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CHAPTER 1

Introduction

This research work is about the use of metal-organic architectures as a platform
for biochemical sensing purposes.
The following chapter provides an overview of the subject area and relevance of

this work and introduces the reader to the content of this thesis.



1 Introduction

In today’s life, the sensing of biochemical and physiological parameters in humans
plays an increasingly important role in healthcare, as the monitoring of vital in-
dicators and metabolic products enables the creation of health profiles of the
individual. ' For instance, screening and monitoring of target analytes in body
fluids such as sweat, breath and saliva allow conclusions to be drawn about fitness
and health status by measuring changes in the analyte concentration.*® The com-
prehensive collection of physiological data can thus improve disease diagnosis and
create personalized healthcare solutions such as treatment tailored to the person,
thereby improving the patient’s quality of life.©

In general, human body fluids are rich in diverse biomarkers, i.e. analytes that
reflect specific processes in the body and thus indicate a person’s condition. Blood
is the hallmark example of clinical health assessment, but it requires an invasive
procedure for blood collection, which is why noninvasive alternatives are readily
used when possible.”® For example, it is no longer necessary for diabetic patients
to take blood several times a day to measure glucose levels, as nowadays glu-
cose levels can also be determined from saliva, tears or sweat.”!? Sweat alone
provides a lot of information about biochemical relations, since it contains numer-
ous metabolites (e.g. glucose and lactate), electrolytes (e.g. sodium chloride and
potassium chloride), and other molecules with biological relevance (e.g. proteins
and peptides). 112

As a result, there is an increasing demand for wearable sensors that can be used
for health monitoring and fitness tracking in everyday life. This need is also
reflected in the rapidly growing global market for wearable sensors, which is ex-
pected to be worth $2.86 billion by 2025.%!3 A variety of innovative wearable
sensors have already been tested and applied to different body fluids, such as

1415 mouthguards

smart wound dressings to monitor the wound healing process,
for sensing metabolites in saliva'® and wearable sweat bands to track the level of
medication in the body (for example Levodopa for Parkinson’s disease patients).!”
An overview of examples of modern wearable sensors is shown in Figure 1.1a.

The ultimate future goal would be a wearable sensor that continuously detects
and monitors noninvasively a wide range of biochemical analytes of interest on the
body, allowing for the prompt identification of unhealthy conditions and medical
assessment. Besides analysis of body fluids, the sensing of environmental condi-
tions such as levels of harmful chemicals or particles in the air can also be an
important aspect in the prediction and prevention of diseases. 1 However, there

are many challenges to overcome before such a sensor can be used in practice, as



Eyeglasses [t b S
a (lactate, glucose) fae
Mouthguard >
(uric acid) €
Smart contact lens S
(glucose) S Graphene-based
ﬁ] tooth sensor

(bacteria)
Chem-phys hybrid
sensor patch
(lactate, ECG) &

Integrated
sensor array
(lactate, glucose)

Microfluidic
sensor
(lactate, glucose)

Nanomaterial-
based patch
| (glucose)

lontophoretic
patch biosensor

Wearable diagnostics ‘,v - ‘31:;
4
(glucose)

(cortisol, IL-6)
1

Self-powered textile- H
based biosensor future smart textile

(lactate) with MOF functionalizatio

Figure 1.1: a) Examples of modern wearable sensors for noninvasive monitoring of
biochemical analytes in various body fluids; reproduced from Kim et al.! b) Future
vision of a textile-integrated MOF-sensor for monitoring health indicators in the wearer’s
daily life.

most examples at this stage represent more of a proof of concept. For instance,
the sensing material should be easily integrable, while exhibiting high sensitivity
and selectivity to a variety of target analytes.?’ Such requirements could be met
by novel nanomaterials and nanocomposites.*:*!

An example in this context is the relatively new class of nanoporous materials
called metal-organic frameworks (MOFs).?*23 MOFs exhibit extremely large sur-
face areas and enormous porosities, which allow efficient uptake of analytes similar
to a sponge.?+?® In addition, their material properties such as pore size, electrical
conductivity or chemical functionality can be customized, making MOFs highly
versatile in their application.?072® These outstanding features render this type of
material a promising candidate for diverse sensing applications.

The objective of this project is to explore the versatility of MOFs as sensing ma-
terial, with the ultimate goal of integrating them into textiles in the context of
personalized and remote health monitoring (Figure 1.1b). Several approaches us-
ing different metal-organic architectures for biochemical sensing are covered in
this work. We present the synthesis and structural characteristics of a new hy-
brid MOF film that is electrically conductive and exhibits chemiresistive behavior
to environmental changes. These properties are demonstrated even though the
film lacks long-range crystalline ordering, which has the potential to be an ad-
vantage when integrated into flexible systems. Furthermore, we design and apply
an integration process for MOF particles into fibrous polymer layers to fabricate

MOF-containing flexible membranes. These membranes are examined for their



1 Introduction

sensing ability of several sweat biomarkers using optical spectroscopy. In ad-
dition, we investigate the potential of the fabricated MOF platform for protein
sensing by initial tests with amyloid proteins in cerebrospinal fluid, exploring the

possibility of diagnosing neurodegenerative diseases in the future.

Dissertation outline

Following this introduction, Chapter 2 presents the material class of metal-organic
frameworks and explains their basic structure, unique properties and fields of
applications.

Chapter 3 covers the fundamentals of sensing and signal transduction and goes
into detail about approaches for biochemical sensing based on MOFs.

In Chapter 4, the main characterization techniques that will occur in this work are
depicted. In this context, the operating principles of the techniques are described
and reference is made to the study of MOFs.

Next, Chapter 5 investigates a conductive MOF film with low crystalline order
as a chemiresistive sensing material. This includes the synthesis of the hybrid
MOF, the detailed characterization of the structural and electrical properties of
the MOF film by various methods and the demonstration of its chemiresistive
response to ambient changes.

Chapter 6 focuses on the integration of MOF particles into a polymer membrane
and evaluates its sensing ability of sweat biomarkers. In the investigation process
to realize a MOF-based wearable sensor membrane, the integration process was
developed using electrospraying and electrospinning, and Raman spectroscopy
is used as sensing tool to study the spectral changes after the addition of the
biomarkers NaCl, KCI and pyocyanin.

In Chapter 7, the possibilities of using MOFs for protein sensing are explored on
the example of amyloid proteins in cerebrospinal fluid. Samples of cerebrospinal
fluid from patients with Alzheimer pathology are examined for their morphological
and chemical properties and the spectral differences of the previously presented
MOF membranes are investigated after treatment with the samples and reference
solutions.

Finally, Chapter 8 summarizes the main findings of the work and provides an
outlook on possible future projects.

Furthermore, the interested reader will find supplementary information such as

fabrication parameters and purchasing details in Appendix A.



CHAPTER 2

Metal—organic frameworks

Metal-organic frameworks are an emerging class of materials in the field of coor-
dination chemistry with unique physical, chemical and electronic properties that
can be exploited in many fields ranging from catalysis to biochemical sensing.
Their versatility makes them increasingly important for many applications, how-
ever, they are not yet well known beyond the boundaries of science and research.
The purpose of this chapter is to give an introduction to metal-organic frameworks

and explain their general structure and material properties.



2 Metal-organic frameworks

2.1 Introduction to MOFs

Metal-organic frameworks (MOFs) are a class of materials that, as the name sug-
gests, are composed of metal nodes and organic linker molecules to form extended
crystalline structures. Similar to a scaffold for renovation works, which consists of
individual parts that are assembled in an organized manner to create a large and
stable scaffold, MOFs are also constructed from molecular building blocks that
are connected by strong bonds such as coordination bonds creating a molecular
framework system. This approach is known as reticular chemistry.?’

The first reports of MOFs date back to Kinoshita’s work in 1959, although they
were not yet called MOFs at that time.?° It became quiet around this field for
thirty years until Hoskins’ and Robson’s publication in 1989 elaborated on the
idea and design of three-dimensional infinite polymeric frameworks.?? Finally, in
1995, it was Omar M. Yaghi, who synthesized extended coordination networks of
[Cu(4,4"-bipyridine); 5] (NO3), coining the label of "metal-organic framework".?
He became an important pioneer in the field of MOFs and, together with his co-
workers, synthesized the first rigid MOFs with permanent porosity only a few years
later (1998: MOF-23!) 1999: MOF-5%2). This can be regarded as the beginning

of a broad research and investigation of this new class of materials.

2.2 Chemical Structure

The approach of reticular chemistry allows the usage of modular building units,
which are assembled together to extended and ordered networks (Figure 2.1).
The stability of the formed frameworks depends on the molecular units involved
and their interaction. For example, basic coordination networks consisting of
metal ions linked by neutral organic linkers often require counterions and solvent
molecules in the pores to ensure charge neutrality and stability. When the pore
filling is removed from such structures, the framework can collapse partially or
completely.?*3* By using charged organic linkers, the cationic charge from the
metal can be balanced, thus eliminating the necessity of counterions in the pores.
Another advantage of using charged linkers is an increased framework stability
due to higher bond strengths towards the metal nodes. 3’

Single metal ions as metal nodes are usually accompanied by diverse coordination
possibilities to the organic linkers due to different possible coordination num-
bers and geometries, which can complicate the synthesis control of the resulting

MOF. Instead of using single metal ions, metallic node points can also be realized



2.2 Chemical Structure
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Figure 2.1: a) The general structure of a MOF is based on the coordination between
metal node building units and organic linker molecules. The resulting framework ar-
chitecture is porous with large pore volumes (values up to 5cm?g~! have been demon-
strated, being an order of magnitude greater than typical values of zeolites?*), as illus-
trated by the red sphere. b) The 3D-structure of MOF-5, composed of ZnsO(—COO)g
metallic cluster and benzenedicarboxylic acid as organic ligand, with cavities highlighted
in yellow and orange; reproduced from Kaskel.?0

by poly-nuclear clusters, called secondary building units (SBUs). Originally, the
term SBU describes a set of aluminosilicate groups from which zeolites can be
constructed. In the context of MOF chemistry, the SBUs refer to the geometry,
which is determined by the metallic cluster or rather its connection points (points
of extension). 2?3738 The use of poly-nuclear clusters with their defined connection
points and fixed position of the metal center increases directionality and rigidity
and thus robustness of the framework.3® The geometry of the SBU and its coordi-
nation environment thus play a key role in the construction of reticular structures.
Considering these two concepts, i.e. the use of charged organic linker molecules
and SBUs as building units, architecturally stable and robust frameworks can
be realized that exhibit permanent porosity, as first demonstrated in 1998 with
MOF-2.31 A major advantage of this reticular approach, and of MOFs in general,
is the rich structural chemistry based on the wide range of possible building units.
The structural diversity of SBUs, the many different linkers with variable func-
tional groups and diverse combination possibilities lead to an almost unlimited
number of feasible MOFs and framework types, each with individual adjustable

properties.



2 Metal-organic frameworks

2.3 DMaterial properties of MOFs

2.3.1 Nanoporosity

What MOFs generally have in common in terms of their architecture are very high
porosities, which is defined as the ratio of the pore volume to the total volume
of the solid (Figure 2.2a). Depending on the MOF structure, there are either
uniform pores or voids of different volumes with varying aperture sizes.*’ The as-
sociated large specific surface areas of MOFs thereby exceed that of most porous
materials such as zeolites or porous ceramics, sometimes by up to two orders of
magnitude. ™3 The record to date for the largest surface area of a metal-organic
framework is held by DUT-60 with an BET surface area of 7839m?g~!.%* For
comparison, the standard size of a soccer field is 7140 m?. The abbreviation BET
stands for the scientists Brunauer, Emmett and Teller, who classified the gas ad-
sorption/desorption isotherms from which surface areas are usually derived.*%45
More details about the BET gas adsorption method are given in Chapter 4.5.
The high porosities generally give MOFs high uptake capacities, like a sponge but
with nanopores. Many different applications are feasible in which guest molecules
enter and possibly interact with the MOFs.%6 NU-1501-M is another MOF that
also exhibits a very large BET surface area of 7310 m? g~* while having a high vol-
umetric BET area of 2060 m? cm™2.2° This balance is advantageous, for example,

when it comes to gas storage, such as for hydrogen or methane.

a) b)
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Figure 2.2: a) Porous materials can be described by different parameters, e.g. porosity,
specific surface area and specific pore volume. b) The structural versatility of MOFs
enables the introduction of functionality through different approaches, such as adjusting
the linker size, chemical functionalization or choice of the metal node.



2.3 Material properties of MOFs

2.3.2 Chemical functionality of the framework

In addition to high porosities, there are further advantages of MOFs, such as
their modularity and resulting structural versatility.*” Appropriate choice of the
building units allows to introduce functionality that can be adapted to a specific
situation (Figure 2.2b). For example, by choosing ligands of different lengths, the
size of the pores can be scaled, providing selectivity of the MOF towards certain
analyte sizes (molecular sieving effect).?6

The selectivity of MOFs, that is the ability to differentiate different target ana-
lytes, can be realized not only by adjusting the pore size, but also by chemical
functionalization. The attachment of different functional groups to the linker
molecules changes the local properties of the MOF such as its polar character,
Lewis acidity or hydrophobicity /hydrophilicity, which then modifies the individ-
ual sorption affinity. *®*° Such variation of functional groups may also involve the
immobilization of larger molecules with binding sites or chelating function. For
instance, it was shown that by grafting ethylenediaminetetraacetic acid (EDTA)
into the pores of MOF-808, an efficient trap for the capture of heavy metal ions
can be realized.®® Further, the introduction of multiple functionalities within a
single framework is also possible. "Multivariate MOFs" have already shown im-
proved properties compared to the summarized individual parts.®!

Specific functionality can be introduced into MOFs not only by the ligands but
also by appropriate choice of metals. Just as with organic ligands, the different
properties of the metal such as the ionic radius, electronic state, or coordination
environment, among others, have a direct influence on the properties of the MOF.
In the case of open metal coordination sites, an enhanced binding strength to cer-
tain molecules, such as nonpolar gases like hydrogen, is evident.®? In this aspect,
variability in function can again be achieved by mixing several metals (mixed
metal MOFs), whereby superior performances can be realized with respect to
related single-metal MOFs. %3

2.3.3 Intrinsic conductivity

One property to be discussed in more detail here is the electrical conductivity of
MOFs. Most MOFs are insulators, meaning there is no or very poor transport
of electrical charges through the material. This significantly limits their usability
for electronic or electrochemical devices. But in recent years, MOFs have been

synthesized that are electrically conductive. By combining the unique properties



2 Metal-organic frameworks

of MOFs with electrical conductivity, completely new areas of application emerge
such as energy storage,’® electrocatalysis® and chemiresistive sensing®, which
will be discussed later. A part of the research work presented in this thesis also
covers the synthesis and characterization of a conductive MOF and the demon-
stration of its chemiresistive behavior (Chapter 5).°7

In general, the electrical conductivity o of a material (unit: Scm™!) depends on the
density of charge carriers n (unit: cm™2) and their mobility g (unit: cm? V=1s™1)
and can be written as

o=enu (1)

where e is the elementary charge (1.602:1071° C). Both, organic ligand and metal
ion can be provider of charge carriers. In solids, charge transport can commonly
be described by two different transport regimes: hopping transport and band
transport.®®

In hopping transport, the charge carriers are localized at discrete levels and jump
from one electronic state to the adjacent electronic state, resulting in net current
transport (Figure 2.3a). This type of transport often occurs in amorphous, disor-
dered materials and organic semiconductors.® The hopping probability p between
two states with energetic separation F and spatial separation R can be described

as follows: 6061

p(R,E) = e~ f~ir 2)

k is the Boltzmann constant (1.381-10723 JK™1), T is the temperature (in Kelvin)
and « is a constant, which depends on the characteristics of the hopping sites.
From this, the formula for describing the hopping model conductivity can be

derived: )

Ty | THd
T

(3)

where g is a pre-exponential factor, Ty is the Mott temperature largely depen-

o= 0'06_(

dent on the charge carrier localisation length, and d is the dimensionality of the
transport. For a three-dimensional system, Mott’s law is obtained with the char-

acteristic temperature dependence of the conductivity o oc 77-1/4,60.62

In the band transport regime, the charges no longer belong to a single unit, but to
the entire crystal. Instead of having localized energy states, the charge carriers are
delocalized by an energy band structure (Figure 2.3b). This mechanism is often

present in highly ordered crystalline structures.® While the hopping-type conduc-

10



2.3 Material properties of MOFs

a) Hopping transport b) Band transport

© \e'
@
O

Figure 2.3: Schematic illustration of the hopping (a) and band-like (b) transport regime,
where the charge carriers are moving from high to low potential energy. In hopping
transport, the charge carriers hop from one localized electronic state to the next, while
in band-like transport, the charge carriers move in a continuous energy band; adapted

from Xie et al.”?

@—\ \ \

Energy
Energy

tivity is always thermally activated, for band-like transport it depends on whether
one has a metallic or semiconducting material, i.e. whether the conduction band
and the valence band are separated by a small band gap (ca. <3eV%). In metal-
lic materials, the Fermi energy Ef crosses the conduction band and free charge
carriers are available for current transport. The electrical conductivities achieved
hereby are high (approx. 10Scm™" and larger®°), with increasing temperatures
leading to stronger scattering effects and decreasing mobility and consequently
conductivity. % If Ep lies in a gap between conduction and valence band, it rep-
resents a semiconductor. Beyond the absolute zero temperature, electrons can be
promoted from the valence band into the conduction band by thermal (and op-
tical) excitation, and become free charge carriers together with the holes created
in the valence band. This refers to intrinsic, i.e. undoped semiconductors. Only

a few MOFs show metallic behavior, most MOFs are semiconducting and their

temperature dependent conductivity can be described by the Arrhenius law:%:65:66
o= oge it (4)

with E, the activation energy (in Joules) defined as half of the band gap and oy

a pre-exponential factor.

Charge transport mechanisms

The careful choice of the organic and inorganic components allows the synthesis
of conductive MOFs.2™%7 In principle, low energy charge transport pathways are
essential to achieve good electrical conductivity. Which transport pathway the
charges take through the framework structure varies and depends individually on

the MOF. One can distinguish between different approaches to efficient current

11



2 Metal-organic frameworks

flow (Figure 2.4).

The first method is through-bond transport, in which the charges are transported
through the continuous covalent and coordination bonds in the framework. In
general this involves the bonding motifs of the metals and the ligands with their
functional groups forming a continuous route. If the overlap between the orbitals
of appropriate symmetry involved in the metal-ligand bond is both spatially and
energetically favourable, this can lead to small band gaps and high charge mo-
bilities and hence high conductivities.®® An example thereof is MOF-74 and its
analogues, in which infinite (-M-O-) or (-M—-S-) chains are present through
which the charges pass. %% It was shown that by exchanging the functional groups
of the benzenedicarboxylate linkers from oxygen to sulfur residues, the energy lev-
els of the ligand orbitals can be better matched to those of the metal and thus

higher conductivities can be achieved ("redox matching' ™).

$EC=Y 503 0%

a) Through-Bond  b) n-Conjugation  ¢) Through-Space d) Guest-Promoted ) Redox-Hopping

Figure 2.4: Schematic representation of the charge transport pathways through the
MOF: a) through-bond transport that involves continuous bonds of the metal and lig-
and; b) m-conjugation in a 2D structure with delocalized charge carriers; c) through-
space transport through non-covalent m-m-interactions; d) guest-promoted transport,
when loaded guest molecules are interacting with the framework; e) redox-hopping en-
abled by redox-active building units. The red arrows illustrate the charge carrier flow.

A particular case of the trough-bond approach is when the MOF has a two-
dimensional structure with extended 7-conjugation in the plane. Due to the en-
hanced orbital coupling, the charge carriers are efficiently delocalized throughout
the whole framework structure, resulting in high conductivities.” In fact, the
most conductive MOFs to date have a planar structure, such as Cu-BHT (BHT:
benzenehexathiol) achieving a record conductivity of around 2500 S cm ™. ™ Well
known representatives of this category are also triphenylene-based MOFs that
show graphene-like honeycomb lattices with efficient conjugation pathways (Fig-
ure 2.5). The first representation for this was accomplished with the ligand hex-
ahydroxytriphenylene (HHTP), which, after forming a MOF, exhibits stacks of

2D layers with good conductivity due to its square-planar coordination to a wide

12



2.3 Material properties of MOFs

range of metals, e.g. cobalt, nickel and copper.™ By substituting the functional
groups of the ligand (here: hydroxy groups —OH) with other moieties such as
amine groups (-NHj) or thiol groups (-SH), new MOF combinations can be real-
ized with high conductivities (Ni-HITP™ film conductivity: 40Scm™"') and mo-
bilities (Fe-HTTP ™ RT-mobility: 220 cm? V-1s™1).

a)  HO_ OH H.N. NH, b) 8 (
o

-dgxo

L yor w3y oy §
HO OH

X
X

H,N NH,
2,3,6,7,10,11- 2,3,6,7,10,11- 2,3,6,7,10,11- ¥
hexahydroxytriphenylene  hexaiminotriphenylene hexathioltriphenylene tg}
(HHTP) (HITP) (HTTP) O=metal )}{ X=ONH,S

Figure 2.5: a) Triphenylene-based organic linker molecules with different functional
groups: HHTP with hydroxy groups, HITP with amine groups and HTTP with thiol
groups. b) The coordination of the triphenylene-based linker with specific metal ions
results in a hexagonal 2D MOF, which is usually accompanied by good electrical con-
ductivity.

The aromatic ligand also has redox-active properties, which is beneficial for con-
ductivity. There are seven different redox states for the ligand HHTP 7 and when
partially oxidized, additional charge carriers are induced into the system.%®%" In
general, redox active components, including not only the ligand but also the metal
ions, can affect conductivity. In the example of Fey(BDT)3; (BDT: benzenediyl-
bistetrazole), the mixed-valency of the redox-active Fe?*/3% pairs leads to an in-
tervalence charge transfer between the metal centers. The partial oxidation of
the Fe?T centers influences the conductivity, which can be improved by up to five
orders of magnitude from 6:107>Scm ™! to 1.8 Sem =177

In parallel to the transport pathways mentioned above, charge carriers can also
be transported through-space via non-covalent interactions. Often, it is the 7m-7-
interactions between the orbitals of the organic ligands that overlap as they take
their place in the framework.®® This can result in extended transport paths where
the charges pass through space rather than through the bond backbone, as is
the case with tetrathiafulvalene-based MOFs of the form My(TTFTB) (TTFTB:
tetrathiafulvalene-tetrabenzoate). "™ The tetrathiafulvalene linkers are electron-
rich and stacked in helical columns allowing the orbitals of the sulfur atoms to
come close and overlap. The size of the spatial overlap is defined by the radius

of the metal ions and the consequent stacking distance. A larger ionic radius re-

13



2 Metal-organic frameworks

duces the S---S distances and makes the conductivity increase.™ Through-space
transport also affects two-dimensional MOFs, where in-plane transport via -
conjugation predominates, but w-m-interactions between the stacked layers may
play a considerable role regarding charge transport.®®>?

Since MOFs are extremely porous, there is also the possibility of guest molecules
entering the pores and interacting with the MOF. The guests can have redox-
active properties and thus induce free charge carriers in the MOF, they can in
turn be charge carriers (e.g. in ionically conductive MOFs®), or they are bridging
the building units and create new transport pathways allowing the charge car-
riers to flow.®%? A well-known example of this guest mediated approach is Cu-
BTC ("HKUST-1"; BTC: benzenetricarboxylate) infiltrated by TCNQ molecules
(TCNQ: tetracyanoquinodimethane).®" The TCNQ molecules bind to open metal
sites and bridge the SBUs, forming new through-bond transport pathways. This
increases the film conductivity by six orders of magnitude, from 1078 Scm™! to
0.07Scm™!, which might not match the range of ten or eleven orders of magnitude
when doping certain polymers such as polyacetylene®*®3 however, may very well
outperform many other conductive polymers.®** Inducing or tuning electrical
conductivity in MOFs by guest molecules, however, has the consequence that the
porosity considerably suffers under the guest inclusion. The pores may be par-
tially or completely blocked by the guests, which may not be desirable for some
applications that require large surface areas. In the aforementioned example, only
~12% of the initial BET surface area is accessible after adsorption of TCNQ.®!

2.3.4 Optical, magnetic and soft mechanical properties

It is probably not possible to list all kinds of MOF properties, but here are a
few more worth mentioning. For example, luminescent MOFs can be produced
by using optically active building units, by adsorbate-based emission or by sur-
face functionalization, among others.®® The large variety and variability in MOFs
chemistry allow e.g. tuning of luminescence emission, making them attractive for
diverse applications from light emission devices to chemical sensors.®”

The situation is similar with magnetic MOFs, for instance by involving paramag-
netic metal centers.®® Magnetic MOFs can then be manipulated by an external
magnetic field, which can be used, for example, to align or guide cells, provided
the MOFs are interlinked with the cells.®’

Other interesting features such as photoswitchable MOFs and structural defor-

mation while maintaining crystalline order can be achieved by flexible MOFs. 9991
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2.4 Applications of MOFs

Their ability to undergo dynamic structural transformation, e.g. upon guest mole-
cule incorporation or mechanical pressure, makes them promising for high-selective
gas separation, which has been demonstrated, for example, in the separation of

CO4/CHy4 gas mixtures with selectivity improved by a factor of about 10 compared

to conventional MOFs. 9293

2.4 Applications of MOFs

The wide range of possible building units and associated individual properties of
MOFs allows them to be used in specific applications, some of which we have
already learned about. It is obvious that the extreme porosities of MOFs make
them suitable for all applications where large surface areas and high adsorption

capacities are beneficial or even required. Prime examples of this are gas stor-

94,95

age and catalysis such as heterogeneous catalysis”®, capture and conversion of

gases like NOy to nitric acid?” and detoxification.?®%? MOFs also find their place

00

in filtration applications, whether filtering particles from the air'®, separating

92,101

gases or removing toxic metals from water.’%!%2 An advantage here is the

tunable selectivity toward specific analytes, which can be achieved by different
functionalities. A novel application is water harvesting, in which moisture is ab-

sorbed from the air and fresh drinking water is generated.'%7!% This application

drug delivery
Health
bioimaging

biosensing bioenzymes

particle filtering energy conversion

Environment &8 3
& Safety b sensing  |\V(OJE

electrocatalysis
water harvesting  catalysis
& remediation

energy storage
gas separation = J E‘,} Energy

(supercapacitors,

gas storage batteries)

Figure 2.6: The large number of MOFs and their versatile properties lead to numerous
applications, whether in the field of health, energy or environment and safety.
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2 Metal-organic frameworks

works even in desert regions with low humidity and prototype devices show a yield
of around 40 L water per kilogram of MOF per day (Figure 2.7a).17

So far, only examples have been listed which do not require intrinsic conductiv-
ity. As mentioned above, electric charge transport in MOFs opens up many other
applications. Electrocatalysis is an obvious example of this. MOFs have already
been successfully applied for example for electrochemical reduction of oxygen®®,
hydrogen evolution!®® and water splitting.'® MOFs are also attractive in the
field of energy storage.®*''® MOF supercapacitors have been shown to have high
volumetric and areal capacitances with values reaching 760 F cm ™2 and 20 F cm ™2,
while maintaining good chemical and cycling stability. 11112

The chemical and electronic properties of MOFs have also been shown to be

13,114 “including solar energy conversion'!®, light-

useful in photonic applications
emitting diodes ' and microlasers. ' Various biomedical applications also benefit
from MOFs due to their features like rich surface chemistry, high loading capac-
ities and possibly good biodegradability.!'® For example, MOFs can be used as

119,120 and for bioimaging purposes.'?! Recently, it

nanocarrier for drug delivery
was shown how MOFs can significantly increase the efficiency of neuronal cell
generation from neural stem cells due to the sustained and continuous delivery of
necessary differentiation factors.?? Another application is a biocompatible MOF-
based exoskeleton for native red blood cells (RBC) which gives them improved
resistance to external stress factors like osmotic pressure or toxic nanoparticles
while retaining the original properties of the RBC.® By varying the MOF design,
the properties can be tuned to allow external magnetic manipulation or biosens-
ing of nitric oxide in blood by NO-triggered fluorescence. The last example is
associated to the field of sensing applications, hence the rationale to discuss this

in detail in Chapter 3 of this thesis.

2.5 Outlook and future approaches

MOFs are an emerging class of materials that have increasingly been applied in
numerous areas and have already been shown to exceed the performance of cur-
rent materials such as zeolithes or carbon-based materials. *>!!'! Being in the early
stages of development, it is not easy to predict what further applications and im-
provements may come in the future, but simply because of the chemical diversity
of MOFs, they will certainly have significant impact. This can already be seen in

part by the startup companies that are being founded and are working with MOF
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2.5 Outlook and future approaches
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Figure 2.7: a) Prototype of MOF water harvester from Water Harvesting Inc., which is
able to produce 4L water from air per 100 g MOF; reproduced from Yang et al.'7 b)
Schematic representation of the types of porous liquids with different intrinsic porosities
compared to a conventional liquid that has only extrinsic porosity; reproduced from Jie
et al.1% ¢) Tllustration of a multivariate MOF with sequences of metal ions that could
be used to encode information; image by Omar Yaghi and Zhe Ji, UC Berkeley. '?*

technology. 25127

We have already learned about one example, namely water harvesting, which is
currently being commercialized by Water Harvesting Inc. (Figure 2.7a) and is
certainly having an impact on our society, as over two billion people live in coun-
tries with high water stress and the situation is aggravated by water pollution
or climate change, for example.?%!2® In a next step, water harvesting could be
combined with CO, capturing and conversion powered by renewable energy such
as solar energy in order to create a closed energy cycle for the production of fuels
and chemicals.'°” The individual components of this cycle are already achievable
today, thanks in part to reticular chemistry, and the vision for the future is clear:
the production of clean air, water and energy.

Another example of MOF-based technology are porous liquids. 231297131 These
are liquids with permanent microporosity by dissolving particles of microporous
frameworks or other materials with microcavities (Figure 2.7b). However, in con-
trast to the simple dissolution of the porous species, the pores are not filled with
solvent molecules, but remain freely accessible. This retains the properties of
porous materials, but now combines them with the advantages of a fluid that can
circulate and be used in flow processes. This is a promising approach for industrial
applications such as those offered by the company Porous Liquid Technologies.'*"

Further insights into future applications can be provided by the first mapping
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2 Metal-organic frameworks

of the metal sequence in a multivariate MOF-74 via atom probe tomography. '3
Multivariation, i.e. the concept of introducing multiple functionalities, allows in-
formation to be stored in the form of sequences; thereby, the functionalities are
considered separately to the backbone. The sequence describes the spatial ar-
rangement of functionalities incorporated into the backbone, similar to the nu-
cleotide sequence in the DNA.'33 For the future, applications in data sequencing
could emerge with different types of variants and shape of the sequences, for ex-
ample in 3D (Figure 2.7c).

In general, the field of research in MOF-based materials is broadening even further
than the established set picture. New fields of MOF science have emerged with
the next generation of MOFs with properties such as spatiotemporal evolution of
dynamic frameworks (4D-MOFs)!3* or future approaches to fabricate novel MOF

materials like melting, downsizing or hybridization. 35136
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CHAPTER 3

Sensing approaches based on MOFs

Sensors are found in various everyday objects and provide important information
from the environment to the user, such as the presence of certain analytes or the
concentration of a substance. High selectivity and sensitivity are desirable, which
is why metal-organic frameworks with their nanoporosity and tunable function-
ality increasingly represent a promising sensing platform.

This chapter discusses the fundamentals of sensing and the exploration of MOF-

based sensing platforms for chemical and biochemical sensing.
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3 Sensing approaches based on MOFs

3.1 Basics of sensing

A sensor can be defined as a device that detects physical, chemical or biochemical
properties and converts them into a measurable signal, such as an optical signal
(e.g. change in light intensity, frequency, polarization, ...) or an electrical signal
(e.g. resistance modulation, electrochemical current, ...).'3" A distinction can be
made between quantitative and qualitative sensors. Qualitative sensors give a
signal in case of presence or absence of a certain parameter or substance, such
as a gas when a threshold value is exceeded, whereas quantitative sensors want
to reflect the concentration of a certain substance like the glucose level in blood.
The smallest initial increment in the measurand that results in a detectable signal
output from the sensor is referred to as the threshold.

In the process of sensing, the principle is always the same and basically consists

of three steps (Figure 3.1). First, the target analytes are recognized by selective

a) receptor

analytes
Y Y (electrical)

j O signal
¢ /7 iM\ signal processing

> Q|

transducer

b) nose with
olfactory receptor

selective binding transduction into signal processing
of target analyte (electrical) signal and output

Figure 3.1: a) Schematic of the sensing principle. Target analytes bind selectively to
a receptor, where a transducer converts the binding into a measurable signal, such as
an electrical signal. The signal is then forwarded, processed and output. b) Our senses
function according to the same principle. In the example of the nose, it is the olfactory
receptors that recognize certain odors and convert them into electrical impulses. Nerve
cells transmit these to the brain, where we recognize the smell.
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3.1 Basics of sensing

binding to the receptor. Second, the transducer converts the binding into a mea-
surable signal, such as an electrical signal. Third, this signal is routed where it can
then be processed and output. The human senses are built on the same principle.
They are our sensors with which we perceive the outside world. 138139

There are several characteristics that have an impact on the optimization of sen-
sor performances. 37140141 Sensitivity determines the smallest amount that can
be detected, while selectivity defines the specific identification of the target ana-
Iyte, even if other analytes are present.!*? Other important parameters of a sensor
are stability, e.g. against external disturbance factors, reproducibility, even with
multiple repetitions, and response time. Another aspect is the linearity, which
indicates the linear dependence range between output signal and analyte concen-
tration. For quantification, linearity is not mandatory, but it may facilitate the
description of the transfer function, which mathematically describes the relation-
ship between input and output within the sensing range.

In most cases, the sensor response can be described with a Sigmoidal calibration
curve, which defines the operating range of the sensor, i.e. the ability to measure

an analyte from the lowest value up to saturation (Figure 3.2).

A linear range saturation

signal s

sensitivity S,

As

A

e e e

: noise
i I
Limit of  Limit of Limit of concentration X
Detection Quantitation Linearity
(LOD) (LOQ) (LOL)

Figure 3.2: Schematic of a typical Sigmoidal calibration curve of a sensor, from which
one can read parameters such as limit of detection, limit of quantification and linear
range. The slope of the curve represents the sensitivity, means signal change upon a
change in the concentration.
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3 Sensing approaches based on MOFs

The slope of the curve reflects the sensitivity, meaning the resolution at which
the smallest change in concentration causes a signal change. The sensitivity S,

can be written as the partial derivation of the signal s with respect to the target

analyte z at a certain value and time: 43

0s(x,y,t)

S = ox

(5)

Z0,Y0,%0

In this context, cross-sensitivity (or parasitic sensitivity) S, is defined as the

contribution of interferants y, i.e. other than the target analyte, to the signal:

Os(x,y,t)

Sy="g

(6)

Z0,Y0,t0

In general, y can be grouped as a family of multiple different interferants {yi, yo, ...,
y;}. The selectivity of a sensor, which means the ability to selectively detect the
target analytes in the presence of interferants, is the ratio between sensitivity and

cross-sensitivity induced by each interferant:

Sx as(gvyvt)
Sel, = = = (7)
z ds(z,y,t
;S ’ 2 (82/? :
? Z0,Y0,%0

The lowest possible concentration which can be detected is defined by the limit of
detection (LOD). It is the threshold at which the signal can be distinguished from
the noise, thus indicating the presence of the analyte (typically the LOD is equal
to three times the standard deviation of the background noise).'** In contrast, the
limit of quantification (LOQ) describes the smallest possible concentration that
can be quantified with suitable accuracy (precision and trueness), and is always
higher than the limit of detection (typically ten times the standard deviation
of the background noise). The limit of linearity (LOL) indicates the level in
the calibration curve at which the signal ceases to be linearly proportional to
the concentration and enters saturation. If the signal shifts in time without the
concentration changing, it is called a drift. An example of this is the offset drift
d;, which can be given by the partial derivative of the signal s with respect to

time t: os( )
~ Os(zy,t
=" (8)

Z0,Y0,t0
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3.2 MOF-based sensing

3.2 MOF-based sensing

Many of the requirements of an efficient sensor, such as high sensitivity and se-
lectivity, can be met with MOFs because of their large surface-to-volume ratio
and unique chemistry. For example, due to their nanoporosity and large intrinsic
surface area, most MOFs are able to concentrate the analytes to higher levels,
which is very conducive to sensitivity. 4145 Apart from that, the sensitivity also
depends on the strength of the binding between MOF and analyte, which can be
influenced by the flexible chemistry of the MOFs as well.

This tunability also gives MOFs many advantages over other sensor materials in
terms of selectivity. The simple exclusion of some analytes based on their size can
be accomplished by adjusting the MOF pore size and is called molecular sieving.
Specific detection sites can also be incorporated into the MOF by the choice of the
building units, either already during synthesis or as post-synthetic modification.
The wide variety of possible functionalities of organic linkers and metal centers
allows their selective response to be tailored to specific chemical and biological
stipuli, 137140,145,146
Stability and reversibility are further important parameters of an efficient sensing
device. MOFs enable sensor recyclability through reversible uptake and release of
analytes, which are mostly physisorbents. %145 The MOF can be reactivated by
purging the material with a gas component or applying a vacuum (pressure de-
pends on MOF structure, e.g. 1072 mbar for activation of MIL-96147), making it us-
able for a large number of cycles. 4714® Heating of the sample can also be applied to
increase sensor regeneration, but in that case the thermal robustness of the MOF
must be known. However, most MOFs, e.g. UiO-66 or nickel-tricarboxybenzene,
are thermally stable up to a temperature of 350-400°C, some even exceeding
500 °C, which is sufficient for most operation temperatures. 140:149:150

MOFs therefore have great potential for sensory applications. The success of
MOF-based sensors can also be seen in the sharp increase in published works in
recent years (Figure 3.3). And the trend is expected to continue because there is
a wide range of analytes that can be efficiently detected using MOFs. Often it is

192,153 "as these may have a biological relevance

about ion sensing®! or gas sensing
or a relevance for the environment.!®* Also, the discrimination between different
classes of volatile organic compounds (VOCs) such as alcohols, amines or aromat-
ics has been demonstrated with MOF-based sensors.%!%® However, sensing is of

course not limited to gases or VOCs. Temperature!®®, humidity '°” and pH'® also
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3 Sensing approaches based on MOFs
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Figure 3.3: Number of yearly publications that include both concepts: "metal-organic
framework" and "sensor" (source: SciFinder ®, retrieved 12.09.2022). The growing num-
ber is one indication of the potential that MOF-based devices hold.

belong to the sensing repertoire of MOF-based sensors. In general, a very impor-
tant aspect is how the signal is generated, i.e. what kind of signal transduction

takes place.

3.3 Signal transduction

Signal transduction describes the generation of a measurable, usually electrical,
signal as a result of the physico-chemical interaction between the MOF and the
target analytes. There are several options for signal transduction. For MOF-based
sensors, the transduction is often non-electrical as most MOFs are insulating, and
can proceed in different ways such as optical, mechanical or thermal. The inter-
action between MOF and analytes leads to a change in the properties of MOF,
which is detected by an external transducer and subsequently converted into a
measurable physical signal (Figure 3.4a).116

The emergence of electrically conductive MOFs allows their use in electrical or
electrochemical sensing. The advantage here is that in most cases the conduc-
tive MOF is both receiver and transducer. In this way, changes in the electrical
properties caused by the MOF-analyte interactions can be read directly without

external transducer (Figure 3.4b). 55159
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3.3 Signal transduction
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Figure 3.4: Sensing principle and signal transduction. a) The sensitive MOF layer
enables the selective uptake of analytes, whose physico-chemical interactions lead to
changes in the material properties. An external transducer converts this information
into an electrical signal for readout and signal processing. b) Using conductive MOFs
as sensing element benefit from being receiver and transducer at the same time, thus
allowing a direct signal readout and analyte detection.

resistance

3.3.1 Non-electrical signal transduction

The most common way of non-electrical signal transduction is by optical means,
for example by a change in color and absorption properties of the MOF mate-

160,161 The change in refractive index after uptake of guest molecules is also

rial.
a convenient approach.'®? One of the methods that can be used to detect this
change is localized plasmon oscillations, i.e. collective electron density oscilla-
tions in metallic nanostructures. Their resonance frequency (localized surface
plasmon resonance; LSPR), and hence their extinction spectra depend on the
refractive index of the surrounding.!%® A further well known method of optical
signal transduction is using luminescent MOFs and the variation of their emission

155,164 Byt also the quenching or enhancement of the pho-

color upon exposure.
toinduced emission due to the MOF-analyte interaction has been demonstrated
numerous times. %167 Raman spectroscopy is another optical technique in which
information about material properties can be obtained from the scattered light,
which depends on the individual vibrational modes. For selectivity and signal
enhancement, Surface-Enhanced Raman Spectroscopy (SERS) using MOFs can

be employed, thus detecting signal changes based on interactions and bindings at

25



3 Sensing approaches based on MOFs

the molecular level. 168169

Gravimetric signal transduction is a non-optical sensing option that typically con-
verts changes in mass into a signal. The most obvious approach is to measure the
weight change using piezoelectric materials, for example in sensitive quartz crystal
microbalances (QCM).'™ A deposited MOF then serves as a selective host for the
target analytes. Another approach is to use Surface Acoustic Waves (SAW) that,
after being generated by a piezo, propagate across a surface and pass through the
MOF. The mass uptake of the MOFs is then detected by the frequency shift of
the acoustic wave.!™

The large number of MOFs with their individual properties also allows several
other signal transduction pathways, such as changes in magnetic properties in
response to analyte uptake.!'™ In principle, thermal changes can also be used for
calorimetric sensing, which is a well known sensing principle!™, however, to one’s

knowledge no MOF-based calorimetric sensor has yet been implemented. 37

3.3.2 Electrical signal transduction

In electrical signal transduction, detection in MOF-based electrical or electro-
chemical sensing is typically achieved by penetration of target analytes into the
MOF pores, which alter certain electrical MOF properties upon interaction. It has
the advantage that the MOF is both the receiver and transducer, which allows a

direct signal readout. There are different categories, between which a distinction

can be made (Figure 3.5): 137
a) Conductometry b) Impedimetry ¢) Potentiometry d) Voltammetry
(DC) (AC) (zero current) (Faradaic current)

Zsen

Zref

Figure 3.5: Schematic sensor circuits of the most relevant electrical and electrochemical
MOF-based sensors: chemiresistors (a), chemicapacitors (b), chemitransistors (c) and
electrochemical sensors (d). The green square indicates the position of the chemically
sensitive MOF; adapted from Stassen et al. 37

o Conductometry and chemiresistors:
Chemiresistors measure a change in the conductance (or resistance), which

is based on the manipulation of the charge carrier mobility or concentra-
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3.3 Signal transduction

tion. Usually, a constant voltage is applied and the direct current (DC) is

monitored to detect alterations in the conductivity of the MOF, which must

therefore be present to a certain extent.?%!7

e Impedimetry and chemicapacitors:
Chemicapacitors measure a change in the dielectric constant by studying
the MOF behavior in the frequency domain. By applying an alternating
current (AC), the imaginary part of the impedance can be analyzed, which
reflects the capacitive reactance being inversely proportional to the dielectric
constant. The real part of the impedance describes the resistance and does
not contribute to the impedance, which is why electric current flow through

the MOF is not absolutely necessary. 14717

o Potentiometry and chemitransistors:
Chemitransistors such as chemically sensitive field effect transistors (CHEM-
FETs) measure surface potential modulations caused by analytes near the
electrode surface. In general, the potential difference between a chemically
sensitive electrode and a reference electrode kept at constant potential is
investigated. The potential between source and gate, the latter equipped
with the sensitive MOF, modulates the current flow in the channel between

source and drain, while zero current flows through the MOF. 1767178

e Voltammetry and electrochemical sensors:
Electrochemical sensors measure the Faradaic current generated during the
reduction or oxidation of the analytes. This distinguishes them from the
other types of electrical sensors. The electrochemical cell includes two elec-
trodes (potentially functionalized with MOFSs) connected by a circuit on one
side and an electrolyte on the other side, where an opposite ionic current is

formed during the redox reaction. 7180

A well-known example of MOF-based chemiresistive sensors is Cu-HITP and also
its isomorphs Cu-HHTP and Ni-HITP.%%!8! They belong to the triphenylene-
based MOFs and are one of the first demonstrations of successful sensing based
on conductive MOFs. The sensing device could discriminate between different
classes of volatile organic compounds (VOCs). Chemiresistive sensing using other

174 182 are also

promising MOFs** or blends with other materials such as graphite
known, and all of them show a selective response due to the unique properties of

the MOF.
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3.4 MOFs for biosensing purposes

The definition of a biosensor, and thus a distinction from ordinary chemical
sensors, is that the sensor contains a biological component for its sensing func-
tion. 183181 Usually, the biological component takes the role of the receptor, tak-
ing advantage of the very specific affinity between certain biomolecules, such as

186

antibody-antigen binding!'®®, complementary DNA strands'®® or the affinity of

187 can be used as recogni-

particular enzymes.? Peptides!® and even whole cells
tion elements as well, for example for ion detection. The idea for a biosensor
originated with Dr. Leland Clark in 1962 for the detection of glucose based on the
enzyme glucose oxidase. 188189

In principle, biosensors can be used in many areas. This includes, for example,
monitoring food quality or detecting environmental substances that may have bi-
ological relevance.!” In particular, the detection of biomarkers, i.e. analytes that
have a direct relationship to specific processes in the body and thus indicate a
certain condition, such as a disease, are of enormous importance here. By gener-
ating a signal proportional to the analyte concentration, biosensors allow accurate
diagnosis of diseases and associated pathological processes, representing one ex-
ample of how biosensors can improve quality of life. "!1814! The signal is thereby
generated in the same way as with chemical sensors, i.e. by transduction of the
biochemical interaction into a measurable signal such as electrochemically or op-
tically, 178191192
Since specificity and sensitivity are important parameters for sensing, MOFs with
their high surface area and versatile functionalization have become attractive al-
ternative biosensors characterized by low detection limits, high sensitivity and
recyclability. 19194 Their excellent performance has made MOF-based biosensors
increasingly important in recent years, driving the development of sensors us-
ing MOFs as active element for efficient biomarker detection and disease diagno-

7 macromolecules such as

179,200

sis. 199196 A variety of biomolecules including bacteria”

nucleic acids'?®

or proteins '* and other small biologically relevant molecules
have already been detected using MOF-based biosensors (Figure 3.6). Depending
on the MOF, its role in sensing varies. In some cases, MOFs act as containers for
the immobilization of molecules'®, in other cases the MOF serves as nanocarrier
and amplifies the signal, be it e.g. electrochemically?*! or optically.'®® The MOF
can also be the probe itself, for example with fluorescent ligands incorporated into

the MOF ' or by quenching of photoluminescence.'?” Some MOFs, for example
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3.4 MOFs for biosensing purposes

the two-dimensional architectures Ni-HITP or Cu-HHTP, are catalytically active
and are used for the electrochemical detection of biologically relevant analytes.!™
Biocatalytic and enzymatic activity of MOFs is known as well (e.g. MOF-808) to
be used for sensing of diverse analytes, for example glucose. 40-202-204

Finally, it should be mentioned that before MOFs are deployed directly on or in
the human body for biosensing or related biomedical applications, issues such as
biocompatibility and toxicity must be addressed beforehand.!'82% The toxicity
of a MOF greatly depends on its composition, i.e. the choice of the metal and
the nature of the organic ligand.?% For example, the sustained release of certain
metal ions like silver from the MOF framework can show biotoxic and antibacterial
effects.?%” Other factors also influence the toxicity of a MOF, including particle
size, biodegradability, and morphology.?%® Due to the diversity of different MOFs,
toxicity must be evaluated individually, and this should not be limited to in vitro

or short-term toxicity studies, but requires long-term in vivo experiments. 118208

enzymes

amino acids

DINS peptides
amyloids
VOCs
gases
glucose

bacteria

Figure 3.6: Overview of some examples of biomolecules that can be detected with MOF-
based sensors, including DNA, peptides, bacteria or other molecules with biological
relevance; inspired by Liu and Liu. %6
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3.5 Outlook

The latest research and developments demonstrate the advantages of MOFs as
an active platform in sensing, which is why they are also seen as promising for
future applications. As sensing material in various fields of environmental mon-
itoring and public health, there are already innovative approaches to combine
MOFs with other materials or portable gadgets. 1146209 One example of this is
the use of smartphones to process the signal response of MOFs, e.g. optically or
electrochemically. 219211 It has already been shown how the use of a MOF sensing
platform integrated in a sweatband can monitor sweat glucose levels by connect-
ing to a smartphone via Bluetooth (Figure 3.7).%'? The field of wearable sensors
in particular is gaining in importance, especially in point-of-care diagnosis due to
their ability to precisely collect physical and (bio-)chemical data from the indi-
vidual. 2213 This has direct implications for many fields, ranging from medicine?!

and fitness® to military applications.?!
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Figure 3.7: Schematic of a wearable and MOF-based electrochemical sensor for mea-
suring the glucose level in sweat. The detection is based on a water splitting-assisted
electrocatalytic reaction with PdQZIF-67. The data analysis is then performed by a
smartphone connected with the sensor via Bluetooth; reproduced from Zhu et al.?'?
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CHAPTER 4

Characterization techniques
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The study of nanomaterials such as MOFs requires different characterization tech-
niques like microscopy, spectroscopy or X-ray diffraction that allow insights into
different aspects of the material to be obtained, thereby providing a deeper un-
derstanding of the material’s properties.

In this chapter, the main characterization techniques used and their operation are

presented with reference to the characterization of MOFs.
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4 Characterization techniques

4.1 Raman spectroscopy

Raman spectroscopy is an optical analysis method in which information about
material can be obtained from the scattering of light by molecules. The eponym
of this spectroscopy method is Chandrasekhara Venkata Raman, who was the
first to observe and describe this effect in 1928 together with his colleague Karia-
manikkam Srinivasa Krishnan and also received the Nobel Prize in Physics for
his discovery in 1930.2'° Light interacts with the material and is scattered in-
elastically by it, exciting vibrations in the molecules of the material. The energy
transfer results in a shift in the wavelength of the light and because each molecule
has distinct vibrational modes, the scattering spectrum contains an individual
pattern of the material, like a fingerprint. Material defects, chemical reactions
and interactions between the material and analytes at the molecular level lead
for example to changes in the scattering spectrum and can be detected by Ra-
man spectroscopy. 2107218 Aqueous systems can also be characterized, for example
biological samples, which is often difficult with infrared spectroscopy due to the
strong IR absorption of water.?!” Besides, high reading speeds can be achieved by
using faster data acquisition based on computational algorithms that read only
the required part of the information, allowing quick large-area scans suitable for
e.g. biological samples.??*:?2! Finally, it is possible nowadays to be mobile with
Raman spectroscopy through the realization of portable Raman instruments, al-
lowing on-site analysis.??*?* For these reasons, Raman spectroscopy has become
a powerful and versatile analytical tool for fast and label-free material charac-
terization in many fields beyond material science - down to the single molecule
leve] 224225

In the following, the basic theoretical description of Raman scattering is discussed.
The interested reader is referred to further literature in which the theory is treated
in more detail. 2207228

When light interacts with a material, the incoming electromagnetic wave induces

a dipole moment p (unit: Cm), which can be expressed as follows:
ji=a E (9)

@ is the polarizability of the molecules in the material (unit: Cm? V=!) and E
is the electric field of the incident electromagnetic wave (unit: Vm™!). It can be
written as:

E(t) = Ey - cos(wot) (10)
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4.1 Raman spectroscopy

with the amplitude FEj, the angular frequency wy and the time ¢. In general,
it is not a constant but a tensor and depends on the instantaneous position of
the individual atoms: If they are displaced from their equilibrium positions, i.e.
the positions they occupy when no external field is present, so does the electron
density and the polarizability changes.

The oscillations of the atoms along each normal coordinate ¢ can be written as:

q(t) = qo - cos(wgyt) (11)

with angular frequency w, and amplitude ¢p. ) comprises all individual normal
modes of vibration {q(t), g2(t), ..., ¢;(t)}. For simplicity, the vector notation is
dropped and the treatment is given in 1D with contribution along the normal coor-
dinate ¢. For vibrations with small amplitude, the polarizability can be expressed

into a Taylor series around the equilibrium positions Qo = Q(t = 0):

o 1 0«
o@=c+ T (5) 0+ 33 () ad 4 a2
q 9q 0 2 0q0q 904}

a,q'

with g the equilibrium polarizability. For further consideration it is only of
interest up to the linear Taylor term. Combining the equations gives us the

formula for the time-dependent dipole moment p(t):

u(t) = - Ey - cos(wot) (13)

Oa
ap + 3 . - qo - cos(wgyt)

= - Ep - cos(wpt)

1 (O«
+= () - qo - Ep - cos|(wo — wy)t]
q0

2\ Jq
1 (O0a
+§ (aq>qo “qo - Eo - cos[(wo + wy)t] (14)

This equation for the dipole moment describes the scattered radiation; the dipole
acts as a source for the light re-emission. Therein, three terms with different

oscillation frequencies are to be recognized:

o The first term «ag- Ey - cos(wot) describes the elastic Rayleigh scattering. The
oscillation frequency and thus the frequency of the scattered light is the

same as that of the incident radiation, namely wy.
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4 Characterization techniques

e The second term 3 (%Z‘)qo -qo - Ep - cos[(wo — wy)t] characterizes the inelastic

Stokes scattering, where the oscillation frequency is red-shifted to the exci-
tation frequency. The magnitude of the difference depends on the molecular

system, i.e. w,, therefore representing the typical Raman spectrum.

« The third term % (%‘;‘)qo -qo - Ey - cos[(wo +wy)t] differs from the second term
in the sum wy + w,. This means a blue shift of the frequency compared to
the excitation frequency, which is then called anti-Stokes scattering. The
spectrum is the same as in the Stokes scattering, however, the intensity is
greatly reduced due to the lower probability of thermally excited vibrational

states.

A look at the formula of the dipole moment also reveals the selection rule, which
indicates whether a sample is Raman active or not. While the Rayleigh term
depends on the equilibrium polarizability ay and is always non-zero, for Stokes
and anti-Stokes there is only a contribution if the partial derivation of the polariz-
ability with respect to the normal coordinate is not zero at equilibrium geometry
(%Z)qo # 0. Infrared-active samples differ in that the derivative of the dipole mo-
ment must not be zero (%Z)qo # 0. In contrast to Raman spectroscopy, infrared
(IR) spectroscopy involves the absorption of infrared light by the sample through

excitation of vibrations in the electronic ground state, with the absorption ana-

1) < — b < —> <

ay
Qy

=

da apn da ap
(—) #0 (—l) =0 (— =0 (—I) #0
04 ) g 9q g, 04 /g 4/ a0

Figure 4.1: Two example vibrations of a linear triatomic molecule and the corresponding
variations of polarizability (red) and dipole moment (blue). The partial derivative
with respect to the normal coordinate at equilibrium position defines the Raman or IR
activity of the molecule; adapted from Toporski et al.??%
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4.1 Raman spectroscopy

lyzed as a function of frequency. An illustrative comparison of the two cases is
shown in Figure 4.1.

An example of a typical Raman spectrum is shown in Figure 4.2a. The energy
shift becomes obvious when looking at the energy diagram, here simplified as a
diatomic system. In Raman spectroscopy, the molecule is excited by the incoming
photon. This does not require excitation to a discrete level of an electronically
excited state, as is the case with fluorescence, for example, but excitation takes
place to a virtual, intermediate state. Depending on whether the final position
ends in an excited vibrational energy state or it starts from such a vibration state,
the emitted photon has a red-shifted or blue-shifted frequency, representing the
described Stokes or anti-Stokes scattering.

When the laser frequency, and thus its energy, matches an electronically excited
state of the molecule, a significantly enhanced scattering intensity occurs. This
is referred to as Resonant Raman scattering (Figure 4.2b). Not only the inelasti-
cally scattered light is observed, but after excitation to a discrete electronic level,
fluorescence can occur. In fluorescence, the system relaxes after excitation to
the lowest vibrational state without radiation, from where it then decays to the
electronic ground state, emitting a photon (Figure 4.2b). In many cases, the fluo-

rescence signal interferes as background with the evaluation of the Raman signal

o - - - > :
a) G anti-Stokes scattering Stokes scattering b) &0 first excitet state S;
) g
& virtual virtual &3]
= energy state energy state
E'>E, E'<E, \ 3 7
\ O /\
\ I/ A
- w \.‘ /; vibrational
energy state energy state / energy states
Resonance ~
Raman

Fluorescence

Wavelength \\ 7/

M T | | | IR\\f\/ // ground state S,

anti-Stokes Rayleigh Stokes
Raman bands band Raman bands

Normal mode coordinate

Figure 4.2: a) Raman spectra of liquid carbon tetrachloride (CCly), clearly showing the
dominant Rayleigh peak in the center, the Stokes scattering peaks on the right, and
the weaker anti-Stokes scattering peaks on the left (excitation by an Argon ion laser
with wavelength of 488 nm). The insets show simplified Jablonski energy diagrams illus-
trating the process of Stokes and anti-Stokes scattering; spectra adapted from Long.??®
b) Jablonski diagram of the electronic energy states for comparison between the differ-
ent processes. Arrows indicate transitions of IR absorption, normal Raman, Resonant
Raman, and fluorescence; adapted from Toporski et al.?26
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4 Characterization techniques

because, compared to Resonant Raman, fluorescence has a scattering cross section
about six orders of magnitude larger.??%

Besides Resonant Raman, it is possible to amplify the Raman signal by plas-
monic resonances in metallic structures when the molecules are in their immedi-
ate vicinity. The strong field enhancement near the plasmonic structure results
in enhanced excitation, and furthermore, the coupling leads to efficient emission
of the Raman signal.???%Y Amplification factors of up to 15 orders of magnitude
have been demonstrated in the example of the molecule rhodamine 6G in the
vicinity of colloidal silver nanoparticles, proving the ability to detect even single
molecules. ?*! Well-known applications include Surface-Enhanced Raman Scatter-
ing (SERS), which employs a metallic surface or nanoparticles to amplify the
signal, and Tip-Enhanced Raman Scattering (TERS), involving the tip of a scan-
ning probe.

For MOFs, Raman spectroscopy is a valuable characterization technique?? be-
cause the Raman scattering spectrum can provide insight into structural changes
of the MOF or into the ligand-metal bonding relationship.?3*?** Changes in vi-
brational modes of ligands caused by coordinative binding to the metal nodes can
be exploited for purity control and ligand localization in the acquisition of two-
dimensional Raman maps of a sample.’” Raman spectroscopy can also be used
during crystal growth to investigate the synthesis mechanism in more detail.?%
In terms of sensing, one can analyze and detect interactions between MOFs and
guest molecules using Raman spectroscopy, with the advantage of being label-

236,237 A

free. a SERS substrate, many MOFs are also capable of amplifying the

Raman signal while bringing molecular selectivity to it.!6%:193:238

4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) uses high-energy electrons, rather than light
as in optical microscopy, to produce an image of a sample. The image resolution
and achievable magnification are considerably higher than with light microscopes.
The resolution d generally depends on the wavelength A of the beam used, as well
as the numerical aperture NA| i.e. the refractive index n and the half aperture

angle o, and can be written by Abbe’s equation?3:

0.612\  0.612\

d= n sin(«) NA

(15)

36



4.2 Scanning electron microscopy

Using visible light, the wavelength is about A = 500 nm, which gives a resolution
in the micrometer range.

In quantum mechanics, not only light can be described by a wave, but also particles
like the electron have a wave character and the sharp boundary between waves
and particles becomes blurred. This phenomena is known as wave-particle duality.
Just as light has a particle character (photons), other quantum objects, typically
considered as particles, can be assigned a wavelength, the so-called de Broglie

wavelength Apg %:
N
oP P 2mkE
Here, h is the Planck’s constant (6.626-1073* Js) and p is the momentum of the

particle (unit: Ns), which can also be expressed by the particle mass m and the

(16)

energy E. A typical electron energy for imaging of F = 15keV then gives an elec-
tron wavelength of Aq ~ 10 A, resulting in a resolution in the nanometer range,

orders of magnitude smaller than with light.
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Figure 4.3: a) The general setup of an electron microscope. Electrons are emitted by
a source and accelerated to the anode by a high voltage. Magnetic coils are used as
lenses for the electrons to focus the electron beam onto the sample (here: condenser and
objective lens). When they hit the sample, different interactions with the sample are
possible, such as the emission of secondary electrons or the backscattering of electrons.
Their detection leads to the creation of a monochrome picture. b) Simplified model
of an atom showing the process of X-ray emission when electrons near the nucleus are
ejected by external excitation. The resulting hole is immediately filled by electrons of
outer shells with higher energy and the excess energy is released as a photon (X-ray).
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The general setup of an electron microscope is shown in Figure 4.3a. The electron
source (cathode) emits electrons which are accelerated to the anode by applying
a high voltage. Magnetic coils, which serve as lenses for the electrons, are used
to focus the electron beam onto the sample. When the electrons hit the sam-
ple, secondary electrons (SE) are ejected from the atoms on the surface and few
nanometers below, which are then collected by a detector for image creation.?”
This is how the topography of a sample is mapped, being the most common
mapping method. Likewise, the back-scattered electrons (BSE) can be used for
imaging. The strength of the backscatter depends on the mass of the element,
which is why this method tends to reproduce the material contrast.

The image is generally formed by scanning the sample with the electron beam by
magnetic deflection in the lateral plane. For each position, the scattering infor-
mation as well as the energy of the detected electrons are then converted into gray
scale information and translated into a monochrome picture. To avoid scattering
of electrons with molecules in the air, the imaging process takes place in vacuum.
SEM imaging is one of the standard analysis methods for MOF investigations,
as a visual impression of the MOF crystals is obtained. At high resolution, even
the crystal lattice geometry can be revealed.?!” Tilting the sample stage during
imaging also allows angled or lateral images of the sample to be taken, which is
very useful e.g. when examining the profile of thin MOF films.?*" When process-
ing MOFs into other structures, such as fibers or polymers, SEM can be used to

evaluate the amount and efficiency of material functionalization.?42-243

4.2.1 Energy dispersive X-ray spectroscopy

In addition to the scattered electrons, it is also possible to detect emitted X-rays
to obtain information about the material of the sample.?** The method is called
energy dispersive X-ray spectroscopy (EDX) and is based on the fact that the
energy of the X-rays is distinctive for the elements present. Emission is gener-
ated when the electron beam ejects electrons near the nucleus when it hits the
sample. The resulting hole is filled directly by an electron from a higher orbital
with increased energy, releasing the excess energy characteristic of the atom as a
photon (Figure 4.3b). By detecting these X-rays, information about the element
composition can be obtained.

Since MOFs always consist of metal nodes and organic ligands of a certain com-
position, EDX is very useful to map the MOF on the SEM image.?*> For this, an

element is usually targeted which is characteristic for the MOF, for example zir-
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4.3 X-ray diffraction

conium for Ui0-66.%% This allows to determine the position of the MOF. If there
are several distinct MOF architectures, they can be differentiated using EDX,
such as for Cu-HHTP-TCNQ presented in Chapter 5.°” The analysis also works
for multivariate MOFs, i.e. structures consisting of multiple building units, and

allows qualitative and quantitative study of their composition. 246247

4.3 X-ray diffraction

X-ray diffraction is used to identify the atomic structure of a crystalline sample.
Due to the wave properties of electromagnetic radiation, diffraction effects occur
when the wavelength of the rays is of the order of the distance between the atoms.
The lattice constant in a crystal lattice is in the Angstrom range, which is why
no visible light (~ 400 nm — 800 nm) but shorter wavelength X-rays are used for
the sample examination.?*®

When X-rays encounter a crystalline object with a periodically ordered structure,
the sample acts as a diffraction grating and the incoming radiation is scattered
at the lattice planes. As a result, the incoming beams change their direction of
propagation and interference occurs between the diffracted beams. Depending on
the phase shift due to the path difference between the beams, constructive or de-

structive interference occurs (Figure 4.4a). Bragg’s law describes the condition for

b) detector

incoming e
X-ray

dsin(0) dsin(0)
e & o & o o

atom lattice

Figure 4.4: a) Schematic of the Bragg reflection. X-rays incident on an atomic crys-
tal with lattice plane spacing d at angle 6 are scattered and change their direction of
propagation. The diffracted beams interfere with each other, with constructive Bragg
reflection occurring when the path difference (here in green) is a multiple of the wave-
length A. b) Powder X-ray diffraction uses a powder sample consisting of many small
randomly arranged crystals. Due to the random arrangement, some crystals always
satisfy the Bragg condition and the diffracted beams lie rotationally symmetrically on
the surface of cones, resulting in rings on the detector.
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constructive interference, where the path difference is a multiple of the wavelength

A and intensity maxima can be found:
2dsin(0) = nA (17)

with d the distance of the crystal planes, 6 the angle between X-ray beam and
lattice plane and n the order of the reflex.%324®

The crystal structure and lattice parameter can then be determined from the
diffraction pattern. Since there is more than one way to divide the crystal into
lattice planes, there are different plane spacings d and thus scattering angles with
constructive interference. Therefore, in a more detailed consideration, lattice
planes are defined with the three Miller indices (h,k,l), which indicate the recipro-
cal plane intersections with the crystal axes. When examining a single crystal, a
pattern of dots (intensity maxima) emerges, with each dot belonging to a specific
lattice plane.%

Often a powder sample is used instead of a single crystal, which consists of many
small randomly arranged crystals. This approach is referred to as powder X-ray
diffraction (PXRD, also Debye-Scherrer-approach) and has the consequence that
there are always some crystals which satisfy Bragg’s diffraction conditions.% As
a result, the diffracted beams are rotationally symmetrical on the surface of cones
with half opening angle 20 (Figure 4.4b). Diffraction rings become visible on the
detector, the diameter of which indicates the diffraction angle.

For MOFs, X-ray diffraction represents one of the most important analytical meth-
ods because their crystalline nature allows their structure and crystallinity to be
determined. Most MOFs occur as powders, making PXRD the tool of choice. The
individual scattering spectrum of each architecture makes the method very suit-
able for identifying the MOF, for example, after its synthesis.?4%?Y The evolution
of MOF growth can be captured by taking snapshots during the synthesis pro-
cess.” The sharpness of the peaks also gives information about the crystallinity of
the MOF, which also makes X-ray diffraction a tool for determining amorphous-
ness.?°1:22 Thin MOF films can be evaluated with XRD as well, but occasionally
show weak signal strength due to the small amount of material.?*325* Most MOFs
are stable to high-energy X-rays, however, irradiation of certain MOFs, e.g. from
the ZIF family (zeolitic imidazolate frameworks) with high-energy radiation as in
X-ray synchrotron studies can possibly lead to radiation damage such as amor-

phization and site specific structural damage and therefore radiation stability
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should be tested in advance.??

4.3.1 Grazing-incidence small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is another method that uses X-rays to study
larger mesoscopic structural features between about 1 nm and few 100 nm such as
nanoparticles or nanopores, based on the fact that small scattering angles reflect
larger dimensions.?°%2°" However, for samples with small scattering volumes such
as thin films, the conventional transmission geometry of SAXS gives signals that
are too weak. Grazing-incidence small-angle X-ray scattering (GI-SAXS) employs
a reflection geometry for the study of film samples using an extremely flat X-ray
incidence angle (typically below < 1°).2°%2% The grazing incidence approach leads
to increased scattering cross-section and thus to a stronger signal. The measured
scattering intensity at small exit angles then allows conclusions to be drawn about

the structure such as in-plane lattice parameter and porosity of a material.

4.4 Atomic force microscopy

In general, atomic force microscopy (AFM) is a microscopy method in which a fine
tip raster scans across the sample and by measuring the forces interacting between
the tip and the sample, a topographic map is generated. Here, the achievable res-
olution depends on the tip diameter and can thus circumvent the resolution limit
of diffraction-based methods. Nowadays, atomic resolution can be achieved by
fabricating extremely pointed tips such as micromachined silicon cantilevers, al-
lowing only few atoms at the tip to interact with the surface of the sample.260:261
The scan tip is attached to a cantilever, which bends due to the forces between the
sample and the tip. The magnitude of the bending can be measured, for instance,
by a laser that is pointed at the cantilever and reflected onto a photodetector. In
this way, the surface profile of the specimen can be accurately reproduced. The
basic construction of an AFM is shown in Figure 4.5a.

To perform the scan measurement, there are different approaches to direct the tip
along the sample?%? (Figure 4.5b). In contact mode, the tip is in contact with the
sample and moves over the surface, deflecting the cantilever to different degrees
depending on the profile. The deflection of the cantilever can either be measured
directly by a laser, or the cantilever can be held in the same position and the
piezo current required to counteract the force is measured. In non-contact mode,

the cantilever is excited by a periodic force (e.g. piezo element) to oscillate at a
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frequency close to the resonance frequency. The tip has no contact to the sample,
but near the surface interactions between tip and sample (e.g. van der Waals)
lead to a change of the oscillation frequency, which then provides the surface in-
formation. The tapping mode is similar to non-contact mode, but the oscillation
is closer to the surface and the tip intermittently taps the sample as it scans the
surface, thereby reproducing the surface profile.

AFM is widely used to determine the thickness of MOF nanosheets or thin MOF
films. 2°%263 For this purpose, a profile scan is performed either at the edge of the
film or at a crack, be it a self-induced or a naturally occurring one. 2D AFM scans

264 How-

also allow the detection of the MOF film topology and surface roughness.
ever, this is not limited to thin films. In the functionalization of fibers, for example,
AFM can also show the nature of the fiber surface, providing additional informa-
tion to visual methods such as SEM.?% Furthermore, in situ AFM measurements
were used to identify the crystal growth mechanism of MOFs like MOF-5.2%¢ By
combining AFM with spectroscopic methods such as Raman spectroscopy, topo-
graphic and chemical information can be linked to provide a better understanding
of MOF architecture.?572%® A combined confocal Raman AFM even allows simul-
taneous acquisition of such material data, as demonstrated in the study of thin

polymer films?%” or nanocomposite films.?™

contact mode

a) b)

photo-
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non-contact mode tapping mode
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Figure 4.5: a) The general construction of an atomic force microscope. A cantilever
with a sharp tip scans the surface profile of the sample. The resulting deflection of
the cantilever can be measured by using a laser, which is directed at the cantilever
and whose displacement is measured by a photodetector. b) Illustration of different
imaging modes: contact mode, non-contact mode and tapping mode. The photo top
left shows an extremely fine tip on a micromachined silicon cantilever, manufactured by
Nanosensors GmbH und Co. KG Germany; adapted from Giessibl. 26"
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4.5 Gas adsorption

4.5 Gas adsorption

A central question when working with porous materials such as MOFs is the
characterization of the pore volume and the intrinsic surface area, because these
are target properties for many applications. A common method for evaluating
such material properties is gas adsorption and the application of the theory of
Brunauer, Emmett and Teller, in short BET.*%2™ Generally, the porous material
is filled with a certain gas and the pressure is increased. The gas molecules adsorb
on the surface and fill the pores with increasing pressure (Figure 4.6). From the
amount of adsorbed gas molecules in relation to the pressure, the surface area can
be inferred.

The pressure dependence of the adsorbed gas quantity also depends on the size of
the pores. A distinction is made between micro-, meso- and macropores. Micro-
pores are pores with widths smaller than 2 nm and macropores have widths larger
than 50nm. Everything in between is called mesopores.?” During the adsorption
process, monolayer formation and filling of small pores occurs, later also multi-
layer formation. The plot of the gas uptake against relative pressure (at constant
temperature) leads to a certain curve, which is called sorption isotherm. From
the shape of the curve, e.g. hysteresis occurring during the desorption process
or plateaus, conclusions can be drawn about the size and structure of the pores.
The isotherms were originally classified by Brunauer, Deming L., Deming W., and
Teller into different categories, depending on the type of porosity present.*>272
For a theoretical description of the physisorption of gases at the material surface,
the model of Langmuir, which assumes a limited number of sites for adsorption, is
used at the beginning. 2™ The gas molecules form a monolayer on the homogeneous
surface of the adsorbent, thereby assuming strong interactions (chemisorption).
The gas uptake goes into saturation and the isotherm that can be observed has
the form of a type I (Figure 4.7a). However, the Langmuir model is not applicable
for a real physisorption process, where usually weak adsorption occurs and mul-
tilayers are formed.>?™ For example, microporous materials exhibit an isotherm
similar to type I, but it is less related to monolayer formation than to the filling
of micropores. 327

For this reason, the Langmuir model was extended by Brunauer, Emmett and
Teller such that the physisorption process is not limited to monolayer adsorption,
which is important when it comes to larger pores.**?™2™ The idea behind the

BET model is that the monolayer capacity can be extracted even though in reality
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Figure 4.6: Simplified schematic representation of the gas adsorption process for a
porous material with corresponding isotherms. a) At low pressure, only a few gas
molecules are adsorbed on the material surface. b) When the pressure is increased,
micropore filling occurs resulting in a plateau in the isotherm. ¢) When mesopores are
filled at higher pressure, an increase in the isotherm can be observed, which then also
turns into a plateau. d) Close to bulk saturation pressure, large macropores are filled;
adapted from Yaghi et al.?®

44



4.5 Gas adsorption
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Figure 4.7: Illustration of the Langmuir and BET adsorption models. While the Lang-
muir model (a) describes the formation of monolayers of the gas molecules assum-
ing strong adsorption (chemisorption), the BET model (b) takes multilayer formation
into account due to undirected physisorption and interactions between the adsorbate;
adapted from Yaghi et al.?®

a monolayer is never formed. Therefore, the BET model has become one of the
most commonly used models for determining surface areas of porous materials

(Figure 4.7b).3»27:272 The BET equation in its linear form is as follows (for the

detailed derivation, the interested reader is referred to further literature3>27)

P 1 c—1P

n(Py—P)  nmc + nmc Py

(18)

id
Py

that is related to the enthalpy of adsorption, n is the total amount of adsorbed

is the relative pressure with Fy indicating the saturation pressure, c is a constant

gas (in moles) and n,, declares the monolayer capacity, means the amount of gas

adsorbed within a monolayer (in moles). The latter is related to the surface area

P P
m VErsus I

With the knowledge of the gas used (mostly nitrogen, sometimes argon) and the

and can be obtained from a linear regression in the BET plot

size of the cross-section area taken up by a single gas molecule a,,, the BET surface

area Aggpr can be calculated: 2™
ABET = nmNAam (19)

with Na the Avogadro constant (6.022-10% mol™').

Since porosity is an important property for MOFs, the intrinsic surface is almost
always assessed by gas adsorption and often compared to simulated values, espe-
cially after synthesis of new MOF types.?>2"® When decorating other materials

with MOFs, such as fibers, gas adsorption is also used as a method to see to what

45



4 Characterization techniques

degree the functionalization has been successful. The higher the evaluated surface

area, the more accessible the MOF and its pores for the target application. %%242:265

4.6 Concluding remarks

We already know that the large number of different MOFs is associated with
diverse properties, which is precisely why it is essential to use many different
characterization methods to gain a complete picture of the material properties. It
is comparable to a jigsaw puzzle, in which the final picture can only be seen when
all the pieces of the puzzle have been correctly assembled. Similarly, a multipara-
metric analysis of a nanomaterial such as MOFs using different characterization
methods, where each method depicts a different aspect, allows a deeper under-
standing of the material properties. These include the techniques already men-
tioned for obtaining information on crystallinity, surface properties, and chemical

composition, which is why we will encounter them in the following chapters.
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CHAPTER 5

Design, synthesis and characterization of

conductive MOFs for sensing
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Hybrid structures are obtained by combining different building units, which offers
a broader range of options for adjusting the structure and thus the properties such
as electrical properties.

In this chapter, we present the synthesis and characterization of a conductive
hybrid MOF film, composed of copper ions and two different organic ligands and

demonstrate its chemiresistive sensing response towards ambient changes.

Parts of this chapter have been published in Advanced Electronic Materials (Liider et al.®").

Supporting information is included at the end of this chapter.
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5.1 Introduction

We have already seen that conductive MOFs and MOF-like coordination polymers
are an emerging class of materials in the field of sensing because they also bring
their unique properties and advantages such as nanoporosity or tailoring to spe-
cific properties. In general, highly crystalline defect-free MOFs are preferred for
electrical charge transport over randomly arranged architectures because their pe-
riodic structure leads to high mobility.527"2™ Nickel (IT) hexaiminotriphenylene
(Ni-HITP)™ and copper (II) hexahydroxytriphenylene (Cu-HHTP)™2%0 are two
examples from other work where it has been shown that single crystals and well-
grown MOF films with high structural order generally exhibit better conductivities
than pressed powder.

However, the inherent crystallinity of MOFs also typically makes them brittle,
which often complicates their integration into flexible systems. Amorphous MOFs,
i.e., MOFs without long-range periodic order, usually exhibit higher mechanical
robustness and isotropy than their crystalline equivalents.?*1:2729 This allows
them to be used in a wider range of applications, for example, for incorporation
into flexible devices. 2817283

The presented approach of using copper ions and two different organic ligands
hexahydroxytriphenylene (HHTP) and tetracyanoquinodimethane (TCNQ) en-
ables the formation of a heterogeneous hybrid MOF structure that lacks long-
range ordering without sacrificing conductivity (hereon referred to as Cu-HHTP-
TCNQ). MOF hybrids have great potential, as they have already demonstrated
improved characteristics, such as enhanced performance in separation, energy con-
version, or catalysis.?** The Cu-HHTP-TCNQ hybrid film structure presented in
this work exhibits a good compromise between structural order and conductiv-
ity, providing an average conductivity of 0.033Scm™! and a chemiresistive re-
sponse toward ambient changes, despite its discontinuous architecture and its
highly amorphous phase. The heterogeneous nature of the film was studied multi-
parametrically, yielding information about its structural, chemical, and electrical
properties. Glass substrates with prepatterned gold electrodes were fabricated
for the electrical and chemiresistive measurement in a four-wire configuration on
the deposited Cu-HHTP-TCNQ films. In summary, this work shows that hybrid
framework architectures are promising active materials for chemiresistive sensors

without the need for high crystallinity.

48



5.2 Synthesis approach

5.2 Synthesis approach

For the synthesis of the MOF films, an interfacial approach was chosen, consisting
of two immiscible liquid phases (Figure 5.1a). This synthesis has been used suc-
cessfully before and has the advantage that the film thickness increases uniformly
over time.?4%?%5 The principle is based on the dissolution of the organic ligands
in one solvent and the metal source in the other solvent. At the interface, the
ligands and the ions meet and coordinate to form a MOF. The end result is a
free-standing film that can be deposited on a wide variety of substrates.

In our case, water and ethyl acetate were used as solvents. Cu(II) nitrate was dis-
solved in water, and both ligands 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) were dissolved in the organic sol-

vent (Figure 5.1b). Details on quantities and exact procedure are given in the
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Figure 5.1: a) Schematic illustration of the formation process of thin Cu-HHTP-TCNQ
MOF films at the interface between bottom aqueous and top organic phase. Diffusion
lets the separately dissolved metal ions and organic ligands meet at the interface, forming
a coordinative bond. b) Molecular structures of the organic ligands HHTP and TCNQ
as well as copper nitrate as metal source. c) Photograph of interfacial film growth
of Cu-HHTP-TCNQ at starting time (left) and after 15 min (right), showing the fast
growth of the dark film. Inset: Photograph of the film directly after deposition on a
glass chip with gold electrodes.
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5 Design, synthesis and characterization of conductive MOFs for sensing

Appendix A.1. When the phases were combined, the coordination reaction be-
tween Cu?'-ions and the ligands began and a film formed was visible within 1 min
at 0°C. Since the film was still very thin at the beginning, it was almost transpar-
ent, but already after 15 min at the latest, a black film has emerged (Figure 5.1c).
The size of the film is determined by the dimensions of the reaction vessel; in our
case it covered an area of about 5cm?. This film will from now on be referred to as
Cu-HHTP-TCNQ hybrid films. The formation of a continuous film started only
when both ligands HHTP and TCNQ were added in combination. The addition of
TCNQ alone had not started any macroscopic reaction with the copper ions and
HHTP alone resulted in the slow formation (after 1h) of an unconnected powder
known to consist of multiple nanosheets. 264

After synthesis of the freestanding Cu-HHTP-TCNQ film, it had to be trans-
ferred to a substrate for structural and electrical measurements. During this step,
the film can easily break if the mechanical shocks are too strong while it is still
floating. Before starting the reaction, a substrate of choice has been placed on the
bottom of the reaction vial. After film formation, the liquid was carefully removed
with a syringe so that the film slowly sank down and remained on the substrate.
Glass substrates with prepatterned gold electrodes were used as substrates for
electrical and other structural investigations (Figure 5.1c inset; fabrication details
in Appendix A.2), but other substrates such as silicon wafers were also used. De-
pending on the substrate, the wetting properties may differ and complicate the
deposition of the film. A short air plasma on the substrate before placing into
the vial facilitated film deposition, in part because it completely removed any
resist residues on the chip (Supporting Information Figure 5.20). Once the film

is transferred, it stays stable for analysis.

5.3 Structural characterization

Scanning electron microscopy

First, the Cu-HHTP-TCNQ film is subjected to a visual examination via SEM.
Figure 5.2 shows a top view and a side view of the film. On the one hand, you can
see many filamentous features, which are mostly arranged vertically with respect
to the film extension. This creates a continuous film that has gaps in some places.
On the back side of this layer, i.e. on the side which was facing the water during
the reaction, there are many crystalline cubes. This can be deduced from the parts

of the film that were folded over during deposition, thus allowing a view of the
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5.3 Structural characterization

Figure 5.2: Scanning electron microscopy (SEM) images of Cu-HHTP-TCNQ thin films
with 60 min reaction time from the top (a) and from the bottom (angled) (b), showing
filamentous features substantially aligned in parallel and cubic crystals on the film
downside.

back. There is no regular arrangement of the cubes, which extend over the entire
film. Films with only 10min reaction time were examined and already showed the
appearance of the cubes (Supporting Information Figure 5.16a). In some places,
there are long crystals that seem to have their origin in the film backside at the
cubes. Their anisotropic growth in length makes them stand out perpendicular

to the film (Supporting Information Figure 5.16¢,d).

Atomic force microscopy

To get a more detailed understanding on the morphology and thickness of the
film, AFM measurements were performed on films with different synthesis times.
The AFM topographs are shown in Figure 5.3. The thinnest film had a reaction
time of 10 min and was just manageable (Figure 5.3a). It was not yet completely
closed and still had holes in some places. Already after 20 min reaction time the
film was closed and continuous (Figure 5.3b). The reaction time was increased to
80 min until no major change was observed anymore (Figure 5.3f). The elevations
formed are probably due to the cubic crystals in addition to the continuous film.
Due to limitations in the large area AFM scan, the film with 60 min reaction
time is shown in Figure 5.3e with a different scale. High resolution images are
also displayed in Figure 5.17 in the Supporting Information. Line profile scans
were performed on each film at the border and then the mean film thickness was
correlated with the reaction time (Figure 5.3g and Supporting Information Figure
5.18) It can be seen that thicker films are measured for longer reaction times. Film
growth is initially faster due to the easy diffusion of the reagents, but slows down

with increasing film thickness. Further, fluctuations in synthesis and variations in
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Figure 5.3: Topography of Cu-HHTP-TCNQ films measured by atomic force microscopy
(AFM). Films have reaction times from 10min (a) to 80 min (f). Profile line scans were
performed on all scanned areas to evaluate film thickness. Selected profiles are shown
as inset. g) Mean film thickness over reaction time, evaluated from profile scans at five
different edge positions. Film thickness increases for longer reaction times. Inset: 3D
topography of selected film border for better overview. h) Root mean square roughness
over reaction time, evaluated at five film sections. Film roughness increases for longer
reaction times. Inset: 3D topography of selected film section for better overview.
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5.3 Structural characterization

the heterogeneous material result in a non-steady increase in thickness over time.
The continued growth in the liquid phase also leads to a roughening of the film.
This is shown in Figure 5.3h, where the root mean square roughness of the film

is plotted against reaction time.

X-ray diffraction

Different diffraction methods such as X-ray diffraction (XRD) were performed
to get a more accurate picture of the structure of Cu-HHTP-TCNQ. The XRD
signal is shown in Figure 5.4 and shows a relatively strong background signal.
This is due to the high amorphous content of the sample and could be caused by
the combination of two different ligands, which disrupts the order of the film and
leads to a lower crystalline structure and less long-range order. To exclude weak
peaks from the sample environment, a background measurement was performed.
Although X-ray characterization of amorphous MOFs is more difficult because of
to the absence of Bragg peaks in the diffraction patterns?!, the results reveal the
presence of coordinated HHTP and TCNQ ligands, which form two crystalline
phases within the film. The diffraction peaks of the individual components Cu-
HHTP and Cu-TCNQ are known from the literature and can be assigned to the
measured peaks. For example, the reflections (100), (200), and (001) belong to
known diffraction peaks of crystalline Cu-HHTP %254 and correspond to the 2D
polymer in-plane long-range ordering , or m-7 stacking in the latter case. In the
case of Cu-TCNQ), it is known that two different phases with different crystal
structures can be formed (phase I and II). The reflections (011), (002), (012), and
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Figure 5.4: a) X-ray diffraction (XRD) pattern of Cu-HHTP-TCNQ), which is measured
as powder in reflection mode for 60h. A background measurement (sample holder
without sample) was carried out with same parameters and background subtraction from
the Cu-HHTP-TCNQ signal was performed. b) Zoom-in for the background subtracted
pattern. Peaks representing the crystalline part can be seen on a background, which

indicates the amorphous quantity. The lines show the position of known reflections from
Cu-HHTP (red) and Cu-TCNQ (I) (blue).
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5 Design, synthesis and characterization of conductive MOFs for sensing

(022), among others, can be clearly assigned to Cu-TCNQ (phase I).%%%%7 For the
quantification of the phase I we would require atomic coordinates, which are not
available to the best of our knowledge. Features of Cu-TCNQ phase II were not
detected in the XRD pattern. The Scherrer formula can be used to estimate the
crystallite size for selected crystal orientations. For Cu-HHTP ((200)-reflection) it
gave a crystallite size of 12 nm and for Cu-TCNQ (I) ((002)-reflection) a crystallite
size of 24nm. No changes in the XRD pattern were measured when Cu-HHTP-
TCNQ was washed and dried compared to the signal measured immediately after

synthesis. This indicates a stable and reproducible structure.

Another indication of the largely amorphous structure of the films can be obtained
by transmission electron microscopy (TEM) and corresponding selected area elec-
tron diffraction (SAED). The examination showed no diffraction peaks for the
most part of the film, with a few exceptions, but these occur randomly. As can
be seen in Figure 5.5, the diffraction signal cannot be assigned to the crystalline

cubes or the continuous film.

Often the porosity is determined with BET gas sorption methods. In this case,
however, the amount of Cu-HHTP-TCNQ was too low. Grazing-incidence small-
angle X-ray scattering (GI-SAXS) can be used to determine the presence of poros-
ity. Figure 5.6 shows the scattering intensities of a Cu-HHTP-TCNQ film de-
posited on a silicon substrate in the range of 0.1-1 nm~!. The scattering intensity
is about five times stronger than that of a reference silicon substrate, indicating

the presence of nanoscale pores in the sample.

Figure 5.5: Transmission electron microscopy (TEM) images of Cu-HHTP-TCNQ (a,c)
and the corresponding selected area electron diffraction (SAED) signals (b,d). a) and
b) show regions with crystalline cubes, whereas c¢) and d) display a location without
cubic crystals. The camera lengths are 100 cm (b) and 60 cm (d) respectively.
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Figure 5.6: Grazing-incidence small-angle X-ray scattering (GI-SAXS) intensity plots of
pure silicon substrate (a) and Cu-HHTP-TCNQ film deposited onto a silicon substrate
(b). c¢) Lateral scattering intensities (in plane, qy), obtained by line integration along
the lateral direction for both substrate and MOF coated samples.

5.4 Chemical characterization

Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) can be used to map the elemental
distribution. Since oxygen occurs only in HHTP and nitrogen only in TCNQ), the
EDX analysis allowed the localization of their occurrence within the film. A region
of the continuous film that contained crystalline cubes as well is shown in Figure
5.7. EDX analysis revealed that oxygen is exclusively present in the continuous
film. However, no oxygen was measured in the crystalline cubes (Figure 5.7b).
This indicates the presence of the ligand HHTP in the continuous part, which
is further supported by the fact that this part of the film consisted of elongated
rods, since Cu-HHTP is known to form hexagonal-shaped filamentous rods. ™24
In contrast, the mapping of nitrogen showed an inverse picture. Nitrogen was in
fact clearly concentrated in the cubes, but only weakly in the continuous part.
Besides TCNQ), residual nitrate salt could also be the source of the nitrogen signal.
However, oxygen is also present in the molecular structure of nitrate, which is why
the signal in the cubes could be attributed to TCNQ. The distinction between the
organic ligands HHTP and TCNQ and their localization does not yet say anything
about their coordination to copper. EDX analysis showed that copper and carbon
were homogeneously distributed throughout the film, which makes it difficult to

say anything about the nature of their coordination.
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5 Design, synthesis and characterization of conductive MOFs for sensing

Figure 5.7: a) SEM image of Cu-HHTP-TCNQ), showing the continuous film with cubic
crystal structures. The white box shows the position of performed EDX measurement.
b) Energy dispersive X-ray (EDX) spectroscopy maps of the elements copper (purple,
Cu), carbon (cyan, C), oxygen (green, O) and nitrogen (red, N). The distribution shows
an accumulation of nitrogen in the cubic crystals, whereas oxygen is entl,y present in
the filamentary features. Copper and carbon are evenly distributed over the film.

Raman spectroscopy

The coordination between the organic linkers and the copper ions can be identi-
fied using Raman spectroscopy. Figure 5.8 shows the Raman signals acquired at
different positions of the Cu-HHTP-TCNQ film. The compound Cu-HHTP alone
has no distinct Raman peaks according to literature.?®® It is known that the ligand
HHTP can exist in seven different oxidation states, resulting in the blending of
several vibrational modes.”® In contrast, TCNQ and Cu-TCNQ show clear Raman
spectra with mainly four different vibrational modes.?3%287:289 The blue spectrum
in Figure 5.8 agrees very well with literature data for noncoordinated TCNQ.
The red spectrum shows a similar pattern to the blue, with the C—CN stretching
mode at the wavenumber 1450 cm™! (blue box) shifted to a lower wavenumber
1380cm™ (red box). The shift can be attributed to a charge transfer due to the
coordination of TCNQ with copper ions.?®” The Raman signal of Cu-TCNQ also
includes another shift of the C—N stretching mode at 2225 cm™! to lower frequen-
cies at and the appearance of a new mode at 735cm™!. The green spectrum shows
a different pattern than that of the other two. It is likely the weak signal com-
ing from Cu-HHTP, as the signal is consistent with positions where Cu-HHTP is
known to be Raman active.?*®

Information about the location of the Raman signal can be obtained by a 2D
Raman scan. An area of cubic crystals in the continuous film, as identified by op-

tical microscopy, was selected for a Raman scan (Figure 5.9a). SEM images were
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Figure 5.8: Raman spectra at three different positions on the Cu-HHTP-TCNQ film.
Noncoordinated TCNQ molecules have a prominent peak at 1450 cm ™! (blue box) based
on the C-CN stretching mode, which shifts to 1380cm™! (red box) when coordinating
to copper ions. The spectra are plotted with an offset for clarity and the green spectrum
is also displayed with a multiplication factor of 20.

taken at the same position to increase the resolution. The acquired 2D intensity
plots were then overlaid with the microscope images to map the signal from the
ligands. Figure 5.9b shows the combined image for wavenumber 1380 £ 30 cm ™!,
which represents the presence of TCNQ molecules coordinated to copper ions.
Interestingly, a strong signal was measured where the cubic crystals were present.
This clearly indicates the high concentration of coordinated TCNQ molecules in
the cubes, which is also consistent with the enrichment of nitrogen known from
the EDX measurements (Figure 5.7). A different picture is seen in the inten-
sity plot at 1450 & 30 cm™!, shown in Figure 5.9c. There is no increased signal
at sites with cubic crystals, implying that there are no noncoordinated TCNQ
molecules accumulated there. Only a few random spots show a Raman signal at
1450 cm ™!, otherwise no strong intensity is measured, which implies that there is

no significant amount of noncoordinated TCNQ.

When the Cu-HHTP-TCNQ film was viewed under a larger scale by optical mi-
croscopy, regions of different optical appearance were detected (Figure 5.10). A
closer inspection via SEM reveals that this impression is due to an unequal density
of crystalline cubes within the regions. The continuous film was more disrupted
and less connected in the parts with higher concentrations of crystalline cubes.

Raman scans in the border region revealed a stronger signal at 1380 cm™! on one
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Figure 5.9: a) Optical microscopy image of Cu-HHTP-TCNQ film after 30 min reaction
time. The bright signal on the top is a gold marker that allows alignment of SEM and
Raman images. The red square indicates the area of the Raman scan. b,c) Overlays of
SEM images and 2D Raman intensity plots at the wavenumbers 1380 £30cm~! (b) and
1450 £30cm ™! (c). The Raman signal distribution at 1380 cm~! affirms the accumu-
lation of coordinated TCNQ molecules in the cubic crystals, whereas the distribution
at 1450 cm ™! shows that noncoordinated TCNQ is present only in a few isolated spots.
Colored arrows indicate the position of the single Raman spectra shown in Figure 5.8.

Figure 5.10: Optical (a) and SEM images (b,c) of Cu-HHTP-TCNQ film, displaying
two regions with different visual appearance (80 min reaction time). The SEM images
revealed unequal densities of crystalline cubes in the two regions. The parts with higher
number of cubes seem to disrupt the continuous film resulting in different microscopy
image contrasts. d) Optical microscopy image of Cu-HHTP-TCNQ film showing a re-
gion boundary marked by the red dotted line (45 min reaction time). The red square
shows the area of the Raman scan. e,f) 2D Raman intensity plots at the wavenum-
bers 1380 cm ™! indicating coordinated TCNQ molecules (e), and 1450 cm™! indicat-
ing noncoordinated TCNQ molecules (f). The concentration of noncoordinated TCNQ
molecules seems to be higher at the film region on the left side, whereas the coordinated
TCNQ molecules are more concentrated at the right region.
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5.5 Electrical characterization

side of the border, indicating coordinated TCNQ in form of cubes, while the sig-
nal at 1450 cm™! was predominant in the other region, indicating noncoordinated
TCNQ molecules (Figure 5.10e,f). For a similar investigation and mapping of
HHTP by Raman spectroscopy, the signal-to-noise ratio was too weak and the

Raman signal was masked by the strong signal from TCNQ.

5.5 Electrical characterization

Conductivity evaluation

Glass chips with prepatterned gold electrodes were fabricated onto which the Cu-
HHTP-TCNQ films were transferred to investigate the electrical properties of the
MOFs. Details on the chip fabrication can be found in Appendix A.2. Figure
5.11a shows a dark-field microscopy image of a chip with a deposited MOF film.
Each chip has N contacts in the center of the chip, which are connected to large
pads on the outer edges by gold leads. The leads were covered by an insulating
Al,O3 layer in order to prevent short circuits between adjacent contacts. The

geometry and spacing of the contacts vary to test different contact performances.

e b
e =

Figure 5.11: a) Dark-field microscopy image of a chip coated with Cu-HHTP-TCNQ
film. The red dashed area indicates the insulating AloOg layer between chip and film pre-
venting short circuits. Inset top: Illustrative zoom-in into inner contacts with different
dimensions. Inset bottom: Schematic of inner contact geometries. The ratio between
contact width, b, and distance, s, is changing. b) Geometry of the prepatterned glass
chip with gold electrodes contacted by needle probe actuators in a four-point probe.
Deposited Cu-HHTP-TCNQ film is colored in cyan. c¢) Simplified electrical circuit of
configuration.
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Figure 5.12: a) Typical IV-curve of Cu-HHTP-TCNQ film (in vacuum), synthesized at
0°C for 45 min. Linear slope indicates Ohmic behavior (sweeping rate = 12V s™!). b)
Histogram of film conductivities for one contact geometry (s=10 pm, b=20 pm).

The length of the contacts stays 50 um, and the contact width b is 10 um with
one exception, in which the width is 20 um. The contact spacing s varies from
10 wm to 100 pm. As shown in Figure 5.11, conductivity was then measured in a
four-point probe geometry by applying a voltage to the two outer contacts that
is swept over time. The inner contacts tapped the voltage drop of the driven
current, which flows through the sample.

The IV trace of a representative sample is shown in Figure 5.12a and it shows
a clear Ohmic behavior of the film, with a resistance of 100.8 k{2 in vacuum at
room temperature. When measuring in a four-point probe geometry, the film
resistivity p can be derived from the general formula p = %F. Here, U stands for
the voltage in volt, I for the current in ampere and I' is a geometrical correction
factor of length dimension, taking into account the sample thickness. If the film
is thin (means: £ < 0.5) and has an infinite size (means: d > 40 s) with thickness
t, contact spacing s and limiting contour diameter d, the film resistivity can be
given by p = T t 290-292 With the IV traces and the average film thicknesses
determined by the AFM measurements, the resistivity values can be evaluated.
In Figure 5.12b, the conductivity values o = p~! for one specific contact geometry
(s=10 pm and =20 um) are shown as histogram. The plot contains data from
several films with different reaction times. In order to take into account the
reaction times ranging from 10 min up to 80 min, the measured conductivity values
are plotted against their individual reaction time in Figure 5.13, considering the
varying contact geometries. A total of 206 contacts were measured and at least
five measurements were performed on each contact geometry in order to validate
the reproducibility. The mean conductivity is omean = 0.033 £ 0.006 S cm~t. This
value is comparable to known literature values for Cu-HHTP (Cu-HHTP pressed
pellets: 0.045Scm™1).%5° The found value displays an average quantity, since the
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Figure 5.13: Conductivity values from transport measurements of Cu-HHTP-TCNQ
films with varying reaction times at different contact geometries (sweeping rate =
12Vs™!). Contact width b=10 um for all data depicted as triangles and b=20 um for
data depicted as diamonds, also marked with *. Black circles display the mean val-
ues and error bars indicate standard deviations. One single outlier at 0=0.306 S cm ™"
(time=60 min, s=20 um) is not shown for better visibility. The dashed line represents
the average conductivity.
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Figure 5.14: Temperature-dependent electrical measurements of two representative Cu-
HHTP-TCNQ film samples (data 1 and data 2, respectively), synthesized at 0°C for
45min (measured in vacuum at two different contact geometries with spacing s=10 pm).
Conductivity is plotted against temperature in (a) an ordinary diagram and (b) as
Arrhenius plot. The electrical conductivity between 240 K and 300 K can be described
by a thermally activated process with an activation energy of E,=0.142¢V.

61



5 Design, synthesis and characterization of conductive MOFs for sensing

film consists of different phases with individual conducting properties (Cu-HHTP
and Cu-TCNQ (I)). Also, the synthesis method leads to a variation in film thick-
ness on the length scale of the measured inter-electrode area as well as film-to-film
variations, probably caused by physical deposition issues or fluctuations in the syn-
thesis of the different batches. These reasons are the source of the scattering of the
data points in Figure 5.13. Similar findings are known from the literature. 2%

Conductivity was also measured at different temperatures, down to 120 K. For a
film with 45 min reaction time and contact spacing s = 10 wm, the conductivity is
plotted against temperature in Figure 5.14 as ordinary diagram and as Arrhenius
plot. The temperature-dependent measurements demonstrate that the electrical
conductivity of Cu-HHTP-TCNQ around room temperature can be described by
a thermally activated process, indicating a hopping transport regime according to
equation (4) in Chapter 2.3.3. The linear fit of the Arrhenius plot between 240 K

and 300 K gives an activation energy of £, = 0.142¢V.

Sensing approaches

Basic chemiresistive response of the synthesized Cu-HHTP-TCNQ film was demon-
strated. In addition to enhanced conductivity, a film is also advantageous for cer-
tain applications like gas sensing because it has an open structure and thus a high
surface-to-volume ratio.®*?* As proof of principle, film resistance and pressure
were monitored over time while the vacuum measurement chamber was flushed
with nitrogen, dry air, and ambient air with a relative humidity of 41 %. The
monitored values for a representative measurement with ambient air are shown in
Figure 5.15a. The Supporting Information Figure 5.21 provides the traces of all
gases applied to the Cu-HHTP-TCNQ film, synthesized at 0°C for 45min in all
cases. In Figure 5.15b, the relative changes in resistance with respect to the vac-
uum level are displayed. Starting from low pressure, the resistances for each gas
start to rise from about 10~ mbar and go to saturation when atmospheric pressure
is reached. The saturation values are indicated by small triangles. Small discrep-
ancies at atmospheric pressure are the result of the delayed resistance changes
at the same pressure. The higher energy required to remove the adsorbed gas
molecules from the pores and surfaces could explain that hysteresis occurs in all
curves after pumping down again. The kink between 10~2 mbar and 1073 mbar can
be explained by a measurement artifact originated from an ignition lag between
the Pirani and cold-cathode element of the pressure gauge. The measurement

results show that ambient air causes the strongest increase in film resistance, fol-
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Figure 5.15: a) Pressure and device resistance of Cu-HHTP-TCNQ film, synthesized at
0 °C for 45 min, monitored over time when exposed to ambient air with relative humidity
of 41% (contact spacing s=20um). b) Relative response (change in film resistance)
versus pressure during venting the vacuum chamber with nitrogen, dry air, and ambient
air with relative humidity of 41% (average of N=3, colored area displays standard
deviation; measured Cu-HHTP-TCNQ film was the same as shown in Figure 5.12).
Arrows indicate the cycling direction, starting at vacuum level. Triangles point to the
saturation value. ¢) Normalized average film conductivities when exposed to different
atmospheres. oy, represents film conductivity in a nitrogen atmosphere.

lowed by pure nitrogen and dry air. One suggestion for the strong response toward
ambient air is the interaction with water molecules owing to their polar charac-
ter.”® Beyond that effect of water, the difference in response between nitrogen
and dry air suggests a chemiresistive effect that should be investigated in future
studies. To relate the chemiresistive response of the Cu-HHTP-TCNQ film to
known results, the normalized average conductivities of the film under the differ-
ent atmospheres were evaluated (Figure 5.15¢). The values were normalized to oy,
which represents the film conductivity in a nitrogen atmosphere. Previous work
demonstrated comparable chemiresistive responses of Cu-HHTP films to ambient
changes.?” This implies that our Cu-HHTP-TCNQ film also has the potential
to be applied as a chemiresistive material for future work on the development of
Cu-HHTP-TCNQ-based chemiresistive sensors. 2%

5.6 Conclusion and Outlook

With this work, we demonstrated a reliable synthesis of free-standing hybrid Cu-
HHTP-TCNQ MOF films. The interfacial assembly approach used has the ad-
vantage that it yields an uniform film thickness controlled by reaction time. Fur-
thermore, the film is robust to physically deposit them on a variety of substrates.
The hybrid Cu-HHTP-TCNQ film was analyzed multiparametrically by differ-
ent methods. Structure and morphology were studied by SEM and AFM. This
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revealed that the film consists of filaments and cubic crystals formed by the coor-
dination of Cu®'-ions to the individual organic molecules. High resolution AFM
measurements clarified the influence of reaction time on the thickness and sur-
face roughness. The chemical composition and distribution of the organic ligands
were analyzed by EDX and Raman spectroscopy, revealing the separation of the
phases Cu-HHTP and Cu-TCNQ (I) embedded in a film structure coming along
with low structural order. Also, the film showed an average electrical conductiv-
ity of 0.033Scm ™! and a chemiresistive response toward ambient environmental
shifts. In conclusion, the outcome of this work demonstrates a potentially good

applicability of less ordered MOF structures as chemiresistive materials.
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5.A Supporting Information

5.A.1 Additional Figures

Figure 5.16: a) SEM image of Cu-HHTP-TCNQ film with reaction time 10 min. The
film is holey and didn’t grow together yet but shows already the presence of crystalline
cubes. b) Turned-down part of Cu-HHTP-TCNQ film with reaction time 80 min. The
bottom side is covered with cubic crystals. Inset: Size distribution of 102 measured
cubes. c¢,d) SEM images of long crystals, which are formed at the bottom side of the
film sticking out vertically, probably originated from the crystalline cubes (reaction time
80 min (c) and 60 min (d)). At the film border, filamentous features are apparent, which
are substantially aligned in parallel.

"™ 700nm b) 700nm C) 200nm

0nm

Figure 5.17: High resolution AFM area scans on Cu-HHTP-TCNQ films with 60 min
reaction time. Magnification increases from (a) to (c).
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Figure 5.18: Line profile scans from AFM scans on Cu-HHTP-TCNQ films with different
reaction time. Average film thickness is evaluated from the individual level differences
at five different locations at the film border.
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Figure 5.19: In-scale profile image of the chip contacts for electrical measurements
with the contact geometry spacing s=20um and width b=10pum. A side image of
the Cu-HHTP-TCNQ film is superimposed to estimate the proportions. The picture
demonstrates the reasonable good contact between MOF film and gold surface. Small
hills in the insulating AloO3 layer at the edge of the gold contacts are a result of the
fabrication process (see Inset for illustrated fabrication).
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Substrate Standard Plasma treatment

ALO;

(on glass)

86.2° £2.0°

ALO;
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Figure 5.20: Contact angle measurements of water droplets on different substrates to
determine the surface wettability, which has an influence on the deposition of the MOF
film onto the substrate of choice. Air plasma treatment for 5min leads to surface
activation with increased hydrophilicity, partly also due to removal of resist residues
after chip fabrication.
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Figure 5.21: Device resistance and pressure over time. Resistance of Cu-HHTP-TCNQ
film, synthesized at 0°C for 45 min, monitored over time when exposed to nitrogen
(a,b,c), dry air (d,e,f) and ambient air with relative humidity of 41% (g,h,i) (contact
spacing s=20 pum).

5.A.2 Measurement details and parameters

AFM: For the AFM measurements,a Bruker Dimension Icon AFM equipped with
a hybrid scanner was used. The AFM probe was a SCANASYST-AIR cantilever
(BRUKER) with a tip apex radius of 2nm and the AFM scan was performed in
tapping mode under standard laboratory conditions without temperature or en-
vironmental control (resonant frequency: 70 kHz; force constant: 0.4 Nm™'). The
cantilever was cleaned with acetone and isopropanol and dried with nitrogen be-
fore usage. The recorded AFM scan data was evaluated and leveled by Gwyddion

software (version 2.55).

Raman: Raman spectra and corresponding optical images were acquired in ambi-
ent conditions using a WITec Alpha 300R confocal Raman microscope with a 100x
objective (Zeiss EC Epiplan-Neofluar Dic, NA = 0.9) and a 300 mm lens-based
spectrometer (grating: 600 gmm™!) equipped with a TE-cooled charge-coupled

device (Andor Newton). The linearly polarized laser excitation had the wave-
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length Aoy = 488 nm and a power of P = 0.3 mW measured before the objective.
2D Raman maps of size 15 um x 15 um were acquired in backscattering geometry
with an integration time of 1.6 s and a resolution of 3 pixels per pm. Single spectra
were extracted from the area scans at representative positions and were displayed

after polynomial background subtraction.

Electrical transport: For the electrical conductance measurements, a custom
setup was used to monitor the current—voltage characteristics of the sample. The
voltage was applied using a data acquisition card from National Instruments
(model: NT 6289) and swept linearly over time (amplitude = 3V, sweeping rate =
12V s™). The current was monitored using a current amplifier (SP895/SP895a,
University of Basel) and the measurement was controlled via a LabView program.
[-V-measurements of electrically nonconducting devices (below the threshold of
1nS) originated by, for example, lack of physical contact or film imperfections
were not considered for the further data evaluation. The authors performed the
pressure-dependent measurements (PXR 36X vacuum gauge from Pfeiffer Vac-
uum) using nitrogen (N 5.0) and compressed air (pressurized air, Sauerstoffwerk

Lenzburg AG), taking care to flush the lines with the respective gas.

Temperature-dependent electrical transport: The temperature-dependent
electrical conductivity was measured in a variable temperature cryostat (Lakeshore
ST-500) using a Keithley 236 SMU controlled via Python pyvisa. The electrical
conductivity was measured in a four-point collinear configuration. I-V-lines were
taken by forcing a maximum current of 9nA, with a sweeping rate of 0.1nAs~1.
The temperature was controlled by a Lakeshore 336 temperature controller with

resolution in the mK-range.

X-ray diffraction: Repeated synthesis of Cu-HHTP-TCNQ films (standard in-
terfacial procedure at 7' = 0°C for 45min) and subsequent merging led to a
larger amount of powder for investigations by XRD. The sample was measured
on a PANALYTICAL X’pert Powder instrument equipped with an imaging plate
using a CuKa X-ray source with A = 1.5406 A for 60h. Data acquisition was
conducted in reflection mode.

Crystallite sizes could be derived from the full width at half maximum of sin-
gle indexed (nonoverlapping) reflections for selected crystal directions using the
Scherrer equation ((200) for Cu-HHTP; (002) for Cu-TCNQ). The crystal elon-
gation in the (100) and the (001) crystallographic direction for Cu-HHTP and

Cu-TCNQ was calculated. For all other crystallographic directions, no single in-
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dexed lines were found. The instrumental peak broadening resolution was taken
from the (111) reflection of the reference polycrystalline silicon.

For the analysis of the stability of Cu-HHTP-TCNQ toward washing and drying,
thin films were synthesized (standard interfacial procedure at 7" = 0 °C for 45 min)
and then collected by a loop sample holder. Diffraction measurements were per-
formed directly after synthesis by STOE IPDS II instrument equipped with an
imaging plate using MoKa X-ray source (A = 0.7107 A) and compared with the
data obtained from washed and dried samples. Data acquisition was conducted

in transmission mode while the sample was rotating (beam diameter = 0.5 mm).

TEM: MOF films were synthesized for TEM imaging by the standard interfacial
procedure at 7" = 0°C for 40 min and then fished onto a copper grid (G2400C,
square 400 mesh, Cu 3.05mm diameter). TEM images were taken using JEOL
2200FS equipment with energy of 200 keV and 0.3 s exposure time. SAED signals
were recorded at corresponding positions with camera lengths of 100 cm and 60 cm,
respectively, with a SAED aperture introduced in order to define the sample

region.

GI-SAXS: MOF films were synthesized for GI-SAXS measurements by the stan-
dard interfacial procedure at T" = 0°C for 40 min and then deposited onto a
silicon wafer substrate (orientation (100), thickness of 500 pwm with a 285nm
native SiOq layer on top). Silicon substrates were rinsed with deionized water
and treated with air plasma for 5min before being placed at the bottom of the
vial. The GISAXS experiments were performed using a Nanostar X-ray Scattering
equipment (Bruker AXS GmbH, Germany) equipped with 2D Xe-based gaseous
avalanche detector (VANTEC-2000 detector) of x2048 pixels and the pixel size of
68 um x 68 um. A microfocused X-ray CuKa (wavelength A = 0.154nm) source
with Montel optics and two pinhole collimation systems provided a point-focused
beam diameter of around 500 um. The setup was calibrated for the sample to
detector distance using a standard silver behenate powder sample. This setup
benefits from a GISAXS stage which allows sample movements in all directions
with a resolution of 0.01 mm as well as rotations around all sample axes with an
angular resolution of 0.0001°. The incident grazing angles were tuned between

0.15° and 0.3°. All experiments were performed in vacuum (~ 0.01 mbar).
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CHAPTER 6

MOPF-particle integration into fibrous
layers for wearables
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Wearable sensors equipped with stimuli responsive materials can non-invasively

collect and detect biomarkers in body fluids such as sweat, providing valuable

information about a patient’s health status.
This chapter is about the integration of MOF-808 particles into nitrocellulose

fibrous layers and its application for spectroscopic sensing of sweat biomarkers.

Parts of this chapter are currently being submitted to ACS Applied Nano Materials (Liider et

al.). Supporting information is included at the end of this chapter.
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6.1 Introduction

The collection of physicochemical data such as the concentration of biomarkers in
body fluids allows the reading of the fitness and health status of a patient. Well
known body fluids for medical analysis are blood?*"?*® and cerebrospinal fluid
(CSF)??] e.g. for the detection of neurodegenerative diseases, however, invasive
methods are required to access these fluids and the abundance of biomarkers such
as amyloid proteins in these body fluids makes them also complex.®

Other body fluids such as sweat3"%3! breath %8302 saliva®"®3% or wound ex-

305,306

udate also contain a variety of biomarkers reflecting the patient’s health

status. These body fluids, unlike blood or CSF, can be collected noninvasively
by wearables such as patch devices®"”, masks®*® or wound dressings. 43" Wear-
able sensors equipped with an active biosensor platform can accumulate certain
biomarkers and allow simple and uncomplicated monitoring of the target ana-
lytes. For example, by measuring changes in the concentrations of metabolites,
wearable sensors enable observation of the progression of a condition or providing
information for early diagnosis of an existing disease, making them increasingly

21,310

important in many fields ranging from medicine and fitness®3! to military

applications. 214312

Accurate detection of low levels of various biomarkers requires versatile sensor
platforms that offer high sensitivity and selectivity.?°*!® We have already learned
that MOFs can address these requirements, demonstrating good sensing efficien-

198,314,315 However
)

cies with low detection limits down to the femtomolar range.
the successful integration of MOFs into textiles and polymer substrates poses a
challenge if flexibility and functionality of the MOF are to be maintained, i.e. that
the pores remain open, for example when applying coatings over the MOFs.

This work describes the integration of biocompatible MOF particles into a ni-
trocellulose membrane using a sequential electrospraying and electrospinning
process, where the MOFs are effectively entrapped and retained by the loose fiber
mesh. Thereby, an open architecture is maintained so that MOF functionality
is preserved and translucence is achieved, enabling the access to optical ana-
lytic methods. The fabricated MOF@nitrocellulose (MOFQNC) membranes were
characterized by several techniques such as SEM, AFM or EDX to gain insight
into the structure and integration capability. Optical Raman spectroscopy was
then used as label-free analytical tool to evaluate the response of the MOF ar-

chitectures upon exposure to various sweat biomarkers. One of the biomarkers
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studied is sodium chloride, an indicator of cystic fibrosis and sweat rate, another
is potassium chloride, which is an identifier of muscle activity.!! A further inves-
tigation was performed using pyocyanin, which is a biomarker for the nosocomial
pathogen Pseudomonas aeruginosa. Pyocyanin is released by the bacterium as
signaling molecule for chemical communication, a phenomena known as quorum
sensing®!”, and the influence on the MOF-nitrocellulose architecture was studied
to demonstrate the potential for infection detection. In summary, the presented
integration method for our MOFQNC architecture, being independent of the type
of MOF, provides a potential route for the realization of wearable sensing plat-
forms and functional materials for versatile biomarker sensing with high sensitivity

and selectivity.

6.2 Fabrication approach

For the fabrication of the MOFQNC architecture, a commercially available ni-
trocellulose membrane with a pore size of 0.45 um was first utilized as a base
layer. Then, MOF-808 particles, which were obtained from novoMOF AG, were
distributed on the membrane surface by an electrospraying process. For this, the
particles were suspended in isopropyl alcohol and the suspension was filled into
a syringe. A high voltage was applied between the syringe needle and a metal
plate electrode, causing the suspension to become charged and droplets to form,
which were then released and attracted to the electrode. Thus, the MOF particles
were sprayed onto the NC membrane attached to the metal plate (details on the
electrospraying parameters in Appendix A.3).

Next, NC fibers were electrospun on top of the MOF particles. The procedure is
similar to electrospraying, except that instead of the MOF suspension, a NC poly-
mer solution was filled into the syringe. The solution was created by dissolving
NC in a mixture of acetone/DMSQO. Then, by applying a high voltage between the
filled syringe and the metal plate, the charging effects led to the release of a thin
jet. The jet was attracted to the plate electrode, with the solvent evaporating dur-
ing flight and a thin polymer fiber being deposited on the sample. Electrospinning
for several minutes resulted in a fibrous layer covering and physically entrapment
of the MOF particles (details on the electrospining parameters in Appendix A.4).
The thickness of the fibrous layer is defined by the spinning time. In this case,
sufficient coverage was achieved by a time of 20 min.

In the end, a layered sandwich structure was obtained in which the MOF particles
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Figure 6.1: Integration process of MOF particles into fibrous nitrocellulose layers by
using a sequential electrospraying and electrospinning procedure. SEM images taken at
each intermediate step show the purchased pure NC membrane (a), the NC membrane
with electrosprayed MOF-808 particles (b), and with additional electrospun NC fibers
on top (c). d) Schematic of the spraying and spinning process, illustrating the release of
droplets of MOF suspension or jets of NC polymer solution due to charging effects when
applying a high voltage between the filled syringe and the metal plate collector. The
MOF and the NC fibers are deposited on the substrate of choice (here NC membrane)
that is mounted on the metal plate. e) Color coded SEM image showing the profile of
the final MOFQNC sandwich structure. Visible delamination and detachment of the
top fibrous layer is the result of the cutting process, exclusively applied for imaging.
MOF particles are colored in blue and NC in orange.

were integrated in between the nitrocellulose (referred to as MOFQNC). Figure
6.1 shows SEM images of each intermediate step of the fabrication and the fi-
nal architecture, as well as a schematic of the electrospraying and electrospinning
process (additional overview of the structure in Supporting Information Figure
6.16).

6.3 Characterization of MOFQNC layers

Examination of MOF-808 particles

The MOF-808 particles were first examined by X-ray diffraction (XRD) to verify
their structure. Figure 6.2 shows the diffraction pattern of the MOF powder in
clear agreement with known MOF-808 reflections from literature.3!®3!9 Further-

more, the experimentally measured spectrum was compared with simulated data.
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Figure 6.2: a) X-ray diffraction (XRD) patterns of measured and simulated MOF-808
particles. The inset shows the unit cell of MOF-808 under different angles. (Crys-
tallographic data for structural representation and pattern calculation were obtained
from Cambridge Crystallographic Data Center (CCDC)). b) Line profile analysis using
the "Williamson-Hall’ approach for the crystallite size determination, giving a value of
(40 £5) nm.

Figure 6.3: SEM image of MOF-808 particles after being electrosprayed on a nitrocel-
lulose membrane. The images on the right show the corresponding energy dispersive
X-ray (EDX) spectroscopy maps. The position of the MOF particles can be well mapped
from the elemental distribution of zirconium (Zr) contained in the metal cluster. Oxygen

(0), carbon (C) and nitrogen (N) show uniform pictures and homogeneous distributions,
with some local variations.

The crystallographic data were obtained from the Cambridge Crystallographic
Data Center (CCDC) and yielded a spectrum that is in good agreement with
the measured data (Figure 6.2a). Line profile analysis by the Williamson-Hall
approach was used to determine the crystallite size of the MOF-808 particles. 3
After background subtraction and peak assignment, a profile fitting has been per-

formed, while taking the instrument contribution to the peak profile into account
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by measuring and evaluating the line profile of the LaBg reference material. The
line profile analysis gave a crystallite size of (40 +5) nm (Figure 6.2b).

Next, the sample was analyzed with energy dispersive X-ray spectroscopy (EDX).
The MOF particles could be clearly mapped based on the elemental distribution
of zirconium, because this element is present in the clusters of the metal nodes
(Figure 6.3). Other elements such as oxygen, carbon and nitrogen show a quite

homogeneous distribution with some local variations.

Investigation of the particle entrapment by the fibrous layer

To ensure effective entrapment of the MOF particles by the fibrous top layer, the
fibrous layer should be dense enough to prevent the particles from leaching out
without sacrificing the loose mesh structure. For this reason, the size distribution
of the MOF particles and the polymer mesh spacings were analyzed. MOF par-
ticles were sprayed onto a pure aluminum foil and scanning electron microscopy
(SEM) images were acquired. With the free computer software Fiji (developed by
ImageJ), the images were analyzed by applying a brightness treshhold and gen-
erating a black and white image. Thereafter, the Feret diameters (i.e. the largest
dimension) of the particles were calculated; a total of 2308 particles were recorded
(Figure 6.4a).

A possible influence on the particle size could be the treatment with ultrasound

immediately before the electrospraying process. The MOF suspension is treated

median: 1.25um

particles

. median: 0.8Tum
spacings (L

o ' 2 4
Feret diameter [um]

Bl particles (total:2308)
spacings (total:3263)

2 4 6 8 10
Feret diameter [um]

Figure 6.4: SEM and converted black and white images of electrosprayed MOF-808
particles on alumina foil (a) and electrospun NC fibrous layer (spacing outlines were
traced) (b). The image conversion and analysis was executed using Fiji image software.
Blue outlines indicate the detected particles and orange outlines indicate the detected
spacings. c¢) Feret diameter size distribution of the traced MOF particles (blue) and
fibrous layer spacings (orange), showing an exponential reduction. Boxplots are showsn
as inset, providing the median values of 1.25 um for particles and 0.81 um for spacings.
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in an ultrasonic bath to obtain a more stable and homogeneous suspension. It was
tested, whether the duration of sonication from a minimum of 5min to a maxi-
mum of 60 min had an influence on the particle size distribution. No significant
effects on particle size were observed, except for the case without any ultrasonic
treatment, since in this case the suspension was not stable and the particles sank
rapidly, with the consequence that not all particles of the defined volume could
be used in the electrospraying process (Supporting Information Figure 6.17).
Similar to the particles, the size of the NC mesh spacings were evaluated. Elec-
trospinning of NC fibers on a blank substrate was executed for 20 min. The SEM
images of the resulting fibrous layer were analyzed by the computer software Fiji.
After conversion of the images into black and white, the outlines of the pores
were traced and Feret diameters of a total of 3263 mesh spacings were calculated
(Figure 6.4b).

In Figure 6.4c, the size distributions of the particles and the spacings were pre-
sented together, both showing an exponential reduction. The data is also plotted
as boxplots and the medians were determined for quantification. The median of
the particles is 1.25 um and that of the spacings is 0.81 um, revealing that the
fibrous layer has smaller mesh spacings than the size of the MOF particles. These

are benchmark values, but they indicate the tendency for successful entrapment of

a) b) MOF@NC alumina foil
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Figure 6.5: a) Schematic illustration of leaching tests of MOFQNC samples. MOFQNC
substrates are strongly stirred in 500 ul of deionized water for 1 min or 2 min respectively.
After mixing, an extraction of 10 ul is deposited on an alumina foil and air dried for
SEM analysis. b) SEM images of the MOFQ@NC substrates as well as alumina foil after
water droplet deposition. The substrates didn’t show any changes compared to before
treatment. Further, no significant leaching of particles is observed on the alumina foil
demonstrating an efficient particle fixation by the fibrous layer.
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the particles while still allowing open access to the MOF pores. Practical leaching
tests, in which attempts were made to wash out the MOF particles by vigorously
stirring the sample in water, confirmed the effective particle entrapment (Figure
6.5). MOFQNC samples were strongly stirred in deionized water and optically
inspected afterwards by SEM, revealing no visible change compared to before
treatment. Also, a droplet of the water was extracted after mixing and deposited
on alumina foil. After air drying, several locations on the alumina foil were imaged
by SEM, showing no significant leaching of particles through the fibrous layer.

In addition, MOF@QNC samples as well as control samples without MOF particles
were measured by atomic force microscopy (AFM). The comparison between the
area scans on samples without and samples with integrated MOF particles clearly
show the roughening of the surface when MOF particles were involved (Figure
6.6). The roughening makes uniform large area scans on the MOFQNC sam-
ples difficult, while the control samples with their relatively uniform fibrous layer
could be imaged without such issues. Line profile scans revealed an approximate

thickness of the fibrous layer up to 3um.

a)

Height [um]

Figure 6.6: Atomic force microscopy (AFM) area scans on fibrous layers without (a) and
with integrated MOF particles (b). The pure fibrous layer can be measured uniformly,
giving an approximate thickness of up to 3 um by line profile scans. A clear difference
compared to the samples with MOF particles can be seen, where the integration of

the MOFs leads to a roughening of the surface making uniform AFM large area scans
difficult.
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6.4 Raman spectroscopy

Analysis of individual layers

Raman spectroscopy is used as an analytical sensing tool, enabled by the fact that
the integrated MOF particles can be spotted through the loose NC mesh. After
each fabrication step, the layers were examined with Raman spectroscopy, which
then are the (i) pure NC membrane, (ii) NC membrane with MOF particles, (iii)
NC membrane with MOF particles and electrospun fibrous NC layer on top (=
‘active MOFQNC’) and (iv) NC membrane with electrospun fibrous NC layer on
top without MOF particles (= 'control’) (Figure 6.7a).

The Raman spectra of nitrocellulose and MOF-808 are clearly distinguishable
and agree with known data from literature.?'®32! The most prominent peaks in
the region between 800 cm~! and 1700 cm ™" could be assigned to corresponding
vibrational modes (Figure 6.7b). Depending on whether the layer contains MOF
particles or not, the MOF signal or the NC signal predominates. Nitrocellulose
has strong Raman intensities at 850 cm™! and 1287 cm™!, coming from the NO

and the symmetric NO, stretching modes.??! The peak at 1660 cm~' belongs to
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1 1 1 1
1 1 1 1
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Figure 6.7: a) Schematic profile views of the different fabricated layers: NC+MOF+NC
fibers (active), NC+NC fibers (control), NC+MOF and pure NC. b) Raman spectra of
each individual layer. Samples with and without MOF particles show different Raman
patterns, allowing a clear distinction. Minor variations between the active MOF sample
and the MOF sample without top NC layer can be seen due to a slight spectrum
superposition. (excitation wavelength Aex. = 532 nm; grating with 600 gmm™1).
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6 MOF-particle integration into fibrous layers for wearables

the antisymmetric NOy stretching mode and 1370 cm™? is likely related to the
cellulose ring.?*! For MOF-808, the organic ligand benzene tricarboxylate (BTC)
is mainly involved in the Raman signal. The wavenumbers 1005cm ™!, 1364 cm ™!
and 1592 cm~! show prominent Raman peaks associated with the C=C vibrations
of the aromatic BTC ring.?'® The peak at 810 cm ™! can be assigned to the C-H out-
of-plane deformation mode, and the signal at 1470 cm™! is coming from the COy
groups.®'® When viewing the Raman signal from samples containing MOFs, the
focal point is adjusted to maximize the MOF signal at 1005 cm™~!. The comparison
of the active MOFQNC spectrum with the MOF signal of the open NC+MOF
shows a higher intensity of the MOFQNC architecture at certain wavenumbers,
e.g. 675cm™! (9x higher), 715 cm™! (6x higher) and 1287 cm™! (3.5x higher). This
is due to a superimposed signal caused by the influence of the nitrocellulose that

also extends into the focal volume of the laser beam and whose spectrum matches
that of the peaks.

Objective focal size calculation

Depending on the objective used and thus the numerical aperture associated with
it, the laser beam is focused on the sample with different dimensions of the lateral
and axial focus during the Raman measurement. For a strong Raman signal, the
object of interest (here our MOF particles) should be in the region of highest
light intensity, i.e. in the focal volume of the focused laser beam. The choice of
the objective determines the focal dimension and thus the extent to which MOF
particles are located in the focus. A narrow focus reflects the measurement at one
point, while a wider focus covers a slightly bigger range, also in axial direction.
Since the MOF particles are integrated below a top NC layer, it was tested how
the choice of the objective affects the Raman signal.

In Figure 6.8a, the Raman spectra of active MOFQNC samples as well as con-
trol samples without MOFs are shown for different objectives: magnification 50x
long distance (LD), 100x long distance (LD) and 100x short distance. The mea-
surements, all performed with an excitation wavelength of A\exe = 532nm, show
a clear match of the signals from the 100x objectives. In contrast, the objective
with magnification 50x shows deviations for both the active and the control sam-
ple. The MOF signal of the active sample contains peaks that correspond to the
pattern of the NC. This superposition is due to the larger focal length of the 50x
objective and thus a stronger influence of the NC extending into the focal volume

of the laser beam.
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Figure 6.8: a) Raman spectra of active samples (with MOFs) and control samples
(without MOFs) using different objectives with magnification 50x (long distance LD),
100x (long distance LD) and 100x (short distance). b) Schematic representation of a
focused laser beam forming a beam waist with the beam radius w(z), beam waist radius
wo, Rayleigh length zr and half divergence angle 6.

To support our findings, the depth of focus for each objective is to be calculated.
The intensity of the laser beam has a Gaussian profile symmetrical to the propa-
gation direction of the light and can be described using Gaussian optics. 248:322-324
If a laser beam is focused along the direction z, a beam waist is formed (Figure

6.9b), whose radius w(z) can be described by

z

w(z) =wo /1 + ()2 (20)

<R

Here, wy is the beam waist radius, i.e. the narrowest spot with minimum beam
diameter, which can be written as follows
ZR A A

R 7 tan(0) (21)

where 6 is half the divergence angle given by the numerical aperture NA of the
optical system

NA = n sin(6) (22)

zp is the Rayleigh length, which is the distance at which the beam radius w widens

to /2 times the beam waist wq (beam cross section doubles at zg). Its dependence
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on the beam waist and the laser wavelength X is given by

T w?

ZR = )\O (23)

An assessment of the depth of focus can be made by the double Rayleigh length
22p, which is also called confocal parameter.??>3?° For the setup used here with
excitation wavelength of Aoy = 532nm and the given numerical apertures of the
objectives 50x LD, 100x LD and 100x, the calculated values for waist diameter
and depth of focus are listed in Table 1. It is evident that the depth of focus of

Table 1: Calculated values of waist diameter and depth of focus for different objectives
and excitation wavelength Mgy = 532 nm.

Objective numerical aperture waist diameter depth of focus
magnification | NA 2wp [um] 22p [pm]

50x LD | 0.55 0.58 1.00

100x LD | 0.75 0.40 0.47

100x | 0.9 0.30 0.27

the 50x objective is about twice or four times as large as that of the 100x LD or
100x objective. Thus, there is a greater probability that NC will reach into the
focus and contribute to the MOF Raman signal. Since the MOF particles vary in
size and are distributed over a wider area, a larger focal volume is advantageous
to obtain a Raman signal from MOFs and achieve averaging, especially along the
axial direction. The 50x objective was therefore used for the following Raman

sensing experiments.

Additional Raman test measurements

Additional Raman measurements with an excitation wavelength of 488 nm and a
different spectrometer grating were performed to get an insight into the very low
wavenumber region at about <200cm™!) (details on the parameters in Section
6.A.2). The Raman spectra for an active MOFQNC sample and control sample
are shown in Figure 6.9a. Compared to the excitation wavelength of 532 nm, the
same Raman patterns are observed, although the signal-to-noise ratio is decreased,
which is why the 532 nm laser is used for the following measurements.

Another test measurement concerns the influence of water on the MOF-808 Raman
signal. Water was found to affect the MOF Raman spectra and mask the signal

especially at low wavenumbers below < 300nm, as shown in Figure 6.9b. Since
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6.5 Sensing experiments

changing environmental conditions with fluctuating moisture levels could influence
the Raman results, the measurements were performed in a closed chamber under
a nitrogen atmosphere. Prior to measurements, samples were heated to remove

water to ensure uniform measurement conditions.
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Figure 6.9: a) Raman spectra of active and control MOFQNC samples using an exci-
tation wavelength of Aexe = 488 nm to show the signal in the low wavenumber regime.
b) Raman spectra of dry MOF@QNC sample (measured after heating in No environ-
ment) and wet active sample (measured at ambient conditions after moistened with
20 ul deionized water) with excitation wavelength of Aexc = 532 nm.

6.5 Sensing experiments

Tonic biomarkers

Raman spectroscopy was then used to test the active MOFQNC architecture for
sensing of ionic sweat biomarkers such as sodium chloride (NaCl) and potassium
chloride (KCl). It was investigated how the Raman spectrum of the integrated
MOF-808 changes with the addition of different analyte solutions. In order to
treat the MOFQNC samples in a structured multiwell-like approach with differ-
ent analytes and concentrations, a sample holder (made of PEEK) was specially
fabricated, in which the samples can be clamped (Figure 6.10a). The analyte
solutions are added to the sample and the porous and hydrophilic nature of the
fibrous layers enables good sample wetting with the aqueous solution. The idea
is that the NC fibrous layer provides an additional filtering effect where larger
particles are physically retained while smaller analytes such as the dissolved ions
can pass through and may be trapped by interactions with the MOF. This then
becomes apparent as changes in the Raman spectrum of the MOF due to modifi-

cations in the vibrational modes (Figure 6.10a).
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6 MOF-particle integration into fibrous layers for wearables

First, the concentration and wavenumber range of interest are to be identified.
Six individual active samples were treated with aqueous NaCl solutions of dif-
ferent concentrations, two of them with the same concentration (0.005M, 0.05 M
and 0.5 M). Before and after treatment, Raman measurements were performed on
MOF particles at different positions to have statistical significance, in total 11-12
positions. The localization of MOF particles was possible because the particles
shone through the top NC fibrous layer (Supporting Information Figure 6.18a).
Figure 6.10b shows the full Raman spectra of the three samples before and after
treatment. In particular, in the marked regions of interest I, IT and III, a stronger
signal reduction for certain peaks could be observed, the higher the NaCl concen-
tration was. This becomes apparent when the data is presented as a differential
plot, i.e. the spectrum before treatment is subtracted from the spectrum after
treatment, as shown in the Supporting Information Figure 6.18. The differential
approach simultaneously compensates for batch-to-batch variations and features
the strongest intensity changes with increasing NaCl concentration at the posi-
tions 286 cm™!, 1470cm™!, 1595cm ™!, 2870 cm ™! and 2930cm~!. The intensity
shift does not occur equally for all peaks, which can also be seen when zooming
into region of interest I (low wavenumbers 120-340 cm™') in Figure 6.10c, where
the most pronounced variation occurs at 286 cm™' (Figure 6.10d). A fit to the
peaks with a Lorentzian curve was performed for this selected region of interest,
and the intensity values were plotted against the NaCl concentration, showing an
exponential course (Figure 6.10e). For lower concentrations up to about 0.05 M,
an approximately linear dependence is observed.

Next, an active sample was treated several times in succession with aqueous NaCl
solution to better quantify the intensity shift after treatment. In the process, the
concentration was increased stepwise to 0.5 M to monitor the progression for a
larger concentration range. The complete Raman spectra as well as the zoom of
the windows of interest are shown in Figure 6.11. At the same time, a second
sample was also treated successively with NaCl solutions, but with solutions of
the same concentration of 0.01 M (Figure 6.12). All spectra shown are averaged
spectra of three to six individual measurements at different locations (individual
spectra for treatment with same concentrations of 0.01 M shown in Supporting
Information Figure 6.19). Both series of measurements show the same behavior
and confirm the different intensity variations for each peak. For a quantification,
the peaks displayed were fitted to a Lorentzian curve for each individual spec-

tra and the normalized intensity changes I,om = Al/lg,0 (with Al = I-Iy,0)
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Figure 6.10: a) Top: Schematic of MOF-808, built by coordination of benzenetricar-
boxylate organic linker (BTC) and zirconium metallic cluster (pores illustrated as blue
and yellow spheres). Middle: Illustration of sample holder for systematic treatment of
MOF@NC samples with analytic solutions. Insets: photographs of a tweezer holding
MOF@NC sample and filled sample holder. Bottom: Schematic of the sensing workflow:
After treatment of MOF@QNC samples with analyte solutions, Raman spectroscopy is
performed for chemical analysis and detection of the trapped analytes by optical signal
changes. b) Full range spectra of individual active MOF@QNC samples after treatment
with aqueous NaCl solutions of different concentrations (concentrations from 0.005 M
to 0.5 M, droplet volume of 20 pl, Aexc=532nm). Three regions of interest I, IT and III
with pronounced signal reduction after treatment are marked by boxes. c-e) Zoomed-in
spectra in region I at 120-340 cm ™! (c¢) and 265-305cm ™! (d), indicated by the cyan and
violet box. The solid lines show the average spectra of 11-12 measurements performed
on two different samples for each concentration. Standard deviation is displayed as col-
ored area. e) Peak intensity values at 285cm~! for each sample, plotted against NaCl
concentration. Inset shows the data on a logarithmic scale and green area highlights
the regime of interest, with the linear dependence being further investigated.
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were calculated and plotted against NaCl concentration (full range spectra and
Lorentzian fits for treatment with same concentrations of 0.01 M shown in Sup-
porting Information Figure 6.20). The plots of the normalized intensity changes
are shown as insets in the Figures 6.11 and 6.12 and in Figure 6.11f-h for the full
concentration range. The measurement with stepwise increase to higher concen-

tration values shows an exponential course with approximately linear behavior

Table 2: Sensitivities (slopes) and R2-values of the linear fits of the normalized intensity
changes I,orm=AI/I for all peaks after treatment with NaCl, KCIl and pyocyanin.

d4AD IV g o B | F 00O 8 |0 K

wavenumber | 135 | 188 | 244 | 286 | 808 | 1004 | 1370 | 1425 | 1470 | 1595 | 1620 | 2870 | 2930 | 2970 | 3080

[em™]

Nacl | lremslope o191 017 | -048 | -047 -0.06 | -0.11 | -0.07 | -0.05 | 0.06 |-0.41 | -0.37 |-0.28 | -0.09
[a.u. umol™]

£O RZ"’a'[‘:ﬁﬁ 488 | 709 | 97.0 | 979 77.0 | 837 | 829 | 775 | 294 | 834 | 637 | 49.2 | 70.2

KCl loorm Slope | 0 01 | 001 | -030 | -0.42 -0.07 | -0.15 | -0.06 | -0.08 | 0.07 |-0.33 | -0.42 | -0.35 | 0.07
[a.u. pmol™]

€O Rivalue | g4 | qq1 | 727 | 942 64.6 | 921 | 663 | 66.7 | 865 | 71.7 | 747 | 69.5 | 28.3

[%]
Pyocganin) o slope -1053 | -728 | -787 | -883 |-1120| -826 | -750 |-1084 | -797 | -528
CUQ Ri-value 97.5 | 913 | 912 | 98.8 | 986 | 98.1 | 99.0 | 99.3 | 989 | 949

at concentrations in the range up to about 0.05 M, which lies in the concentration

range of the second measurement with constant concentrations. In this linear
range, regression lines were fitted for each peak and the linear slopes representing
the sensitivity values were evaluated (slope values and coefficients of determina-
tion (R?) are listed in Table 2). For NaCl, the largest slope values of -0.48 and
-0.47 a.u. pmol~! occur at the low wavenumber peaks at 244cm™! and 286 cm ™!,
respectively. At 1595cm™! and 1370 cm ™!, only extremely weak changes in nor-
malized intensity of -0.05 and -0.06 a.u. pmol~! are observed. Also, at 1620 cm ™!,
a small slope of 0.06 a.u. pmol~! with a positive sign occurs, attributed to a peak
shoulder whose intensity grows with increasing NaCl concentration. Furthermore,
the relative intensity changes I,y = AI/I for the peaks with the largest and small-
est intensity reduction for each wavenumber region of interest were calculated. It
further illustrates the different sensitivities of the various peaks and highlights the

stronger relative intensity changes at the peaks 286 cm™! (region I) and 2930 cm™*

(region IIT) compared to the peaks in the range between 1350 cm ™! and 1660 cm ™
(region IT). Also, the peaks at 188 cm™! or 3080 cm™! demonstrate relative inten-
sity changes of nearly zero. When the sample with successive NaCl treatment with

solutions of same concentrations was subsequently treated with deionized water,
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Figure 6.11: a) Full Raman spectra of MOF@QNC after successive treatment with aque-
ous NaCl solutions (concentrations from 0.01 M to 0.5 M, droplet volume of 20 ul). Re-
gions of interest are marked by colored boxes. b) Relative intensity change I,o=AI/I
(with AT = I-Ijy,0) for the peaks with the largest and smallest intensity reduction for
each wavenumber region of interest. c-e) Zoomed-in spectra in the regions 120-340 cm ™!
(c, cyan), 1350-1660cm~! (d, violet) and 2810-3120cm~! (e, magenta). Prominent
peaks (marked with symbol and wavenumber) are fitted with a Lorentzian curve, and
the normalized intensity change Iorm=AI/If,0 of the peaks are evaluated and plotted
against NaCl concentration, shown as inset for the linear range and in (f-h) for the full
range. The error bars indicate the standard deviation and the dashed lines show the
linear fits.
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Figure 6.12: a-c) Raman spectra of MOFQNC after successive treatment with aqueous
NaCl solutions (concentrations of 0.01 M, droplet volume of 20 ul) in the wavenum-
ber regions of interest 120-340cm™! (a), 1350-1660cm™! (b) and 2810-3120cm™! (c).
Prominent peaks (marked with symbol and wavenumber) are fitted with a Lorentzian
curve, and the normalized intensity change I,orm=AIl/Iy,0 (with Al = I-Igy,0) of the
peaks are evaluated and plotted against NaCl concentration, shown as inset. The error
bars indicate the standard deviation and the dashed lines show the linear fits. d) Rel-
ative intensity change I, =AI/I for the peaks with the largest and smallest intensity
reduction for each wavenumber region of interest.

the Raman spectrum remains the same, so it can be assumed that no significant

elution has occurred (Figure 6.12).

Besides sodium chloride, the ionic sweat biomarker potassium chloride (KCl) was
also tested on our sensing architecture. As previously, an active MOFQNC sam-
ple was successively treated with KCI solutions of equal concentration (0.01 M)
and measured by Raman spectroscopy. The resulting Raman spectra are shown
in Figure 6.13, as a whole and zoomed-in. Possibly because of the equal chemical
properties between the two salts, KCl shows a similar behavior of Raman intensity
reduction as for the treatment with NaCl. This becomes evident after evaluat-

ing the normalized and relative intensity changes and comparing the sensitivity
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values of the different peaks between NaCl and KCI in Table 2. Again, one of
the largest slope value is found at the low wavenumber peak at 286 cm™! with
-0.42 a.u. pumol !, together with the peak at 2930 cm™!, which is slightly higher
compared to NaCl (-0.37 a.u. umol™'). No significant normalized intensity change
is seen in the 135 cm ™! and 188 cm ™! peaks. The peak shoulder at 1620 cm ™! shows
again a positive trend with increasing KCI concentration (0.07 a.u. umol™1), this
time not as the only peak, as the peak at 3080 cm~! shows the same positive slope.
In this case, however, the course of the relative intensity change is almost zero
and the coefficient of determination does not show a high value either, so it can
be considered that there is no significant intensity change.

The results of NaCl and KCI are very similar and do not currently allow discrim-
ination between the two salts from the data presented. The exact explanation
of the trapping mechanism and the interactions between analyte and MOF can
only be speculated without theoretical simulations. Possibly, the similar effect of
the two salts on the Raman spectra after interaction with the MOF is due to the
negatively charged chloride ion present in both salts. In other work, it has already
been shown that negatively charged iodine (I3 or I3) is adsorbed into the pores of
MOF-808, thereby showing strong affinity to the terminal -OH groups of the Zr
cluster and low affinity to BTC ligands.?*® Whether the positively charged ions
of sodium and potassium interact with the MOF is not clear, but they could also

have a similar effect on the vibrational modes due to their chemical similarity.

Pyocyanin

In addition to ionic biomarkers, the potential to sense small chemical molecules
with biological relevance was also demonstrated by testing pyocyanin on our
MOF@NC architecture. Pyocyanin is a biomarker for the pathogen Pseudomonas
aeruginosa and is water soluble. Aqueous solutions of concentration 0.01 mM
were used for successive treatment of the active MOFQNC samples, which is in
the concentration range found in biological fluids such as wound specimens, urine
or human ear secretions.®?" Initial Raman measurements using the laser with ex-
citation wavelength of 532 nm lead to the appearance of fluorescence reducing the
signal-to-noise ratio as well as to a laser damaging effect on pyocyanin even if
the laser power is largely reduced to 4 mW (Supporting Information Figure 6.21).
By changing the laser to a longer excitation wavelength of 785 nm, fluorescence
background and laser damage to the organic material could be avoided.*?® The
785 nm laser allowed the MOFQNC architecture to be measured without damage,
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Figure 6.13: a) Full Raman spectra of MOF@QNC after successive treatment with aque-
ous KCl solutions (concentrations of 0.01 M, droplet volume of 20 ul). Regions of interest
are marked by colored boxes. b-d) Zoomed-in Raman spectra in the wavenumber regions
of interest 120-340cm~! (b), 1350-1660 cm ™" (c) and 2810-3120cm ™~ (d). Prominent
peaks (marked with symbol and wavenumber) are fitted with a Lorentzian curve, and
the normalized intensity change Inorm=AI/Ii,0 (with Al =I-Ij,0) of the peaks are eval-
uated and plotted against KCI concentration, shown as inset. The error bars indicate
the standard deviation and the dashed lines show the linear fits. e) Relative intensity
change I, =AI/I for the peaks with the largest and smallest intensity reduction for each
wavenumber region of interest.
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6.5 Sensing experiments

revealing the prominent MOF spectrum (the use of a 300 gmm™"! grating for this
wavelength results in a smaller measurable spectral range).

The full Raman spectra as well as zoom of the wavenumber regions of interest are
shown in Figure 6.14. A first observation indicates that with increasing pyocyanin
concentration all peaks decrease significantly more than for the ionic solutions.
Also, in contrast to the addition of the ionic solutions, the treatment with py-
ocyanin results not only in an intensity reduction of known peaks in the previous

I and

marked regions of interest, but also at the peaks at wavenumbers 808 cm™
1004 cm™!. The evaluation of the normalized intensity changes and linear fitting
were performed as before and reveal the sensitivities for pyocyanin about four
orders of magnitude larger than for the ionic NaCl and KCl solutions (Table 2).
The largest slope occurs at the strong intensity peak at 1004 cm™! with a value
of -1120 a.u. pmol~!. This is closely followed by -1084 a.u. pmol~! at the peak at
1470cm~!. The ionic solutions show a significantly different behavior, so that,
for example, no significant change in intensity was observed at these peaks for
NaCl and KCl. This becomes more evident when comparing the different Ra-
man spectra visually at once. The Supporting Information Figure 6.22 compares
the zoomed-in Raman spectra for low wavenumbers (165-330 cm™!) and for large
wavenumbers (1350-1660 cm™!) after treatment with NaCl, KCI and pyocyanin.
Here, the significantly stronger variation of the Raman spectrum after pyocyanin
treatment, using a concentration lower by a factor of 1000 than for the ionic so-
lutions, is clearly evident. The varying influence on the Raman spectrum of the
MOF is due to the fact that pyocyanin is not an ion but a small molecule. Py-
ocyanin can enter the MOF because its molecular size is smaller than the 18 A
wide pores of MOF-808.%? In the MOF, it is then likely to interact with the Zr
clusters or organic ligands, probably in a different way than the ions do, which
can then be distinguished in the Raman spectrum, but an exact mechanism of the
interactions would require theoretical simulations. The fact that some arbitrary
MOF without specific functionality is already able to discriminate different kind
of biomarkers shows the great potential of our MOFQNC architecture as versatile

sensing element using Raman spectroscopy as detection tool.
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Figure 6.14: a) Full Raman spectra of MOFQNC after successive treatment with aque-
ous pyocyanin solutions (concentrations of 0.01 mM, droplet volume of 15 ul). Regions
of interest are marked by boxes. b-d) Zoomed-in Raman spectra in the wavenumber
regions of interest 165-330 cm ™! (b), 770-1030 cm ™ (c) and 1350-1660 cm~! (d). Promi-
nent peaks (marked with symbol and wavenumber) are fitted with a Lorentzian curve,
and the normalized intensity change Inorm=Al/Iy,0 (with Al = I-Iy,0) of the peaks

are evaluated and plotted against pyocyanin concentration, shown as inset. The error

bars indicate the standard deviation and the dashed lines show the linear fits. e) Rel-
ative intensity change I, =AI/I for the peaks with the largest and smallest intensity
reduction for each wavenumber region of interest.
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6.6 Conclusion and Outlook

In this work, we presented the fabrication of a biocompatible MOF@QNC membrane
for the sensing of biomarkers in solution. The integration of MOF-808 particles
into a nitocellulose fibrous layer was realized by a sequential electrospraying and
electrospinning process. This resulted in a loose mesh structure, that efficiently
entrapped the MOF particles while keeping access to the pores open. The pre-
sented approach has the further advantage of being independent of the type of
particles sprayed, such as different MOFs with individual functionality, as well as
being able to choose the type of electrospun polymer as desired. After character-
ization by multiple methods such as SEM, AFM, EDX and Raman spectroscopy,
the versatile sensing ability of our MOFQNC architecture was tested. The change
in MOF Raman spectra upon exposure to NaCl, KCl and pyocyanin was inves-
tigated, with sensitivities for pyocyanin about four orders of magnitude greater
than for the ionic biomarkers. Future theoretical simulations may provide deeper
insight into the detailed mechanism of MOF-analyte interactions. In summary,
this work has demonstrated the great potential of our MOFQNC architecture as
a sensing platform for biomarkers in liquids, with high variability in the fabrica-
tion process and versatile tunability of chemical affinity to specific analytes in the

future by adjusting MOF chemistry.
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6.A Supporting Information

6.A.1 Additional Figures

BET surface area:
1593.440 m?/g

100 -
@mop —5— adsorption

—6— desorption
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Figure 6.15: Nitrogen gas adsorption-desorption isotherms for MOF-808, executed by
the company novoMOF. The evaluated specific BET surface area yields 1593.440 m? g—*
in agreement to known literature values. 33’

Figure 6.16: Scanning electron microscopy (SEM) image from the top of the MOF-
808@nitrocellulose architecture. Electrospun NC fibers cover the MOF particles. The
image shows an intentionally made hole in the fibrous layer, revealing the underlying
MOF particles. The harsh procedure resulted in some particles being distributed out-
side.
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Figure 6.17: Study of influence of ultrasonication duration on the MOF particle size
distribution after electrospraying. Immediately before electrospraying process, the MOF
suspensions are treated by ultrasonication for different durations reaching from zero (a)
to 60 min (f). SEM images show no significant influence on the particle size distribution
for different ultrasonication times, except the test without any ultrasonic treatment
due to a less stable suspension and a lower particle amount in the defined volume (a).
Short ultrasonication of 5 min was enough to obtain a well-dispersed suspension and a
consistent particle distribution.
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Figure 6.18: a) Optical microscopy images of active MOF@NC samples before and after
treatment with aqueous NaCl solution. The MOF particles shine through the top NC
fibrous layer, allowing localization of the measured areas. Colored squares indicate
individual positions of Raman area scans at locations of maximum signal intensity
for MOF-808. When particle positions change after treatment (see orange example),
the differential approach is not executed. b) Differential representation of the Raman
spectra after treatment with aqueous NaCl solutions of different concentrations, by
subtracting the spectra before treatment from the spectra after treatment, performed
individually for each sample. Regions of interest are marked by colored boxes. c-e)
Zoomed-in spectra in the regions 120-340cm™~! (c, cyan), 1350-1660 cm ™! (d, violet)
and 2780-3120cm ™! (e, magenta).
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Figure 6.19: Individual (grey) and averaged (colored dashed line) Raman spectra of
active MOFQ@QNC sample, before any treatment (a), after treatment with HoO (droplet
volume of 20 ul) (b), after 5x successive treatment with aqueous NaCl solutions (con-
centrations of 0.01 M, droplet volume of 20 ul) (c-g), after second treatment with HoO
(droplet volume of 20 ul) (h) and after treatment with aqueous NaCl solutions (concen-
trations of 0.05M, droplet volume of 20 ul) (i). Insets show the zoomed-in spectra in
the region 220-340 cm ™",
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Figure 6.20: Full Raman spectra of MOF@NC after successive treatment with aqueous
Na(Cl solutions (concentrations of 0.01 M, droplet volume of 20 ul). Regions of interest
are marked by colored boxes. b-d) Zoomed-in Raman spectra in the wavenumber regions
of interest 120-340cm~! (b), 1350-1660 cm ™~ (c) and 2780-3120cm ™~ (d). Prominent
peaks (marked with symbol and wavenumber) are fitted with a Lorentzian curve, shown
as black line.

b) C|3H3

O

Figure 6.21: a) Aqueous pyocyanin solution (concentration 0.4 mM). b) Molecular struc-
ture of pyocyanin. c¢) Optical microscopy images of active MOFQNC samples after
treatment with aqueous pyocyanin solution. The images demonstrate the damaging
effect on pyocyanin after laser exposure during Raman measurements with wavelength
Aexe=532nm (laser power P=20mW, area scan of size 3um x 3 um with integration
time of 5s and resolution of 2 pixels per um). Damaging effect can be observed even
when reducing the laser power to P=4 mW.

98



6.A Supporting Information

low wavenumbers 165-330 cm™

large wavenumbers 1350-1660 cm"’

a) — +H:0 02 b) — +H0 Q@ o
+0.01M NacCl 0 +0.01M NacCl 5 1620 m':
—— +0.01M NaCl I | 188 cm —— +0.01M NaCl §¢ - 00 _}??3224
—— +0.01M NaCl S 02 —— +0.01M NaCl TR e iz em
—— +0.01M NaCl B —— +0.01M NaCl s
— { — +0.01MNacl £ -04 :532::’3 — { — +0.01MNacl L4
> +H20 06 S +H,0
. . -0.6
S 188 cm? 08 0,
NaCl - 4H,0 +0.0IM +0.01M +0.0IM +0.01M +0.01 -08
2 Addition of 20l NaCl(aq) 3 +H,0 +0.0IM +0.01M +0.01M +0.01M +0.01f
@ b rv = .m Addition of 20ul NaCl(aq)
c 286 cm”! é’ E 0
Q [} 2 o
= e} & #¢ ,
S < = ¢ E
- S
3
175 200 225 250 275 300 325 1350 1400 1450 1500 1550 1600 1650
. 1 . _
Raman shift [cm™1] Raman shift [cm™!]
C) — +H0 02 1 d) —— +H,0
+0.01M KCI I i‘ 3 k 188 e +0.01IM KCI B S
—— +0.01MKCI — o0 %“\?Q“‘f«_ T 4 —— +0.01M KCI 018 =4 e @ ennn F S5
—— +0.01M KCI 2 L T —— +0.01MKCI A R NI
8 02 ~1 L3 244 cm? 1425 cm™
—— +0.01M KCI . \\Y' —— +0.01M KCl
— | = +0.01M KCI L-04 TY+t286em’ —, | —— +0.01MKCI
=] A =]
© ¥ re e o6 ©
Ka | S o8 = s
> +H0 +0.01M +0.01M +0.01M +0.01M +0.01] > +H,0 +0.01M +0.01M +0.01M +0.01M +0.01]
@ _4;‘ Addition of 20yl KCl(aq) J:’ Addition of 20yl KCl(aq)
@ v @
GC) EEGcm‘ c
2 3
£ c
175 200 225 250 275 300 325 1350 1400 1450 1500 1550 1600 1650
. _1 . _
Raman shift [cm™] Raman shift [cm™1]
e) —— +H,0 02 f) —— +H,0 02
+0.01mM Pyo. +0.01mM Pyo. 'E‘
—— +0.01mM Pyo. —~ OB, —— +0.01mM Pyo. S — 00
El SEy, 2 El
—— +0.01mM Pyo. E - — +0.01mMPyo.  § e
—— +0.01mM Pyo. € 33 —— +0.01mM Pyo. Tg 1620 cm
— A £ -04 — < -04 |_1425 cm
5 Vst e o 5 o Pl
. = . - {1470 cm™
‘E‘ -0.8 v 'E‘ —0.8
> +H,0 +0.0ImM +0.01mM +0.01mM +0.01mM > . +H,0 +0.0ImM +0.01mM +0.01mM +0.01mM
= > Addition of 154l Pyocyanin(aq) = e Addition of 154l Pyocyanin(aq)
0 P @ | & -
c e v c E¢
] 3¢ 1 ° (@]
8 3 Vasecm JQE) EBScm‘
ﬁzﬂcm‘

175

200 225 250 275

Raman shift [cm™!]

300 325 1350 1400 1450 1500 1550 1600 1650

Raman shift [cm™1]

Figure 6.22: Comparison between MOFQNC Raman spectra after treatment with aque-
ous NaCl (a,b), KCI (c,d) and pyocyanin (e,f) solutions in the wavenumber regions 165-
330 cm™! and 1350-1660 cm~! (NaCl and KCI: concentrations of 0.01 M, droplet volume
of 20 ul; pyocyanin: concentrations of 0.01 mM, droplet volume of 15 ul). Prominent
peaks (marked with symbol and wavenumber) are fitted with a Lorentzian curve, and
the normalized intensity change Inorm=AIl/Ig,0 (with Al = I-Iy,0) of the peaks are
evaluated and plotted against concentration, shown as inset. The error bars indicate
the standard deviation and the dashed lines show the linear fits.
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6.A.2 Measurement details and parameters

X-ray diffraction: MOF-808 powder was measured on a PANALYTICAL MPD
instrument using a Bragg-Brentano setup equipped with an imaging plate using
a CuKa X-ray source with A = 1.5406 A in the range of 2° to 80°. Data collection
was performed at room temperature and crystallite size could be derived using the
Williamson-Hall approach. MOF-808 crystallographic data were obtained from
Cambridge Crystallographic Data Center (CCDC): CSD entry is BOHWUS and
deposition number is 1002672. Simulated XRD pattern and structure visualization

was realized by CCDC Mercury software.

AFM: The AFM measurements were performed using a nanosurf NaniteAFM
equipped with a tip scanner. The AFM probe was a Cynl190Al-10 cantilever
(Nanosurf) with a tip apex radius < 10nm and AFM scan was performed in
tapping mode under standard laboratory conditions without temperature or envi-
ronmental control (resonant frequency: 190kHz; force constant: 48 Nm™'). The

recorded AFM scan data was evaluated by Gwyddion software (version 2.58).

Raman: Raman spectra and corresponding optical images were acquired using
a WITec Alpha 300R confocal Raman microscope with a 50x objective (Zeiss EC
Epiplan-Neofluar Dic, NA = 0.55) and a 300 mm lens-based spectrometer (grating:
600 gmm™!) equipped with a TE-cooled charge-coupled device (Andor Newton).
Samples were measured in a closed chamber under nitrogen atmosphere, where
the samples were heated to 70°C for 30 min at nitrogen flow prior to measure-
ments to remove water and ensure constant measurement conditions. The linearly
polarized laser excitation had the wavelength A\e,c = 532nm and a power of P =
20mW read before the objective. Additional measurements with an excitation

1 were performed to

wavelength of Aexe = 488 nm and grating with 1800 gmm™
show the Raman signal at low wavenumbers below < 1200 cm~!. Pyocyanin mea-
surements were performed with Ao = 785nm and grating of 300gmm=t. 2D
Raman maps of size 3 um x 3 um were acquired in backscattering geometry with
an integration time of 5s and a resolution of 2 pixels per um. Single spectra
were extracted by averaging the area scans and are displayed after cosmic ray
removal and polynomial background subtraction. Normalization takes place at
the 1004 cm™' peak (for pyocyanin experiments at 1285 cm™!) which shows no
change after treatment, using the formula (¥ - Ymin)/(Vpeak - Ymin), With y the
intensity value, ¥min the minimum intensity and ypeax the intensity value at the

normalization peak.
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CHAPTER 7

Exploiting MOFs towards protein

sensing in body fluids

=

cerebrospinal
fluid
/ \

e 1
protein sensitive MOF
aggregates in CSF architecture

Diverse proteins are biomarkers that provide information about pathological pro-

cesses, such as amyloid proteins, which are an indicator of Alzheimer’s disease.

In this chapter, the morphological and chemical information of protein aggregates

in the cerebrospinal fluid of people with Alzheimer’s disease is studied and the

possibilities for the use of MOFs for protein sensing are explored.

Parts of this chapter are currently undergoing external peer review at Nature Communications

(Nirmalraj et al.). Supporting information is included at the end of this chapter.
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7 Exploiting MOFs towards protein sensing in body fluids

7.1 Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) are both characterized by a common phenomena of protein misfold-
ing and aberrant aggregation leading to neuronal damage resulting in declining
memory and cognitive skills in individuals.?%3317333 With about 40 million peo-
ple affected worldwide, AD is the most prevalent cause of dementia and affects
about 60-70% of all dementia cases.??33 The exact causes of AD are not yet
fully understood and are part of current research, but according to the amyloid
cascade hypothesis, the pathological origin is the misfolding and aggregation of
Amyloid-beta (Af) proteins in the brain to toxic oligomers and long insoluble
fibrils (Figure 7.1).3347336 This process appears to trigger further changes in the
brain, such as abnormal accumulation of tau protein in the form of neurofibrillary

337)

tangles (initiated by abnormal hyperphosphorylation®’’), chronic inflammation

and athrophy. 333338

A cure is not yet possible, but pathological processes can be detected 10-20 years
before AD shows visible symptoms.3*® Hence, if diagnosed earlier, the chances
of delaying or mitigating the insidiously progressive disease by means of non-
pharmacologic therapies and changes in lifestyle increase.?"333 However, diag-
nostic capabilities are still limited, with definitive diagnosis of AD possible only
by post-mortem examination, which is why it is of interest to find biomarkers that
allow screening and early detection of the disease.?3%33¢ Currently, the detection
of AD in living patients involves measuring levels of A (in particular the isoform

Aps and the ratio between AfS4/ABy) and tau proteins (total tau and phos-
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Figure 7.1: a) Schematic aggregation process of A protein from misfolded monomers
to cytotoxic oligomers and long insoluble mature fibrils. b) Impaired cognitive function
is observed in patients with AD due to neuronal damage in the brain caused by the
accumulation of Af oligomers and fibrils (A plaques) on the neurons.
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7.2 Cerebrospinal fluid analytics

phorylated tau) in cerebrospinal fluid (CSF). 338310341 The use of MOFs as active
material for CSF analytics could bring the known advantages for biomarker de-
tection such as high selectivity and signal amplification, as already demonstrated
in MOF-based detection of A3 proteins by electrochemical sensing.?0!:342:343 Tt
has also been previously shown that MOFs (e.g. HKUST-1, UiO-66, MIL-69) are
capable of adsorbing A to varying retention strengths depending on the type of
MOF used.?** But before MOFs can be applied for the analysis of CSF, several
steps must be performed up front to achieve a better nanoscopic understanding
of the chemical composition of protein aggregates in CSF.

This work is about the examination of CSF samples from individuals with AD
pathology using AFM, Raman spectroscopy and finally the assessment of MOFs
as potential active material for detecting pathological proteins in CSF. Protein
aggregates were studied to obtain the morphological and chemical information
in high resolution and individual AS fibrils were analyzed for size, diameter and
fibril orientation. Finally, the MOFQNC architecture presented in Chapter 6 was
used for initial sensing tests on CSF by measuring the change in the Raman sig-
nal after treatment. Due to the complexity of the biological samples, CSF from
a cognitively healthy individual was also studied as control to AD patients. In
summary, the findings of this work yield deeper insights into the nature of protein
aggregates in CSF and lay the groundwork for future sensing of AD biomarkers

using MOF architectures.

7.2 Cerebrospinal fluid analytics

CSF is in contact with the brain and reflects occurring biochemical changes
through the biomarkers it contains. A and tau proteins that accumulate patho-
logically in the brain of patients with AD are therefore also found in CSF, making
it an ideal source of biomarkers for AD.?32 As a concrete example, the load of amy-
loid fibrils and plaques in the brain can be inferred from the CSF level of Af,s,
whereas the amount of total tau or phosphorylated tau proteins in CSF correlate
with neuronal damage and the level of neurofibrillary tangles in the brain.33®

Quantification of biomarkers is usually performed with immunoassays such as

345 or other methods involving cap-

346 )

ELISA (enzyme-linked immunosorbent assay)
ture antibodies (e.g. based on fluorescent beads®*°). Spectroscopic methods such
as IR and Raman spectroscopy are gaining traction as tools to study protein ag-

gregations without labeling.?3%347348 Although IR and Raman spectroscopy can
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7 Exploiting MOFs towards protein sensing in body fluids

provide information on the polymorphic nature of the aggregated states of the
proteins in CSF, the exact chemical identification of these proteins will require
fluorescent labels to identify and classify the A3 and tau protein isoforms. 347351
The basis for the spectroscopic detection is the protein misfolding and the change
of the protein secondary structure during aggregation.®*® The altered conforma-
tion, such as an enrichment in [§-sheets, causes a change in the vibrational fin-
gerprint which can be detected by Raman or IR spectroscopy. 3632 As example,
primary, secondary and tertiary amides show characteristic absorption bands in
IR spectroscopy (amidel, IT and III) that shift in relation to S-sheet content and
thus allow conclusions to be drawn about the proportion of misfolded AS pro-
teins. 230348 Similar information about the overall secondary structure of proteins

can be obtained by Raman spectroscopy. 31347

CSF sample preparation

The analyzed CSF samples were provided by the Memory Clinic of the Depart-
ment of Neurology at the Cantonal Hospital St. Gallen (KSSG) from patients
with cognitive complaints. The preparation was identical for all samples before
they were characterized by AFM for morphological information and Raman spec-
troscopy for chemical signature. CSF samples were obtained by lumbar puncture
and stored at -80°C at the laboratory Zentrum fiir Labormedizin in St. Gallen.
Prior to deposition on substrates, the CSF samples were thawed under standard
laboratory conditions. Commercially available mica substrates with a thin gold
film were used as substrates, with an overall surface roughness < 0.5nm over
an area of 5um? (substrates from Phasis Inc., gold thickness ca. 100nm (111),
atomic flatness and surface roughness verified by Bruker Multimode 8 STM (Pt/Ir
tip, E-scanner, constant current mode) and AFM (tapping mode) respectively).
Substrates were cleaned by rinsing with acetone followed by isopropyl alcohol and
blow dried with nitrogen. Then, 10 ul of CSF were drop-casted onto the gold

surface and slowly dried in air.

Nanoscale imaging of CSF with AFM

First, CSF from a patient with severe AD pathology (AD-1) was studied with
AFM. The patient was a 90-years-old man whose biomarker profile was clinically
classified as A+T+N+ (A: amyloid, T: tau, N: neurodegeneration) according to
the definition of the NIA-AA research framework.3%" Figure 7.2a,b show large-area

104



7.2 Cerebrospinal fluid analytics

Figure 7.2: a-b) Large-area AFM phase-contrast images
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showing a dense network of

fibrillar protein aggregates in the CSF of patient AD-1. ¢-d) Corresponding AFM images
with color-coding of the fibril orientation as a function of the angle. e-f) Corresponding
polar plots, showing the distribution of orientation angles of the fibrils.
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7 Exploiting MOFs towards protein sensing in body fluids

phase-contrast scans at different locations. The images reveal long and densely
packed amyloid fibrils present in the CSF. While in Figure 7.2a the fibrils are
highly aligned over a large area, Figure 7.2b shows several bundles of aligned
fibrils with varying orientation. The arrangement becomes more apparent when
a qualitative analysis of the fibril orientation is performed using a color-coded
map. Figure 7.2c,d show the same scan areas after coloring the fibrils depending
on the orientation, illustrating the alignment that takes place. For quantifica-
tion, all detectable fibrils within the scan areas were tracked using the software
FiberApp®®® and the orientation angles were studied. The polar plots with the
distribution of orientation angles of the corresponding images are shown in Figure
7.2e,f. Therein, the more extensive orientation in one direction in the first image
is evident, while the second image has multiple vector directions displaying the
varying orientations.

Phase-contrast AFM scans of areas showing sparser fibril networks in CSF from
the same patient AD-1 reveal the local fibril arrangement (Supporting Informa-
tion Figure 7.5). Color-coding of the different fibril arrangements indicates that
the fibrils were locally organized either in parallel (green), spliced (red) or in a
T-junction format (blue). It is noted that the amyloid fibrils do not overlap for
the most part on the gold surface, both in the close-packed network and in the
sparse arrangement.

From the AFM scans presented, the average fibril length and diameter were calcu-
lated based on sectional analysis of approximately 3000 individual amyloid fibrils.
The mean fibril length was 2.3 £ 0.8 um and was comparable to the lengths of
other individuals with severe AD pathology (result from other patient with same
AD classification A+T+N+: 2.25 + 0.58 um). The mean diameter was 4.4 £
2.1nm, determined from the measured height (calculated from the height at the
fibril middle section compared to the height of the underlying surface), consid-
ering that the observed fibril width from the AFM image is larger than the true
width due to the convolution between the AFM tip and actual fibril width. The
measured fibril height does not depend on the geometry of the AFM tip and allows
an estimation of the fibril diameter based on the nearly cylindrical shape. Follow-
ing the morphological information of the fibrils obtained by AFM, the chemical
nature is to be identified in more detail, which cannot be explicitly determined
by AFM alone.
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Raman spectroscopy of CSF

After characterizing the morphological details of the fibrils in the CSF of patient
AD-1 such as length, diameter and interfibrillar arrangement by AFM, the chem-
ical signature of the aggregates was studied by Raman spectroscopy. CSF from
two patients with severe AD pathology (AD-1 & AD-2) as well as CSF from a
patient suffering from intracranial hypertension (IH) and a healthy control were
analyzed by Raman spectroscopy (healthy control from a single donor, purchased
from Innovative Research Inc.). For details on the Raman measurement parame-
ters, refer to Section 7.A.2.

Figure 7.3a shows the averaged Raman spectra of the CSF samples from the pa-
tients AD-1 and AD-2 and the healthy control. In the region between 1200 cm™!
and 2000 cm ™!, the Raman spectra contain several distinct peaks that can be as-
signed to modes known from literature, such as amino acids like phenylalanine?**
at 1600 cm™! and tryptophan®>® at 1358 cm™!. A closer inspection shows that the
signal from tryptophan is found in all cases, while for phenylalanine only the CSF
from patient AD-1 has a much stronger peak intensity than the others. The Ra-
man signal at the positions 1260 cm™! and 1660 cm™! refer to the amide ITT354 3%
and amide 13547358 bands, respectively. Usually, the signal is broadened and ex-
tends over a small wavenumber range due to different conformations and multiple
vibrational modes, here represented by a gray area. The amide III also shows a
signal at wavenumber 1301 cm™!. It is known that at this position a signal orig-

13547356,358

inates from the CH, twisting and wagging vibrations as wel , showing a

pronounced peak for patient AD-2. The peak at wavenumber 1420 cm~! originates
in the ring breathing modes of the DNA /RNA bases adenine and guanine?°6:3%8:359
whereas the peaks at 1442 cm ™! and 1465 cm ™! refer to C-H vibrations, CH, wag-
ging and CH,/CHj; deformations, respectively.3%:356:358,360 The C-H vibrations
are centered at about 1442 cm™! but also occur in a broader region of wavenum-
bers between 1420 cm™! and 1480 cm™!. The 1732cm ™! peak can be assigned to
C=0 stretching mode from ester.3473543% In general, the peak position changes
slightly depending on the measurement conditions, such as the sample deposition,
the temperature or if present the solvent.**” Certain signals may also be super-
positions from multiple sources, as e.g. Raman peaks at 1301 cm™!, 1449 cm ™!,
1660 cm~! and 1732 cm ™! may correspond to the vibrations of lipids. 347354358

Looking at the Raman signal from the patient with intracranial hypertension in

Figure 7.3b, some of the same signatures can be seen, as for the wavenumbers
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Figure 7.3: a) Average Raman spectra of CSF from two patients with severe AD pathol-
ogy and one healthy control. Pronounced peaks originating from known vibrational
modes are marked with gray lines and wavenumber. b) Average Raman spectrum of
CSF from a patient suffering from intracranial hypertension (IH). Inset shows high-
resolution AFM height and amplitude error scans of the patient’s CSF, revealing aggre-
gates of short fibrils arranged around larger spherical aggregates.

1301 em™!, between 1420 cm™! and 1465cm™! and 1600 cm™!. Some peaks are
not very pronounced (e.g. amide IIT band at around 1260 cm™!) or are insignifi-
cant compared to the spectra with AD pathology (e.g. at 1358 cm™!). The study
of AFM scans of the corresponding CSF sample reveals highly ordered fibrillar ag-
gregates (Figure 7.3b inset, Supporting Information Figure 7.7). The blood of the

same patient was also analyzed, but compared with the CSF, the blood showed no
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accumulation of protein aggregates. Both AFM and Raman spectroscopy confirm
the presence of mature fibrils in CSF, although further fluorescence spectroscopy

is needed to identify whether the observed fibrils are amyloid or tau fibrils.

7.3 MOPF-based protein analytics

To explore the applicability of the MOFQNC architecture from Chapter 6 for
protein sensing, initial sensing tests on CSF were performed. CSF of a patient
with AD pathology (A+T+N+) was added to the MOF architecture and it was
studied how the MOF Raman signal changed after treatment. As a comparative
experiment to the complex CSF, the effect of the protein ferritin was also tested
(ferritin from human liver, Type IV, 10 ugml™!, present in phosphate-buffered
saline (PBS), Sigma Aldrich). Ferritin is a well-studied protein with various func-
tions in the human body, ranging from storage and transport of iron to enzymatic
properties, that when malfunctioning is also involved in the pathogenesis of neu-
rodegenerative diseases.?%3%2 These results were compared with control experi-
ments using pure PBS buffer solution and deionized water for the treatment of
MOF@NC architectures.

Figure 7.4 shows the full MOF Raman spectrum after treatment of individual
substrates with the different solutions. The spectra are averaged from four to
eight measurements at different positions of two individual samples each (one
sample for CSF treatment). The spectra after treatment with CSF and ferritin
significantly differ from the control experiments with water and PBS at certain
wavenumbers such as around 500 cm~!, 1300 cm ™! and 2925 cm~!. To make spec-
tral differences clearer and to compensate for potential batch-to-batch variations,
the data is plotted as a differential spectrum in Figure 7.4b ("after—before") and
zoomed in closer in regions of interest in Figure 7.4c,d. It shows how the inten-
sity of the peak at 286 cm™! is significantly lower after treatment with CSF than
after treatment with the other three solutions. Also at 1060 cm~! CSF shows a
different behavior after treatment, namely an increase in intensity, related to C-C
ring vibrations.?% Further, there are Raman peaks that are similarly affected by
CSF and ferritin. Examples are peaks at 404cm™!, 460 cm™!, 535cm™!, 812cm ™1,
1480 cm ™, 1570cm ™!, and 1630 cm™!. Here, an increase of the Raman intensity
is always shown in a comparable way. The origin of the vibrations can be as-

1

signed only partially, such as C—H group vibrations associated with 812c¢cm™" and

1480 cm ™ associated with CO5 groups.®'® Other peaks show an increase in inten-
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Figure 7.4: a) Full Raman spectra of MOFQNC after treatment with deionized water,
PBS buffer solution, ferritin in PBS and CSF from patient with AD pathology (droplet
volume of 10 ul). b) Differential Raman spectra of the MOF@NC architecture after
different treatments by subtracting the spectra before treatment from the spectra after
treatment, performed individually for each sample. Regions of interest are marked by
boxes. c¢-d) Zoomed-in differential Raman spectra in the wavenumber regions of inter-
est 120-970cm™! (c) and 1030-1700cm™ (d). Pronounced peaks indicating significant

changes are marked with gray lines and wavenumber.
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sity after treatment with ferritin solution, whereas CSF causes an intensity reduc-
tion, e.g. at 850 cm™?, 1285 cm™!, 1375cm™}, 1455cm ™! and around 2925 cm™*.
The peaks at 1375cm ™! and 1455 cm ™! can be assigned to the aromatic C=C and
C-H vibrations, respectively.?'®3% For the most part, water and PBS show no
significant effects on the Raman spectrum. The peak at 680 cm™! shows a reduc-
tion in intensity for each treatment, most pronounced for water. This may be an
effect of residual moisture in the sample.

The first distinction that can be made by the different Raman spectra of the MOF
after treatment with CSF and ferritin emphasizes the suitability of MOFs for the
measurements since Raman on the MOF provides a well-defined spectrum with
good signal strength. The MOF-808 used has no Raman signal enhancement ef-
fect, but may be a potential platform to condense proteins during the treatment
process due to the interactions. This experiment using a MOF-based platform for
protein treatment should be considered as an initial test experiment providing a
demonstration of MOF-based protein sensing. With the results from Chapter 6,
first differences in the MOF Raman spectrum can be seen depending on whether
an ionic solution or a protein solution was added. The use of the Raman and AFM
data allows to estimate the severity of the disease based on the nature and size of
protein aggregations in CSF as an indicator of AD. However, it is not yet possible
to draw any conclusions based on the available data, for example, the distinction
between A( or tau proteins. This might be possible in future in combination
with other methods such as IR spectroscopy and fluorescence microscopy e.g. for

comparison of spectral bands.

7.4 Conclusion and Outlook

In summary, AFM and Raman spectroscopy are useful and label-free methods for
analyzing body fluids such as CSF at the nanoscale to obtain clinically relevant
information about the pathology of AD. The CSF of patients with AD has been
shown to have abnormal aggregation of misfolded proteins to fibrils, which for
this reason may be considered a hallmark of AD. Raman spectroscopy can reveal
chemical differences between CSF of patients with different pathology and may
together with AFM allow conclusions to be drawn about protein aggregation sta-
tus.**® The use of machine learning in combination with chemical spectroscopy
will help to detect small changes in the complex signals and to differentiate the

samples, holding promise for the diagnosis of AD at an early stage.?”® MOFs,
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with their numerous benefits such as versatility, may be increasingly used in the
future for body fluid analysis and biomarker sensing, as recently demonstrated
in the detection of cancer exosomes from blood via MOF-based electrochemical

364 Tt is also useful to discuss limitations or drawbacks of CSF as a

liquid biopsy.
source of AD biomarkers, e.g. the invasive procedure of lumbar puncture to collect
CSF.3%5:366 Other more accessible biofluids such as blood may be considered as an
alternative due to the presence of AD biomarkers in the plasma and prevalence of
protein aggregates on red blood cells in AD patients.?*®33? Also, in the context of
neurodegeneration, the different aggregation stages of amyloid proteins should be
studied in detail, as there is evidence that intermediate oligomers are much more

348367368 Tp conclusion, more than a hundred years af-

cytotoxic than long fibrils.
ter Alois Alzheimer first described the disease named after him?3%, the cause is
still not fully understood and research must continue in the future, perhaps also

looking beyond the confines of the amyloid cascade hypothesis.?™
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7.A Supporting Information

7.A.1 Additional Figures

parallel splicing  T-junction

Figure 7.5: a-d) Color-coded phase-contrast AFM images of sparse fibril networks in
the CSF of patient AD-1. The fibrils were locally organized either in parallel (green),
spliced (red) or in a T-junction format (blue). Top: Schematic of the color-coding for
the different fibril arrangements.
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Figure 7.6: Individual (grey) and mean (colored line) Raman spectra of CSF from pa-
tients with severe AD pathology (a,b), healthy control (c¢) and patient with intracranial
hypertension (d).
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Figure 7.7: Simultaneously acquired AFM scans of CSF from a patient with intracranial
hypertension (IH), showing height, amplitude error and phase contrast data (a-c and
d-f). Patches of fibrillar aggregates are visible on top of spherical aggregates as seen
from the amplitude error data (CSF drop-casted and air-dried on gold surface).

114



7.A  Supporting Information

a) b
---- before
1030-1 !
030-1700 ens ‘ —— after Ferritin
after PBS 1
—_ after PBS 2
= —— after PBS 3
S
>
=
1)
C
9 1120970 em?!
£
‘\
500 1000 1500 2000 2500 3000
Raman shift [cm™1]
b) ==~ before 809 cm! C) -~ before 470t
| —— after Ferritin —— after Ferritin
after PBS 1 after PBS 1
| after PBS 2 after PBS 2
—— after PBS 3 —— after PBS 3
3: 1 490 em! 3
A )
> >
= =
2 a 1580 cm!
Y]
- -~
§= <
12

200 300 400 500 600 700 800 900 1100 1200 1300 1400 1500 1600 1700
Raman shift [cm™1] Raman shift [cm™1]

Figure 7.8: a) Full Raman spectra of MOFQNC after sequential treatment with ferritin
in PBS and pure PBS buffer solutions (droplet volume of 10 ul). Regions of interest
are marked by boxes. b-c) Zoomed-in Raman spectra in the wavenumber regions of
interest 120-970cm ™! (b) and 1030-1700cm™~! (c). Pronounced peaks are marked with
gray lines and wavenumber.

7.A.2 Measurement details and parameters

AFM: For the AFM measurements, a multimode 8 Bruker instrument equipped
with an E-scanner was used. The AFM tip was a SCOUT 70 HAR silicon AFM
tip with a high aspect ratio (gold reflective backside coating; cone angle of < 15°
over the final 1 um of the tip apex, NuNano) and the AFM scan was performed
in tapping mode under standard laboratory conditions without temperature or
environmental control (resonant frequency: 70 kHz; force constant: 2N m™"). The
cantilever was cleaned with acetone and isopropanol and dried with nitrogen before
usage. The recorded AFM scan data was evaluated and leveled by Nanoscope

software (Bruker).
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Raman: Raman spectroscopy on CSF samples was performed using a WITec
Alpha 300R confocal Raman microscope with a 100x objective (Zeiss EC Epiplan-
Neofluar Dic, NA = 0.9) and a 300 mm lens-based spectrometer with 600 g mm™*
grating, equipped with a TE-cooled charge-coupled device (Andor Newton). The
laser light was linearly polarized and had an excitation wavelength of Aeye =
532nm. The laser power was P = 5mW for all samples and P,.;,; = 30 mW for the
healthy control (all measured before the objective). On flat regions, 2D Raman
maps of the sizes between 3um x 3um and 10 um x 10 wm were acquired in
backscattering geometry with an integration time of 1.0s (5s for one sample with
severe AD) and a resolution of 3 pixels per um. The acquired spectra were pro-
cessed by WITec software, involving cosmic ray removal, polynomial background
subtraction and averaging. The averaged spectra of several positions (between
139)

5 and 12 positions) were normalized at 1002 cm™! (phenylalanine signa and

plotted with python software.
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CHAPTER 8

Conclusion and Outlook

Having presented the use of metal-organic frameworks in various ways for sensing
applications in this research, a summary of the work and an outlook on possible

follow-on projects in the future are given in this chapter.
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In this research work, we aimed to explore the versatility of MOFs for biochemical
sensing application. We worked with different metal-organic architectures and
pursued individual approaches, such as the synthesis of hybrid MOF structures
and the integration of MOF particles into polymer substrates. The focus in each
project was on the application of our MOF as sensor material and the evaluation
of the signal response upon exposure to relevant analytes. Overall, the work can

be subdivided into three major sections.

In the first project, we used an electrically conductive MOF film as chemiresistive
sensing material. The film was synthesized in-house by an interfacial approach and
consisted of two different organic ligands HHTP and TCNQ. The resulting hybrid
Cu-HHTP-TCNQ MOF was analyzed multiparametrically and was investigated
for structural, chemical, and electrical properties by various methods such as
SEM, AFM, EDX, XRD and Raman spectroscopy. The characterization revealed
a coexistence of filaments and cubic crystals formed by the coordination of copper
ions with the organic ligands. The associated amorphous film structure and poor
long-range crystalline order did not impair the electrical conductivity substantially
and an average conductivity of 0.033 S cm~! was measured employing a four-wire
configuration and specially fabricated glass chips with gold electrodes. We thus
demonstrated a good compromise between conductivity and structural order of the
hybrid MOF film by including different types of MOFs. Furthermore, we tested
the chemiresistive response of the material to changes in the environment such as
nitrogen or humidity and found a relative change in film resistance up to 94 %.
These results show the potentially good applicability and promise of our hybrid
Cu-HHTP-TCNQ and generally less ordered MOF structures as chemiresistive
materials.

For future work, the study of the electrical conduction pathway through our hybrid
MOF may be relevant for further development. Since the Cu-HHTP-TCNQ film is
composed of two different components, visualization of the film connectivity and
conduction path would lead to a deeper understanding of the current flow through
the hybrid film, similar to what was done for silver nanowire networks by voltage
contrast imaging, for example.™ Electron beam absorbed current (EBAC)3™ and
conductive AFM3™ could be used to nondestructively investigate and visualize
the conduction pathways and the theory of electrical percolation could help to
understand the mechanisms of charge transport.*™ Another further project could
be the detailed exploration of the chemiresistive behavior of our Cu-HHTP-TCNQ.

The sensing response of the hybrid MOF upon exposure to different gases or classes
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of organic substances (e.g. volatile organic compounds) could be systematically
investigated, thereby revealing potential differences from previously studied pure
Cu-HHTP.%¢ The main challenge is probably to integrate the film into the device
in a non-destructive manner. In the work shown, the Cu-HHTP-TCNQ film was
deposited onto an open substrate after liquid-liquid interfacial synthesis, but this
could be difficult if the device is not allowed to come into contact with the solution
or does not fit into the reaction vessel. In that case, one may have to resort to
alternative synthesis and growth methods, for example liquid-phase epitaxy and
layer-by-layer assembly.?”® This way, there is also the possibility to test further

components and combinations for the production of conductive MOF films.

The second project focused on the integration of MOF particles into a poly-
mer membrane and the exploration of their potential for the detection of sweat
biomarkers using Raman spectroscopy. The integration was achieved and op-
timized by a specially developed sequential electrospraying and electrospinning
process. MOF-808 particles were distributed on a nitrocellulose membrane and
subsequently physically entrapped by spun nitrocellulose fibers, resulting in bio-
compatible MOF@NC architectures. The loose fiber mesh leaves access to the
MOF pores open, thus retaining the MOF functionality, and allows analysis with
optical analytic methods due to its translucence. We characterized the architec-
ture by multiple techniques (SEM, AFM, EDX, Raman spectroscopy) and demon-
strated the versatile sensing ability on various sweat biomarkers such as sodium
chloride, potassium chloride and pyocyanin by changes in the Raman spectrum.
For the treatment with pyocyanin, sensitivities were found to be four orders of
magnitude greater than for the ionic biomarkers tested. These results demon-
strate the great potential of our MOFQNC architectures as a wearable sensing
platform and, more generally, as a functional material for the selective detection
of biomarkers in body fluids such as sweat.

Some follow-up projects could provide further important information for the real-
ization of a wearable sensing platform. Our presented integration method benefits
from high variability and independence from the type of MOF and polymer. For
example, other MOFs with different affinities could be used and tested on the
architecture. The functionality of a particular MOF type could be adapted, such
as the MOF-808 used by us by replacing the formate group on the zirconium
cluster®%3™ thus tuning the MOF chemistry and interaction with target analytes.
The flexibility of this method also allows the sequences to be adjusted and, if

necessary, several layers to be fabricated in series, for example to create multilay-
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ers or combinations of several MOFs. Further, the analysis of sweat biomarkers
can be extended as there are other analytes of interest, such as urea being an

376 or ammo-

important sweat biomarker in patients with chronic kidney diseases
nia, which reflects e.g. exercise intensity and related metabolic stress.'%3"" Our
MOF@NC architecture is not limited to the analysis of sweat, but can also be
used for other biomarker-containing body fluids like breath or urine. The com-
plexity of the Raman spectra of biomarker-rich fluids could be addressed with
computational tools. Machine learning and recognition algorithms could be used
to classify spectral features of target analytes and build predictive models, en-
abling qualitative and quantitative analysis for biomarker sensing.??%373™ It is
also worthwhile to work on speeding up the acquisition of Raman data using
computational methods by reading only the required part rather than the entire
spectral information, known as compressive Raman.??%??! Compressive Raman
can considerably increase the readout speed and enables rapid scanning of large
sample areas in high resolution and even real-time imaging, which would take too
long with the standard Raman scans (several days for one megapixel image).?*!
Finally, the aspect of mobility should also be taken into account when considering
the realization of a wearable sensor device. Analysis with Raman spectroscopy
is not limited to a fixed benchtop instrument, but can now be performed on-site
with mobile Raman spectroscopes, e.g. on the human body.??>??3 When using
such a portable Raman instrument in combination with our MOFQNC architec-
ture, its handling should be investigated in detail. In the distant future, when
the challenges mentioned above have been successfully addressed, this approach
may have the potential for eventual commercialization, perhaps in the format of
a lateral flow assay (LFA) similar to a rapid antigen test.3*%?%! Instead of im-
mobilized antibodies, integrated MOF particles with different functionalizations
and affinities could serve as active platforms to detect target analytes in body
fluids. Nitrocellulose membranes are already widely used as a base layer for LFAs
or other blotting processes and are therefore suitable for use in the production.
Upscaling the fabrication of MOF-integrated membranes is possible, which could

make it a cost-effective process.

The third project explored the possibilities of using MOFs as active material for
protein sensing, exemplified by pathological proteins in CSF for the diagnosis
of Alzheimer’s disease. For this purpose, CSF samples from several patients with
different pathologies were first examined and analyzed label-free by AFM and Ra-

man spectroscopy for their morphological and chemical properties. It was found
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that abnormal aggregation of proteins occurred in patients with AD pathology
and differences from healthy control samples were revealed. Finally, initial sens-
ing experiments were performed on CSF from a patient with AD pathology using
our MOFQNC architecture. The changes in Raman spectra after treatment with
CSF were studied and compared with those after treatment with buffer (H5O,
PBS) and protein (ferritin) solutions.

Several steps remain to be taken before clinical application and diagnosis of AD
can be achieved using our MOF-based sensing approach. To start with, an im-
proved understanding of the composition of CSF and analytes present in it is
needed. A major challenge will be to identify target proteins within each indi-
vidual’s collection and diversity of biomarkers. To generate statistics and learn
spectral features, future work could involve studying high numbers of CSF samples
from many patients with different neurodegenerative pathologies and the connec-
tion to the associated Raman spectra. Changes and overlaps of spectral features
in the Raman spectrum of CSF of different biochemical composition can be ana-
lyzed with machine learning tools, thus building models that allow discrimination
of the signal.?” Also, the interaction between MOFs and proteins should be in-
vestigated in more detail. Different MOFs with individual chemical affinities and
properties could be employed to study the adsorption strength to the targeted
protein, as has been done with A3 peptide in other work.?** This approach could

be extended to other proteins as well.

In conclusion, the rapid progress in the field of MOF research will enable further
discoveries and pave the way for novel sensing applications using MOF technol-
ogy. In this regard, the achievements presented in this work emphasize the great
potential that metal-organic architectures have as active material for the sensing

of biochemical analytes.
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APPENDIX A

Fabrication recipes

A.1 Synthesis of Co-HHTP-TCNQ films

Table 3: Purchased materials for Cu-HHTP-TCNQ film synthesis

Material H CAS number Company

copper nitrate

Cu(NO3)s - zH20 13778-31-9 Merck (Sigma Aldrich)
TCNQ

7,7,8,8-Tetracyanoquinodimethane 1518-16-7 Merck (Sigma Aldrich)
HHTP, 98%

Triphenylene-2,3,6,7,10,11-hexaol 865836-87-9  abcr swiss AG

ethyl acetate | 141-78-6 Merck (Sigma Aldrich)

For the synthesis, all solvents were degassed with argon before using. The MOF
thin films were synthesized in small glass vials (V=15ml, ND=22) sealed and
filled with argon and placed in an ice bath in order to keep reaction temperature

at T=0°C. The following synthesis steps are as follows:
1. add 2ml of aqueous Cu(II) nitrate solution (10 mM)

2. add 1ml of HHTP dissolved in ethyl acetate (0.4 mM)

> water-organic solvent interface is formed

3. add 1ml of TCNQ dissolved in ethyl acetate (4 mM)

> MOF film formation starts at the interface and is visible with naked eye

For transfer of the MOF film, a substrate of choice was placed at the bottom of
the vial before the reaction started. The used substrates were treated with air
plasma for 5min in order to remove any resist residues and to improve wetting
properties. The synthesis reaction was stopped after the desired time by carefully
removing all the liquid with a syringe and thus sinking the thin film down onto the
substrate. After drying the film at air, the deposited film was washed in acetone

and isopropyl alcohol, followed by second drying at air.
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A Fabrication recipes

A.2 Fabrication of glass chips with gold electrodes

For patterning the electrodes of the chip, a mask for UV lithography was fabricated

by direct laser writing (DWL). The process steps for patterning a fused silica wafer
(4inch, 500 pm thickness, MicroChemicals GmbH) are listed below:

1.

2.

3.

spin-coating with AZ2020nlof resist at 4000 rpm for 40s

soft baking for 1 min at 110°C

exposure of pattern at a dose of 60 mJcm™2

. post exposure bake for 1 min at 110°C

development in AZ726mif for 30s

. evaporation of 5nm titanium

evaporation of 50 nm gold

. resist removal (lift-off) in dimethylsulfoxide (DMSO) for 1h at 110°C

. deposition of insulating passivation Al,O3 layer (50 nm) using plasma-enhanced

atomic layer deposition (ALD)

To form the final MOF contacts and probe pad openings, the following steps were

carried out:

1.

2.

3.

148

spin-coating with AZ1505 resist at 4000 rpm for 40s

soft baking for 1 min at 110°C

exposure of patterns for contact and probe pads at a dose of 20mJ cm—2

. development of in AZ400k:H,O (1:4) for 20s

. pattern transfer into the oxide by means of wet chemical etching in phos-

phoric acid (85%) at 55°C for 105

. spin-coating of wafer dicing protection layer with AZ1505 resist at 1500 rpm

for 40s

soft baking for 1 min at 110°C



A.3 Electrospraying of MOF particles

A.3 Electrospraying of MOF particles

For the electrospraying process, a suspension of MOF-808 particles in isopropyl
alcohol (IPA) was prepared. The MOF-808 powder was ordered and specially
synthesized by novoMOF AG company (Untere Briihlstrasse 4, 4800 Zofingen,
Switzerland).

To realize a 12wt% particle suspension, 0.2127 ¢ of MOF-808 powder was sus-
pended in 2ml IPA (wt%= ,—MOF_—)  The suspension was treated by ultra-
sonication for at least 30 min and gave a milky liquid with well-dispersed MOF
particles. A 2ml syringe with a 18G blunt needle was filled with the suspension
directly after ultrasonication, which was then fixed in a syringe pump. A metal
plate was used as the collector, which was placed at a distance of 15cm from
the needle opening. In order to spray on a particular substrate of choice, it was
attached to the collector (here: alumina foil or nitrocellulose membrane). Elec-
trospraying of MOF-808 particles was then initiated by applying a high voltage of
20kV between the needle and the metal plate and the syringe pump flow rate was
set to 120 ul /min~! (environment temperature between 21°C to 22 °C, relative
humidity between 40% to 42%).

A.4 Electrospinning of nitrocellulose

A solution of nitrocellulose (NC) was prepared for the electrospinning process. NC
membrane was purchased by Merck (Sigma Aldrich; article number GE106000112,
Amersham™ Protran® Western-Blotting Nitrocellulose Membrane) and dissolved
in acetone/DMSO.

To realize a 12wt% NC solution, 0.365g NC was dissolved in a mixture of 2ml
acetone and 1 ml DMSO (wt%= —"8<——). The solution was stirred for about
1h and gave a clear, slightly yellowish NC solution. A 2ml syringe with a 18G
blunt needle was filled with the solution, which was then fixed in a syringe pump.
A metal plate was used as the collector, which was placed at a distance of 15cm
from the needle opening. In order to spin on a particular substrate of choice,
it was attached to the collector (here: nitrocellulose membrane, potentially with
dispersed MOF particles). Electrospinning of NC fibers was then initiated by
applying a high voltage of 21 kV between the needle and the metal plate and the

syringe pump flow rate was set to 10 ul /min~! (environment temperature between
21°C to 22°C, relative humidity between 40% to 42%).
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