresistors

The following figure shows the resistive responses to toluene vapor after bending the
fully printed sensor S-9DT at different radii of curvature (16 mm, 10 mm, 5 mm). For
each radius the sensor was bent 100 times before the chemiresistor measurement was
conducted. It can be clearly seen, that the repetitive bending has no significant influence
on the sensor’s sensitivity. According to optical micrographs, no delamination of the GNP

transducer or the electrodes was observed.
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Figure A.5: Resistive responses to toluene vapor at concentrations of 100, 600 and 1000 ppm
compared to a measurement performed before the sensor was bent. At each radius of curvature the
sensor was bent 100 times. b) , ¢) Micrographs showing the sensor after bending it 100 times around
a radius of curvature of 5 mm. No defects or delaminations were observed. d) Sensor fixated onto a
vial with a radius of curvature of 5 mm. Adapted with permission from Ref. [81]

A.6 Custom-Built Multiplexer Setup for Chemiresis-
tor Readout

Each of the seven sensors was connected in series to a shunt resistor (tolerance: 0.1 %)
and a constant bias of 5 V was applied to all sensor-shunt pairs using a Keithley 2601A.
The shunt resistors are selected to have ~5 % of the printed sensor’s baseline resistance.
A multiplexer setup connects a Keithley 2002 multimeter to measure the voltage drop
Vet at each of the seven shunt resistors. A measurement frequency of ~0.5 Hz was
obtained using this setup. The measured voltage drops at the shunt resistors were used

to calculate the resistance of the respective chemiresistor sample according to equation
Al

\% — Vshun
RSensor = 26014 Shunt (Al)
VShunt/ RShunt

Here, Rsensor 1S the resistance of the sensor sample, Vog014 is the voltage provided by the
Keithley 2601A. Vgpunt and Rspune are the voltage measured at the shunt resistor and the

resistance of the shunt resistor, respectively.
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A.7 Response Isotherms and Response Transients of

Fully Printed Chemiresistors

Figure A.6 a)-g) shows the response isotherms of all fully printed chemiresistors to all
used analyte vapors. The insets show linear fits to the data points at concentrations of
25, 50 and 100 ppm, which were used to obtain the sensitivities depicted in figure 7.13 b).
The slopes are forced through the origin (0/0) and are shown as dashed lines.
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Figure A.6: Response isotherms of sensors. a) S-9DT, b) S-TG.25, ¢) S-TG.50, d) S-3MPA.25.
Adapted with permission from Ref. [81]

117



A. Appendix

E) —=— n-octane f) —s=—n-octane
3.04— toluene o 3.04/— toluene e
——4m2p K ——4m2p S
Y e 1-butanol ] 1-butanol 7
=1+ 1-propanal =1|—+— 1-propanol o
< —+— ethanol 2 —<— ethanol al EE* “;n .
— 2.04|—— water {1 = 2.04—— water
o =)
14 14
-~ -
o 1.54 1 1.5 E
< <
1.01 1.01 -
0.54 0.51 -
0.0 T T T T 0.0 T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
concentration [ppm] concentration [ppm]
g) —s— n-octane 02
3.04—* toluene
_..._4m2p oz
—— 1-butanol
251 1-propanol
a'_g' —«— ethanol
; 2.04—— water
[1d
> 1.54
<
1.01
0.5
0.0 T T v T
0 500 1000 1500 2000
concentration [ppm]
(b)

Figure A.6: Response isotherms of sensors. e) S-3MPA.50, f) S-4M10OH.25, g) S-4M10OH.50.

Adapted with permission from Ref. [81]

Figure A.7 shows the response transients of all chemiresistors to analyte vapors at the

concentration 100 ppm.
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Figure A.7: Response transients of all sensors used in this work to analytes at a concentration of
100 ppm. Adapted with permission from Ref. [81].

A.8 Stress/Strain Curves

Figure A.8 and A.9 depict all stress strain curves used to obtain mean values for the
critical strain and stress parameters shown in figure 7.17 as well as for the toughnesses of

the nanomembranes presented in this work.

a)140 . b)140 : r .
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Figure A.8: Plots showing the stress/strain curves obtained for the GNPy,,, particle system with
different ligands. a) 4DT. b) 6DT. ¢) 9DT. d) BDT. The solid blue lines depict polynomial fits used
for the calculation of toughnesses.
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Figure A.9: Plots showing the stress/strain curves obtained for the GNPr,,, particle system with

different ligands. a) 6DT. b) 9DT. ¢) BDT. The solid blue lines depict polynomial fits used for the
calculation of toughnesses.

A.9 Validation of Climate Chamber Parameters

As can be seen from figure A.10 c), the properties of the GNPs show large deviations
depending on which climate chamber (WKL34/40 or HCP50) was used to artificially age
the particle systems. For each climate chamber two freshly prepared GNPy -based samples
were used to be aged for seven days (WKL; » and HCP 5, respectively). To validate that
the temperature and humidity parameters for the artificial aging experiments were set
correctly by the climate chamber, a commercially available temperature and humidity
sensor (BMEG680, Bosch) was inserted in the climate chambers and both parameters were
tracked for 24 h. The climate chambers were both set to 85 %rH and 85 °C. Figure
A.10 a) and b) show that both parameters were set fairly well by the climate chambers
with short readjustments periods. The values measured with the commercial sensor were
increased by ~2 %rH and 2 °C, which is probably due to the fact, that this sensor was
operated at its operating limits. Though the aging behavior obviously depends on the
climate chamber used, the changes in conductivity for the freshly prepared GNPy, sample
aged in the WKL34/40 (figure A.10 c) are similar to the values presented in the main
document (cf. figure 7.19 b). Though a good reproducibility could be achieved for samples
aged in the WKL34/40 climate chamber, these measurements, however, show, how highly

complex the aging process of such GNP composites is.
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Figure A.10: Validation of climate chamber parameters at 85/85 conditions with a commercial
temperature and humidity sensor (BME 680) and comparison of IV-measurements performed under
65/65 aging conditions in different climate chambers. a) Climate chamber parameters of WKL34/40.
b) Climate chamber parameters of HCP50. c¢) Specific conductivities for freshly prepared GNPy-
based samples aged in the WKL34/40 and HCP50 climate chamber. The two samples aged in the

HCP50 chamber exhibit greatly increased specific conductivities compared to the samples aged in
the WK134/40 climate chamber.

A.10 Informed Consent Form Template for Research

with Human Participants
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| nfor med consent form template for
resear ch with human participants

Information Sheet

1. Purpose of the research

The purpose of this work including human participants, is, to work on novel nanocomposite material
sensors. These sensors should be checked on their applicability to be used as pulse wave and muscle
motion detection sensors. The prototypes used in this study are all non-invasive sensors and are
attached to the skin surface. For fixation of such sensors medical tape or wristbands are used. The
sensor parts that get in contact with the skin are of skin-friendly polymer material. Polymers used are
Dragon-Skin™ silicone and polydimethylsiloxane (PDMS). Both polymers are proven to be skin-
friendly.[1,2] The sensors are finally connected via small cables to a voltage source and drained a
maximum current of 1 pA.

Videos of the working principle of the sensors will only include a close up zoom on the skin area where
the sensor is attached to.

2. Benefits and risks of participating
As a benefit the participant helps to prove the working principle of such novel sensor probes to
promote future applications as human health care devices.
As a risk, participants might suffer from intolerances to used polymers attached to the skin.

3. Withdrawal from the study
Any participant may withdraw his/her consent from the participation of the study by informing the
authors in writing any time.

4. Collection of data
All data will be collected and saved digitally anonymously containing no relation to the participants the
measurements were conducted with. All participants have the right to demand for the access and
irreversible deletion of the collected data at any time.

5. Retention period
If not demanded otherwise the collected data will be retained for 10 years after recording until it will
automatically be deleted irreversibly.

6. Contact Details of project supervisor
Dr. Tobias Vossmeyer
Institut fir Physikalische Chemie
Universitat Hamburg
Grindelallee 117
D-20146 Hamburg
Germany
Phone: +49 40 42838-7069
email: tobias.vossmeyer@chemie.uni-hamburg.de

7. References
[1] http://www.ampolymer.com/SDS/PolydimethylsiloxaneSDS.html, see section 11., last checked
06.12.2021.
[2] https://www.smooth-on.com/tb/files/SkinSafeDocs/DragonSkinFX-ProSkinSafeCertification
071519.pdf, last checked 06.12.2021.



Consent Form for [name of study]

Please tick the appropriate boxes Yes
Taking part in the study

| have read and understood the study information dated [01/06/2022], or it has been read to ®
me. | have been able to ask questions about the study and my questions have been answered
to my satisfaction.

| consent voluntarily to be a participant in this study and understand that | can refuse to ®
answer questions and | can withdraw from the study at any time, without having to give a
reason.

| understand that taking part in the study involves the attachment of sensor prototypes onto ®
the skin at various places. The sensor material consists of gold nanoparticle composite

materials embedded into skin-friendly polymers (such as Dragon Skin 30 silicon or
polydimethylsiloxane (PDMS)). Body-specific data is collected containing muscle movement

and/or pulse waves. Anonymised images of the skin area with the attached sensor are taken.

OPTIONAL (delete if not needed):

Risks associated with participating in the study

| understand that taking part in the study involves the following risks: ®
-minor skin irritation due to the use of medical tape.

Use of the information in the study

| understand that information | provide will be used for publications. ®
-dissertation Bendix Ketelsen (2022)

-article in peer-reviewed journal

| understand that personal information collected about me that can identify me, such as e.g. ®
my name, will not be shared beyond the study team.

Future use and reuse of the information by others

| give permission for the collected sensor data that | provide to be archived anonymously in ®
text files so it can be used for future research and learning. Data will be anonymised in a way,

that the text file only contains the name of the sensor sample used for this specific

experiment. The image data will be treated similarly. All data collected within the scope of this
study will not be used commercially.

Signatures

Ketelsen, Bendix 20.07.2022
Name of participant [printed]

(and legal representative If applicable) Signature Date

| have accurately read out the information sheet to Iihe potential participant and, to the best
of my ability, ensured that the participant understands qé What they are freely consenting.

Ketelsen, Bendix \ (= 20.07.2022
L bl
Researcher name [printed] Signature Date

Study contact details for further information: -

No



B. Safety

B Safety

Table B.1 lists the chemicals used in this study including their classification according to

the globally harmonized system (GHS) as well as hazard and precautionary statements.

Table B.1: List of chemicals and GHS classifications.

Chemical GHS symbol  Hazard Statements Precautionary Statements
Aceton @ H225, H319, H336  P210, P261, P305 + P351
+ P338
1-Dodecylamine @ H302, H314, H410  P273, P280, P305 + P351
@ + P338, P310, P501
1-Dodecanethiol @ H314, H410 P273, P280, P305 + P351

+ P338, P310, P501
1- (1)

Hexadecanethiol

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

1,6-Hexanedithiol (1)

1,4-Butanedithiol (1)

]-74_ (1)

Benzenedithiol

Chloroauric acid @ H314, H317 P280, P301 + P330 +
P331, P302 + P352, P305
+P351 + P338, P309,
P310

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

P338
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Table B.1: List of chemicals and GHS classifications.

Chemical GHS symbol  Hazard Statements Precautionary Statements

Tetraoctyl- H315, H319, H335 P261, P305 + P351 +

ammonium- P338

bromide

Sodium  borohy- 1260, H301, 311, P223, P231, P232. P280,

dride H314 P301 + P310, P370 +
P378, P422

Sodium hydroxide H314 P280, P305 + P351 +
P338, P310

n-Heptane

1-Propanol

2-Propanol

Toluene

Oleylamine

4-Methylpentan-

2-one

Chlorobenzene

&
& &b & & . & & &
s © S0 95 %% o O ¥y @

H225, H304 H315,
H336, H410

H225, H318, H336

H225, H319, H336

H225, H304, H315,
H336, H361d, H373

H302, H314, H335,
H373, H304, H410

H255, H319, H332,
H335

H226, H332, H315,
H411

125

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

P210, P261, P305 + P351
+ P338

P210, P261, P305 + P351
+ P338

P210, P240, P280, P361,
P281, P301 + P310 +
P330, P302 + P352, P331,
P403 + P233

P260, P280, P301 + P310,
P303 + P361 + P353,
P261, P305 + P351 +
P338, P405

P210, P261, P305 + P351
+ P338

P260, P262, P273, P403



B. Safety

Table B.1: List of chemicals and GHS classifications.

Chemical

GHS symbol

Hazard Statements

Precautionary Statements

Methanol

Poly(methyl
methacrylate)

Hydrogen Perox-
ide

Sulfuric Acid

SYLGARD 184
Silicone  Elasto-
mere Kit (Base)
SYLGARD 184
Silicone  Elasto-
mere Kit (Curing
Agent)

Dragon Skin sili-

con polymer

Tert-butylamine

borane complex

4-Mercapto-1-

butanol

& &

(1)

b

H225, H331, H311,
H301, H370

H271, H302, H314,
H332, H335, H412

H314

H301 + H311,
H315, H319, H411

H315, H319, H335
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P210, P233, P280, P302 +
P352, P304 + P340, P308
+ P310, P403 + P235

P280, P305 + P351 +
P338, P310

P260, P264, P280, P301
+ P330 + P331, P303
+ P361 + P353, P304
+ P340, P305 + P351 +
P338, P310, P321, P363,
P405, P501

P264, P273, P280, P301
+ P302 + P352 + P312,
P305 + P338

P261,
P338

P305 + P351 +



B. Safety

Table B.1: List of chemicals and GHS classifications.

Chemical

GHS symbol

Hazard Statements

Precautionary Statements

3-Mercaptopro-

pionic acid

1-Thioglycerol

n-Octane

1-Butanol

Ammonium Solu-

tion

AZnLOF 2020

A7 726 MF

potassium iodide

iodine

triammonium cit-
rate
TechniStrip NI555

®

& &6
6 &6

&
®s

&
©®

—_

S
&°

QS ©

H290, H301, H314,
H332

H302, H311, H315,
H317

H225, H304, H315,
H336, H410

1226, H302, H315,
H318, H335, H336

H290, H314, H335,
H410

H225, H318, H334

H200, H302 +
H312, H314, H371,
H373

H312 + H332,
H315, H319, H335,
H372, H400

H315, H319, H335

H302, H312

P234, P261, P280,P303 +
P361 + P353, P304 +
P340 + P310, P305 +
P351 + P338

P280, P301 + P312 +
P330, P302 + P352 +
P312

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

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

P273, P280, P303 + P361
+ P353, P305 + P351 +
P338, P310

P210, P243, P280

P260, P280, P308 + P311,
P362 + P364

P273, P302 4 P352, P305
+ P351 + P338, P314

P261, P305 + P351 +

P338
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(1) Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008.
This substance is not classified as dangerous according to Directive 67/548 /EEC.

Table B.2 lists all substances classified as cancerogenic, mutagenic or toxic to reproduction
(CMR).

Table B.2: List of CMR classified substances.

Substance CMR classification Usage and amount
Sodium borohydride R¢ category 1B reductant, 2g
Toluene Rp category 2 solvent, 2L
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