UNIVERSITAT ROVIRA | VIRGILI

ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-
CONVENTIONAL ANALYTES

Tolga Zorlu

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docéncia en els termes establerts a I'art. 32 del Text Refés de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacioé dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccié o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacié publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacié del seu contingut en una finestra o marc ali¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacién de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacién de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.




UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu

UNIVERSITAT
ROVIRA i VIRGILI

Advanced Plasmonic Nanosensors for the
SERS Ultradetection of
Non-Conventional Analytes

TOLGA ZORLU

DOCTORAL THESIS
2023



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu

UNIVERSITAT
ROVIRA i VIRGILI

Tolga Zorlu

Advanced Plasmonic Nanosensors for the
SERS Ultradetection of Non-Conventional
Analytes

Doctoral Thesis
Supervised by

Prof. Ramon Angel Alvarez Puebla

Prof. Miguel Angel Correa Duarte

Faculty of Chemistry

Department of Physical and Inorganic Chemistry

Tarragona, 2023



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES

Tolga Zorlu

UNIVERSITAT
ROVIRA i VIRGILI

FAIG CONSTAR que aquest treball, titulat “ADVANCED PLASMONIC NANOSENSORS

FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES”,

que presenta Tolga Zorlu per a I'obtencié del titol de Doctor, ha estat realitzat sota la meva
direccio al Departament de Quimica Fisica i Inorganica d’aquesta universitat.

HAGO CONSTAR que el presente trabajo, titulado “ADVANCED PLASMONIC
NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-

CONVENTIONAL ANALYTES”, que presenta Tolga Zorlu para la obtencion del titulo de
Doctor, ha sido realizado bajo mi direccién en el Departamento Quimica Fisica e Inorganica de
esta universidad.

| STATE that the present study, entitted “ADVANCED PLASMONIC NANOSENSORS

FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES”,

presented by Tolga Zorlu for the award of the degree of Doctor, has been carried out under my
supervision at the Department of Physical and Inorganic Chemistry of this university.

Tarragona, 31 de marzo de 2023

El/s director/s de la tesi doctoral
El/los director/es de la tesis doctoral
Doctoral Thesis Supervisor/s

Firmado digitalmente por

R a m O Elacmg:e de reconocimiento CORREA

(DN): cn=Ramon, o=URV, ou, Firmado digitalmente por CORREA

email=ramon.alvarez@urv.ca DUARTE ?;%F;;E?"W;GUELANGE'—'

t, c=ES MIGUEL ANGEL recha: 2023.04.03 221231 0200
n Fecha: 2023.03.31 11:58:10

+02'00" -36103913P



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu

“God made the bulk; the surface was invented by the devil.”

Wolfgang Pauli
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Thesis Scope

Plasmonic nanoparticles such as gold and silver have found a place in many different
application areas due to their unique physical and electrical properties. The most well-known
of these areas is surface-enhanced Raman spectroscopy (SERS), which allows detection at the

single-molecule level.

SERS is a spectroscopy technique, basically, based on the observations of Raman and
Krishnan nearly a century ago and derived from the phenomena they presented. In its simplest
form, it aims to use of plasmonic materials such as gold and silver, and increase the Raman
signals or with another word, their molecular fingerprints, which are formed because of
photons scattering inelastically as a result of the interaction of molecules with light. In this way,
the technique has gained a popularity in different fields from environmental monitoring to
sensing of biological molecules or metal ions. The raw material of SERS is the SERS substrates
specially produced for this technique. These substrates can be composed of the simplest
spherical plasmonic nanoparticles or one of the most complex cases, plasmonic composites
obtained by combining different materials. However, the goal is always the same: to reveal the

most powerful and problem-solving substrate for the SERS technique.

Bearing this in mind, the aim of this PhD thesis is to produce strong and functional
composite SERS substrates for different purposes. For this, SERS-based functionality of
composites resulting from the integration of zeolitic imidazolate frameworks (ZIFs) into
plasmonic particles and their plasmonic natures were investigated. ZIFs are typical porous
materials and are one of the sub-groups of the metal-organic frameworks (MOFs) that have
attracted much attention over the last two decades and are being studied by a new sub-branch
called reticular chemistry. Besides, it is one of the ideal MOFs to be easily integrated into

composites produced for thesis studies, thereby revealing more sophisticated SERS substrates.

The thesis consists of 4 chapters. Chapter one starts with a brief about the basic
nanotechnology concept and continues with information about plasmonic nanoparticles and
their nature. In the content of this thesis, gold, and silver nanoparticles are mentioned, and it
is shown how they are obtained in different morphologies with the seed-mediated growth
approach which is used for the experiments in the thesis. Subsequently, the definition and

mechanism of SERS, and the factors affecting SERS signal quality are defined. Then, plasmonic

xiii
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substrates that can be used for various SERS applications are mentioned. In this context, an
overview of MOFs has been taken, and their properties are examined. Among these MOFs, the
properties of ZIFs, and the composites arising from their association with Au and Ag NPs which
are the subject of the thesis, are specifically mentioned, and with SERS applications of these

plasmonic-ZIF-8 nanocomposites are concluded in chapter one.

Chapter two describes a method for the preparation of yolk-shell SERS sensors
consisting in a star-shape plasmonic gold nanoparticles coated with ZIF-8. This configuration
shows more colloidal stability, can sieve different molecules based on their size or charge,
seems to show some interesting synergy with gold for their application in photocatalysis and

present strong optical activity to be used as SERS sensors.

Chapter three is design and synthesis of a hybrid material comprising polystyrene sub-
microbeads coated with Ag nanospheres. This material provides a dense collection of
electromagnetic hotspots upon illumination with visible light. The subsequent coating with a
ZIF-8, and the adsorption of bathocuproine on it yields an optical sensor for SERS that can
detect specifically Cu(ll) in a variety of aqueous samples at the ultra-trace level. Detection limits
with this method are superior to those of inducted coupled plasma or atomic absorption and
comparable with those obtained with inducted coupled plasma coupled with a mass detector.

Finally, Chapter four provides general conclusions about thesis.

xiv
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1.1. Nanotechnology

1.1.1. Definition

Nanotechnology is the branch of science that marked the past century and is one of
the biggest building blocks of the incredible technological progress we have today. According
to the report published by the European Commission in 2006, nanotechnology is defined as
“the design, characterization, production and application of structures, devices and systems by
controlling shape and size at the nanoscale” [1]. In simpler terms, nanotechnology examines
the production and manipulation of any material at the nano-level, and the concept was
unofficially emerged in December 1959 with a speech by the famous physicist Richard
Feynman at the American Physical Society annual meeting [2]. In the meeting, Feynman asked
the participants a question such as "What would happen if we could arrange each atom
individually” and predicted that the production and manipulation of material at the nano-level
would be possible. Although it seemed more like science-fictional at that time, today it has
become the reality and ordinary to produce nanotechnological masterpieces that take their
power from different backgrounds such as engineering, mathematics, physics, and chemistry,
and examined them in many different fields. Thereby, numerous commercial products we use
in the market, or their contents consist of organic or inorganic nanotechnological materials [3-
5]. Undoubtedly, One of the best examples that can be given in this regard is that most of the
nanotechnological devices developed during the 2019 coronavirus disease (COVID-19)
pandemic, and the kits produced for easy detection of the virus are based on the concept of
nanotechnology [6, 7]. Although one of the frequently used areas of nanotechnology is in
medical applications, it has also found a place in different fields such as military technology [8],

solutions for environmental pollution [9], and space exploration [10].

The word nano is derived from a Greek word “Nanos” meaning “dwarf’. One
nanometer is expressed in “nm” and is equal to one billionth of a meter (10° m). The materials
with dimensions in this scale are classified as “nanoparticles (NPs)”. Generally, the materials
between 1 and 100 nm are being categorised in this class. On the other hand, the materials
which are larger than 100 nm are called “microparticles (MPs)” with different expressions. The
reason is that the large number of atoms at the edges of the material below 100 nm causes

the surface area of NPs to expand compared to MPs. Apart from that, the size also contributes
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to changes in the properties of the material, so nano and micro forms of the same material
tend to show different properties from each other. Figure 1.1 shows the nano-level, and their

comparison of surface/volume ratios with micro or macro materials.

Helium Atom Bacteria Pollen Quail Egg Tennis Ball
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Figure 1.1. Schematic representation of nano-level and changing of surface/volume parameters from

micro to nano dimension.

The production of materials with such small dimensions is not only very difficult but
also requires the collaboration from different branches of science. As a result, the materials of
both organic and inorganic origin that serve multidisciplinary purposes have been successfully
introduced. When we take a look at the NPs from an organic point of view, we notice to usage
of synthetic or natural polymeric NPs, such as liposomes, micelles, dendrimers, etc. These kinds
of NPs are generally accepted as free of their toxic nature, and more susceptible to medical
and pharmaceutical applications such as drug delivery [11-13]. The fact is that these particles
are mostly used as coating agents in medical research, their surfaces are easily functionalized,
adverse effects of them are very low, or they can be eliminated from the body as desired to
make them ideal carrier NPs for the most of drug. On the other hand, inorganic NPs are also
preferred due to their unique ability to be used in the medical field, as well as their
predisposition to more physical and chemical applications. For instance, magnetic materials

such as bare Fe304 and Fe;Os NPs are widely used in different disciplines, from medical to
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environmental applications, due to their strong magnetic properties [14, 15]. On the other
hand, TiO2 NPs, one of the another kind of metallic NPs, have been also frequently preferred
in antibacterial and paint products, and mainly can be used in catalysis studies [16, 17]. In fact,
most metallic elements and some lanthanides in the periodic table can find a place for different
applications thanks to their different physical and chemical properties. Moreover, each
metallic or organic compound can have stronger properties and wide usage areas not only by
itself but also by preparing as metal-metal or metal-organic composites. Among metallic NPs,
the ones with noble metal origins such as gold, silver or copper, which are called “plasmonic
NPs”, are very attractive metals for different chemical or biological applications and can be

used alone or in composite forms in various studies.
1.1.2. Plasmonic Nanoparticles

Throughout human history, brightly coloured metals have attracted people. For this
reason, noble metals such as palladium, silver, platinum, and gold, which are rare in nature,
have fascinated people at every moment of history due to their properties since the first age,
and that's why, they are still used as both valuable ornaments and universal commercial tools.
Among these noble metals, gold has always been regarded as an indicator of power,
sovereignty, and wealth. Likewise, it is known that silver, another noble metal, has been used
as money from early times. Both types of metals have been deified in ancient and modern

cultures for different reasons, such as being easy to be worked with or symbols of power.

Gold is a transition metal which has an atomic number of 79, a melting point of about
1063°C, and a boiling point of about 2855°C. It is represented by the symbol Au. In general, it
is distributed in rocks throughout a large part of the world but is found in very low
concentrations. Therefore, it is a difficult process to find and obtain. Its amount in the earth's
crust was estimated to be about from 0.001 to 0.006 ppm [18]. It is mostly found in its natural
form, but it can also be in mineral form with elements such as tellurium, silver, lead, sulphur,
copper, and bismuth. There are two major oxidation states, +1 and +3. The +1-oxidation state
is quite unstable, while the +3 state is stable. For this reason, two basic gold compounds such
as AuCls or HAuCls, which have a +3-oxidation state in general, are preferred in chemical
studies. Although it is mostly preferred as an ornamental item due to its brightness, it finds a
place for itself in different fields from electronics [19] to medical industry [20, 21]. On the other

hand, silver is also a precious metal with an atomic number of 47, a melting point of about
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1588°C, and a boiling point of about 3740°C. It is denoted by the symbol Ag. Just like gold, it is
quite shiny and relatively soft. For this reason, silver metal is preferred not only as jewellery
and ornaments, but also in mirrors because it reflects light well [22], in various surgical
instruments due to its antibacterial properties [23], and in electronic instruments and batteries
due to its conductivity [24]. The +1 and +2-oxidation states are most frequently encountered

in nature, and argentite is one of the most important mineral forms of silver.

In its shortest definition, plasmonics is a science that study with “plasmons” [25].
According to this, a plasmon can be described as collective oscillations of free electrons in
metals. When a surface of the metal such as gold or silver, is excited by the light of a certain
wavelength, the free electrons on the surface exhibit resonant oscillation. As a result, “surface
plasmons (SPs)”, which are the interaction between free electrons and the electromagnetic
field, are observed. These SPs can propagate in a wave-like manner along an interface between
a metal and a dielectric. This phenomenon is known as “surface plasmon polaritons (SPPs)”
[26]. SPPs can continue to propagate across the metal surface until the energy is dissipated
into free space by heat loss or radiation. The resonant oscillation of conduction electrons at an
interface between the negative and positive permittivity material is called “surface plasmon
resonance (SPR)” [27] and according to Drude’s model (1900), the equilibrium for plasmon

frequency (wp) for macroscopic metals is given by the relation:
2 _ nez/ 1.1
Wy = Em (1.1)

Where n is the number density of mobile charge carriers, e their charge, m their mass,
and go the relative permittivity of free space. For most metals, the w, value is in the UV regime
with the Fermi energies within 5-15 eV (5.53 eV for Au, and 5.517 eV for Ag) depending on the
metal band structure. It is also important that the collective oscillation of the free electrons is
not infinite and has to be relaxed by time. The relaxation time (or collision time) for plasmonic

metals (1) is closely related to the electrical conductivity (o) of the given metal:

2
5= net/ (1.2)
From this point of view, relaxation time can be calculated as:

T= O-m/nez (13)
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These relaxation times are, generally, equal to 31+12 x 10* s for Ag and 9.3+0.9 x 10°
155 for Au at room temperature [28]. With the relaxation time, it is possible to calculate what

frequency (y) the collective oscillation will be relaxed by electronic collision (1/7):
y=1/t (1.4)

Here, according to the theory, y is accepted as the parameter from a single source.
However, in reality, the electronic collision that defines the y parameter is known to come from

three different main sources. Accordingly, it may be rewritten eq. 1.4 as follows:

U= 1/Tee + 1/‘L'ep + 1/‘L'l- (1.5)

Where 1/teeis collisions between electrons, 1/tep is collisions between electrons and

phonons, and 1/7; is collisions between electrons and impurities.

Another parameter, Drude’s relaxation rate (I), for macroscopic plasmonic materials

can be calculated as:
I'=ht? (1.6)

Where h is Planck’s constant and tis the specific relaxation time for the given material.
Although Ag has a lower electron relaxation rate than Au, Au is widely used in many optical

applications due to the poor long-term stability and oxidation problem of Ag [29].

For the plasmonic NPs, their optical properties have been well-studied in many
different studies because of the interesting characteristics which are different from their bulk
counterparts, and specific application areas [30-32]. Generally, nanoparticular forms of
spherical Au and Ag are responsible for emerging red and yellow colours, respectively. Their
bright colours and optical properties have been of interest for centuries, and today, we know

that scientific studies of plasmonic NPs date back to the experiments of Michael Faraday [33].

Au NPs and Ag NPs are defined as “plasmonic NPs” due to these materials having very
special SPs called “localized surface plasmons (LSPs)”. In the case of plasmonic NPs, LSPs are
not-propagating excitations, and because of this reason, plasmon oscillation is distributed over
the whole particle volume [34]. If the size of macroscopic plasmonic materials is reduced to
nanoscale form, when the light hits the surface of these NPs, a high electromagnetic field which

is called “localized surface plasmon resonance (LSPR)” is observed near and in certain regions
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of the surface [35]. In this case, while the electrons on the surface of a plasmonic NP are freely
moving, they are forced to be oriented and periodically displaced due to the electric field of an
external light stimulus. The displacement event results in charges at opposite sides of the
particle. As a result, LSPs appear, the frequency of which is determined by the restoring force
and the mass of the electron [36]. The key difference between SPR and LSPR is in the length
scale for the plasmonic materials [37]. LSPR can be considered as a particular type of SPR, and

dimensions of plasmonic NPs are significantly smaller than wavelength of light (Figure 1.2).
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Figure 1.2. Schematic illustration of the interaction of electromagnetic radiation with a spherical

plasmonic NP.

Collective oscillation of the electrons in plasmonic NPs causes to appear optical

extinction cross-sections (Oext):
Oext = Oscat T Oabs (1.7)

Here, when the light comes to the surface of a plasmonic NP, the material scatters it in
different directions but at the same frequency as it came from. This situation is defined as
scattering cross-section (0scar)[38]. On the other hand, oscillating electrons lose some of their
energy as a form of heat because of the fact that plasmonic NPs are not perfect conductors
[39], and absorption cross-section (oaps) has to be put into the equation above. In this way, Oext

of plasmonic NPs can be calculated with contributions of both gscat and oges. The concept of Oex
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is strongly dependent on the dipole which is resulting from electron oscillations of plasmonic
NPs. On the other hand, the dipole is controlled by different factors such as the size, shape, or
composition of the NPs. Consequently, different extinction spectra can be observed (Figure

1.3).
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Figure 1.3. Representation of changing of LSPR position on plasmonic NPs. (A) When plasmonic NPs have
different morphologies are excited with a focused laser, different plasmon modes can be occurred. (B)
LSPR band position may vary in NPs of the same composition but different morphology, or NPs with the
same morphology but different composition. (C) Even little changings in the morphology cause huge

alterations in LSPR position. In here, the changes in LSPR position are given for star-shape Au NPs with

different tip lengths.

The Refractive index of a plasmonic nanomaterial is an essential parameter to
determine the properties of given material [40] and is directly related to the permittivity of the

material (€) which is given by the relation:

eK,w)y=1+ io(K, a))/eow (1.8)

Where K'is the wave vector and, w is the radial frequency of incident light. Because the
dimensions of plasmonic NPs are smaller than the wavelength of the incident light, K may

describe as 0, and dielectric function (DF) can be simplified as ¢(K = 0, w) = g(w). In this way,
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for non-transparent materials such as metals, DF is a complex-valued function of w and can be

given by the relation:
e(w) = g(w) + igy(w) (1.9)

Here, the function has real and imaginary parts as €1(w) and e2(w), respectively. In
addition, where i is described as an imaginary constant and given by V(-1). The real part of the
function is related to polarization and the imaginary part of the function, on the other hand,

determines the amount of absorption inside the medium [41].

Gustav Mie was the first scientist to calculate the concept of the optical cross-section
for plasmonic NPs with spherical morphology in the early 1900s. The theory, known today as
the “Mie theory”, was put forward based on Maxwell's equations of electromagnetism, the

permittivity of NPs and their surrounding medium:
Oexe = “/| g2 E21(2L + 1) (a; + b)) (1.10)

Oscar = 27/ g2 E212L+ D@l + b)) (1.12)

Here, K is the wave vector and / is a number and is associated with dipole (/ = 1),
quadrupole (/= 2), octupole (/= 3), and so on. a; and by are the part which includes Bessel and
Hankel functions, the radius of the given plasmonic NP, and the permittivity of the given NP.

According to the dipolar estimates 0scor and ggps can be given as:

32n*RO¢2 £E—¢ 2
Oscat = m//14 | m/g + 2€m| (1.12)
B 24n2R3efn/2/ g
Oaps = A /lg + nglz (1-13)

Where R is the radius of the given NP, and &5, is the permittivity of the surrounding
medium. For plasmonic NPs with very small dimensions, extinction equals absorption and
therefore, scattering can be neglected. On the other hand, as the composition or size of the

spherical NPs changes, the resulting oges and oscer Will also differ from each other (Figure 1.4).
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Figure 1.4. Absorption and scattering cross sections of Au and Ag NPs in water with diameter of 40, 60,

80, and 100 nm. Adapted with permission from ref. [39]. Copyright 2020, John Wiley and Sons.

1.1.3. Synthesis of Plasmonic Nanoparticles

All changes in the size, morphology, or composition of plasmonic NPs cause differences
in the optical properties of these materials as described above. In this way, plasmonic
nanomaterials which are specific to different applications can be designed. For instance, in a
plasmonic NP of the same composition but different sizes the position of the LSPR band will be
differed. Likewise, different LSPR widths or positioning due to morphology will also be
observed even if the composition and size are the same. This is a very important factor for
some applications, especially for surface-enhanced spectroscopy techniques [42]. Today,
although various synthesis approaches such as laser ablation, ultrasound- and microwave-
assisted, or biological approaches have been developed for plasmonic NPs of different
morphologies and compositions, synthesis and size growth approaches can be grouped into
three basic categories: (1) wet chemistry, (2) LaMer growth [43], and (3) aggregative growth
(44].

Wet chemistry is the most general method in NP synthesis. Accordingly, the metal
precursors are reduced in the presence of a reducing agent in the solution, and the particle

nucleation stage begins. The size of the particles can be controlled by various stabilizing agents,

11



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES

Tolga Zorlu

also called surfactants. These formed NPs can also be used as seeds to obtain NPs with different
morphologies in the next stages. In the LaMer growth approach, a heterogeneous nucleation
process is observed on the seed surface. In this way, in addition to size, morphological
diversification of NPs can be achieved through various shape-directing agents. On the other
hand, in the aggregative growth approach, the seeds formed as a result of nucleation fuse with
each other to reach NPs of larger sizes. If this fusion process can be implemented in a

controlled manner, monodisperse NP assemblies can be obtained.

When we look the scientific publications up in which Au NPs were produced
synthetically for the first time, we come across Michael Faraday's publication in 1857 [33]. In
this work, which examines the relationship between light and matter, Faraday was trying to
make Au sheets close to transparent. For this, he was performing to turn the golden leaves
into thin sheets by hammering. However, because he thought that the thicknesses of the
sheets were not enough, he decided to try a chemical treatment with a phosphorus-based
reducing agent. In this way, he saw that the fluid obtained was of ruby red colour, and after
continuing to use this fluid in his studies, he noted that “illuminated particles were identified in
this fluid”. These colloids produced by Faraday are still optically active today, and thanks to his
work, Faraday is known as the first researcher to make discoveries in the field of nanoscience
and nanotechnology. On the other hand, Ag NPs were first synthesized by Mathew Carey Lea
in 1889 [45]. In his study, Lea used the citrate-reduction method, which is one of the simplest
Ag NP synthesis methods, and obtained highly concentrated Ag hydrosols at room
temperature. After these primitive synthesis approaches about 150 years ago, the studies in

which the modern synthesis of NPs were reported with different methods [45-51].

Seed-mediated growth approaches are often preferred to be controlled the shape of
metallic NPs. The NPs obtained with this approach can be oriented to the desired morphology
and are showing unique properties for various applications. Simply, the synthesis procedure is
based on the elimination of unwanted and spontaneous nucleation during the growth of
crystals of different morphologies, and the final product strongly depends on the quality of the
initial seeds. Besides, it is possible to calculate the size of the final product. This expected size

can be calculated from a theoretical equation [52]:

r= rseed{([Madded] + [Mseed])/[Mseed]}1/3 (1-14)
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Here, r is the radius of the final and larger particle, rseeq is the radius of the seed NP,
[Maddea] is the concentration of added metal in growth solutions, and [Mseeq] is the

concentration of metal in seed NPs.

A typical seed-mediated growth procedure consists of two steps: (1) synthesis of the
seed NP and (2) incorporation of these seeds into a growth solution containing the metal
precursor, reducing, and shape-directing agent [53]. The activation energy required for a metal
reduction on seeds is lower than the energy required for homogeneous nucleation of seeds in
solution. In this way, the seeds added to the solution allow the autocatalytic growth of metal
atoms on them [54]. Besides, with the presence of seeds in the solution, the formation of
randomly formed polydisperse particles can be prevented and monodisperse NPs with desired

morphologies can be obtained.

Recent developments in the seed-mediated growth of Plasmonic Au and Ag NPs with
different morphologies and sizes have opened up the new opportunities in the usage of these
materials for different purposes (Figure 1.5). Thanks to the advantages of these materials in
the last two-decades, they have been integrated into different spectroscopy techniques such
as surface-enhanced Raman spectroscopy (SERS), surface-enhanced fluorescence (SEF),
surface-enhanced infrared absorption (SEIRA). Table 1.1 and 1.2 shows to common seed-

mediated synthesis conditions of Au and Ag NPs, respectively.
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Figure 1.5. Examples of the anisotropic NPs produced by seed-mediated growth approaches under
different experimental conditions. (A) TEM images of spherical Au NPs with different diameters: a) 15
nm, b) 23 nm, ¢) 46 nm, and d) 80 nm. The NPs were obtained using different seed (10 nm) solution
volume of 300 ul, 100 ul, 10 ul, and 5 ul, respectively. Adapted with permission from ref. [55].
Copyright 2013, John Wiley and Sons. (B) HRTEM images of Au NSs obtained from different kinds of
seeds: a-b) 2 nm of Pt, c-d) 2.3 nm Au, e-f) 15 nm Au, and g-h) 30 nm Au seed. The NSs were obtained
from [HAuCl4]/[seed] ratios of 45, 675, 67.5, 880, 1.5, 90, 1.5 and 11.5 from a to h, respectively. i)
Calculated extinction cross section for Au NSs with different sizes of the seeds using BEM. Adapted with
permission from ref. [56]. Copyright 2010, American Chemical Society. (C) TEM images of evolution of
Au NRs after different periods. Growth of NRs was halted by addition of MUTAB. Adapted with
permission from ref. [57]. Copyright 2013, American Chemical Society. (D) SEM images of Ag NCs
obtained using 1-5 nm of Ag seed, and transformation of the NCs to spherical Ag NPs after different
chemical etching time: a) O min, b) 105 min, c¢) 120 min, d) 135 min, e) 150 min, and f) 165 min. Adapted
with permission from ref. [58]. Copyright 2018, American Chemical Society. (E) Growth of Ag on
bipyramidal Au NPs: a) TEM images of symmetric and b) asymmetric growth of Ag on bipyramidal Au
NPs absence and presence of DMSO, respectively. ¢) and d) optical properties of Ag NRs prepared with
and without DMSO. Adapted with permission from ref. [59]. Copyright 2021, American Chemical Society.
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Table 1.1. Summary of different seed-mediated growth methodologies for Au NPs

Shape Reducing Stabilizing Agent Sizeseed SizeFfinal (nm) Ref.
Agent (nm)
Bipyramid | Ascorbic acid CTAB 6.1+0.2 44 +1.6to [60]
585.9+29.7
Cube Ascorbic acid CTAB 3.5 25-50 [61]
Prism Ascorbic acid - 52+06 From 148+ 135 [62]
to 220+ 13.6
Rod Ascorbic acid CTAB <4 7—12* [63]
Hydroquinone CTAB 3-4 6— 8% [57]
Sphere Hydroquinone Citric acid 15 From65.6+5to [64]
92.2+4
Ascorbic acid PEI 612 From 37 +3 to [65]
108 + 20
Ascorbic acid CTAC From 10 From 15to 150  [55]
to 46
Star Ascorbic acid CTAB 11.4+09 82.6 £ 4.9** [66]
DMF PVP From 2 to From 45 to [56]
30 100**
Triangle 3-Butenoic BDAC 548+4 From86.3+x4to [67]
acid 173.7+7.1
Ascorbic acid CTAC From <2 From 40to 150 [68]
to 10
Wire Citric acid - 132 Various lengths  [69]
Ascorbic acid CTAB 2-3 From 700 to [70]
4450

(*) Aspect ratio according to the Length per diameter of Au nanorods, and (**) The Size from

length-to-length
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Table 1.2. Summary of different seed-mediated growth methodologies for Ag NPs.

Shape Reducing Stabilizing Sizeseed (NM) Sizefinal (nm) Ref.
Agent Agent
Bipyramid | Ascorbic acid CTAB 2-5 87 + 3* [71]
NaBr, Ethylene PVP 25 From 75to 150  [72]
glycol
Cube Ascorbic acid CTAC 1-5 From 23 to 60 [73]
Plate Ascorbic acid CTAB 14+4,31+8 67 + 9* [74]
Prism Ascorbic acid, - Various size From 52+ 6to [75]
Citric acid 1050 + 31*
Rod** Ascorbic acid CTAC From 69 + 3 to From 100 to [59]
76 £ 5" 350°
Sphere Citric acid - 4 From 20 to 74 [76]
Citric acid, - Various sizes From 10to 200  [77]
Tannic acid
Ascorbic acid - 23 From 40to 300 [78]
Triangle Ascorbic acid CTAB 3.4 46 [79]
Ascorbic acid - 5.6 and 10.8 From 17.5 to [80]
78.7

(*) Edge length and (**) Au seeds were used
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1.2. Surface-Enhanced Raman Spectroscopy

1.2.1. Definition

Undoubtedly, SERS is an advance spectroscopy technique in which the nature of
plasmonic NPs is the best reflected. The technique takes advantage of plasmonic NPs
concentrating electromagnetic energy via LSPR. In this way, it is aimed to greatly enhance the
Raman signals of molecules adsorbed on the plasmonic surface by employing inelastic light
scattering. These enhancement factors can be 108 or more, and in some cases, allow for single-

molecule detection as well [81].

SERS is based on the logic of amplifying the signals of molecules from Raman scattering
through plasmonic NPs. In terms of SERS, the first appearance of the technique took place
almost fifty years after the concept of “Raman scattering” was introduced to the literature,
and as a result of an accident. In 1974, Fleischmann et. al reported that an unexpected Raman
signal enhancement from pyridine adsorbed on a roughened Ag electrode [82]. However, in
reporting these findings, it was suggested that the increase in Raman signal was due to the
surface area of the Ag electrode used, and thus the presence of much more pyridine adsorbed
to the surface area. The real reason was revealed by Albrecht and Creighton, who repeated
the same experiment three years after Fleischmann and his co-workers, and observed a 10°-
fold increase in the pyridine Raman signal with the help of Ag electrode, and accordingly, they
suggested that this phenomenon may be due to the SPR effect of plasmonic Ag surface [83].
In 1978, Moskovits correctly predicted that in addition to roughened metal electrodes, Raman
signal enhancement could also occur for colloidal metal particles [84]. Creighton et al. (1979)
confirmed this prediction in their work with Ag and Au hydrosols [85]. Thanks to these
discoveries, the SERS technique has become an important tool for analytical purposes to

overcome the low efficiency of Raman scattering processes.
1.2.2. Raman Scattering

Raman scattering of a molecule is the inelastic scattering produces when the molecule
interacts with a light. When this phenomenon was proved by the experiments of Raman and

Krishnan almost a century ago, it began to be called Raman scattering [86].
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When molecules interact with a monochromatic beam of light, a scattering process is
observed. During the process, if the frequency of the incident photon (Wincident) is equal to the
frequency of the emitted photon (wemitted), @ type of elastic scattering called “Rayleigh
scattering” occurs. On the other hand, there is a small probability of energy exchange between
Wincident aNd Wemitted, and this kind of exchange gives us the “spectroscopic fingerprint” of the
molecule of interest. This new type of scattering, which is different from Rayleigh scattering
because of energy exchange, is called Raman scattering. In Raman scattering, the frequency of
the incident photon can be greater or less than the frequency of the emitted photon. In this
case, “Stokes” ( Wincident > Wemitted) and “anti-Stokes” scattering (Wemitted > Wincident) are detected.
Rayleigh scattering is 104-105 times more intense than Raman scattering. The energy
generated by anti-Stokes scattering is considerably lower than the energy produced by Stokes
scattering. For this reason, the energy generated by anti-Stokes scattering is often ignored

(Figure 1.6).

N Y

et
0
A §

i\“\e‘\
of

(7 we

Virtual State ------ ["""""1("‘ ———————— P et
wmu( en wn\rldm\ = wmmt ed [
. ' i g v &
e .. »
lens > (uer”

Molecule tteq Stokes Rayleigh Anti-Stokes

B Stokes Rayleigh Anti-Stokes

A E R S Virtual State €l A------ El o--------

Radiative Emission

Vibrational States ————— E
Ground State e \

A

|

Intensity

v

Raman Shift (cm?)

Figure 1.6. (A) Schematic representation of the three possible scattering phenomena via Raman active
molecule. Jablonski diagram also shows the electronic transitions involved with the different scattering
observed. (B) The Raman spectrum of one of the model molecule, aspirin, and visualization of Stokes,
Rayleigh, and anti-Stokes scattering in the spectra. Boltzmann energy distribution also indicates that
occurring of anti-Stokes scattering is less probable than Stokes scattering. Where E and p relates with

energy and population density, respectively. Adapted from ref. [87].
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There are some fundamental differences that distinguish Raman spectroscopy from
widely used analytical spectroscopy methods such as infrared (IR). First, Raman spectroscopy
is the measurement of inelastic scattering produced by vibrating molecules. IR spectroscopy,
on the other hand, measures the light absorbed by these molecules. Another important
difference is that for these vibrations to become Raman active, there must be changes in their
polarizability. In contrast, in the IR active state, there must be changes in the dipole moment.
This takes us to the “mutual exclusion principle”. According to this principle, a molecule with
central symmetry such as CO;, has polarization or dipole moment properties because the
bonds between atoms of the molecule can exhibit symmetrical or asymmetric vibrations.
Therefore, the CO; molecule cannot be Raman or IR active at the same time (Figure 1.7A).
Instead, complex molecules are excluded from this principle because they do not have central
symmetry. For instance, H,O does not have any molecular symmetry, so both Raman and IR
can be active at the same time (Figure 1.7B). Other differences between Raman and IR
spectroscopy are that water does not block the Raman spectra. Solid, liquid and gas forms of
different samples can be used in Raman spectroscopy whereas gaseous samples are generally

not preferred in IR spectroscopy.
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Figure 1.7. Schematic representation of mutual exclusion principle. (A) a molecule with central symmetry
such as CO; has polarization and dipole moment properties. For this reason, it cannot be IR and Raman
active at the same time. (B) On the other hand, water molecule can be both IR and Raman active at the

same time because of it has not any central symmetry.
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When we look at Raman spectra of a molecule of interest, Rayleigh scattering gives a
single and very intense peak and does not give us any information about the vibrational
transitions of the molecule. Contrary, in this spectroscopy method, the differences in the
wavelength of inelastically scattered light are measured according to the wavelength of the
light interacting with the molecule. These differences are called “Raman shifts” and it is
referred to as cm™. Raman shift values are negative for anti-Stokes scattering and positive for
Stokes scattering due to energy loss and gain. The equilibrium for Raman shift is given by the

relation:

_ h(wincident — (Uemitted)/c (1.15)

cm-! = 1/1. _ 1//1

incident emitted

Where Aincident is the incident radiation wavelength, Aemitted is the scattered photon

radiation wavelength, and c is de velocity of light.

In the data obtained from Raman spectroscopy, apart from the Raman shift, the
intensities of the peaks are also very important to understand how much the examined sample
is present in the environment. This is also known as the “intensity of Raman scattering (Igs)”

and is the number of photons scattering over all molecular directions over the mean time unit:
Irs = ogsly (1.16)
Where ogs is the Raman cross-section and /g is the incoming flux of photons.
1.2.3. Mechanism of SERS Enhancement

The biggest feature of the SERS technique is that it increases ordinary Raman intensities
to gigantic levels. In classical Raman spectroscopy, the interaction occurs between the incident
light and the molecule of interest; In addition, interactions with plasmonic NPs are also
involved in SERS. In performing this enhancement, the technique uses two different generally
accepted mechanisms: (1) electromagnetic, and (2) chemical enhancement mechanisms

(Figure 1.8).
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Electromagnetic Enhancement Chemical Enhancement

Figure 1.8. Illustration of SERS enhancement mechanisms. In electromagnetic enhancement, SERS signal
of the molecule of interest can be greatly enhanced mainly because of “hotspots” contribution. On the
other hand, chemical enhancement mechanism is about some physicochemical properties such as
electron transfer and modification of polarizability of the molecule which is adsorbed on the plasmonic

surface.

In the electromagnetic enhancement (EME) mechanism, one of the dominant
contributions to SERS, dramatic enhancement is seen in SERS signals, approximately 101°-10*!
[88]. EME is based on LSPRs, and large local field enhancements are applied to molecules
adsorbed on or near these NPs [89]. Because of LSPR, the nature of EME is tightly dependent
on different factors such as the type, morphology, size, and dielectric properties of plasmonic
NPs [90]. By EME, local field enhancements on the surface of plasmonic NPs can be considered
to occur in two successive steps, both by incident light and Raman scattering. The first is the
enhancement of a local field near the plasmonic NPs at the resonant incident frequency, and
the other one is the further enhancement of Raman scattering, which occurs when Raman
frequency and plasmon resonance overlap [91]. If the frequencies of the incident light and the
Stokes scattering of the molecule of interest are similar, then the magnitude of the signal
intensity enhancement is approximately proportional to the fourth power of the field

amplitude [92]:
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I, = |Eloc(w0)|2|Eloc(wR)|2 ~ IEloc((‘)R)|4 (1 17)
M |Eo(00)|?|Eo(wp)|? [Eo(wo)l*

Here, Iy is the magnitude of the signal intensity enhancement, Eg and Ejoc the incident
field on plasmonic NP and local field at the molecule of interest, respectively, wp is the incident

frequency of light and, ws is Raman frequency of scattered light.

Moreover, depending on their distance, very strong electromagnetic and
inhomogeneous enhanced electromagnetic fields are formed between more than one
plasmonic NP. These areas, called “hotspots”, are the result of interparticle interactions and
are generally quite strong within sub-10 nm gaps [93]. If the molecule of interest is smaller
than the size of these gaps and is within the hotspot area, there is a tremendous increase in
the Raman frequency of scattered light and thus the SERS intensity of that molecule. The
increasing also depends on factors such as the radius of the NP and the distance of the

molecule from the plasmonic surface.

On the other hand, the chemical enhancement (CE) mechanism is based on the change
in the Raman polarizability tensor of the molecule-surface complex formed as a result of the
molecule chemically adsorbed on the plasmonic surface [89]. It can be considered as a charge
transfer from the adsorbed molecule of interest to the plasmonic metal or from this molecule
to the metal. When compared to EME, CE mechanism provides a relatively less overall
enhancement for SERS, approximately 10'-10%, and is entirely related to changes in the

polarizability of the surface adsorbed molecule.
1.2.4. The Factors Affecting SERS

One of the vital issues for SERS applications is to increase the quality of the signal
obtained from the molecule of interest. While doing this, some factors have fundamental
importance such as correct estimation of the SERS enhancement factor (EF), instrumental

condition, and correct adjustment of the substrate-molecule interaction.

One of the most important features that distinguish SERS from classical Raman
spectroscopy is the SERS substrates. By accurately estimating the EFs of these substrates, novel
SERS substrates can be revealed, and more illuminating information can be obtained about

their analytical performance:
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I N
EF — 'SERS RS/I

rs Nsers (1.18)

Where Isers and [gs are collected intensities from SERS and Raman spectroscopy,
respectively. On the other hand, Nsers and Ngs are the numbers of molecules probed by SERS

and Raman spectroscopy, respectively.

Data obtained from Raman intensities might differ according to dry and liquid samples.
This causes that Ngsto vary according to the physical condition of the analyte. When measuring

a dry sample in Raman spectroscopy, Ngs is calculated as:
Nps = pur?t (1.19)

Here, p and t are the density and thickness of the dry sample, respectively, and r is the
laser spot radius. When calculating Ngs from the liquid samples, the concentration (Cgs) and

volume (V) of the solution should be well known. Ngs from solutions is calculated as [94]:
NRS == CR5V (120)

For this equation, the concept of “effective volume (Ve)” was introduced when

calculating the Ngs from the liquid sample [95]. According to this:
Ve = Al (1.21)

Where A is the area of laser spot size and / represents the thickness of an ultrathin film
or solution layer near the “ideal focal plane (z)”. Hence, at the ideal focal plane (z = 0), the /zs
is expected to be at its highest for liquid samples. With Raman signals collected from below
and above of ideal focal plane, the average signal is integrated with the signals from the

different planes and / can be calculated:

3 fjoool(z)dz

l = (1.22)

Imax

On the other hand, calculating Nsers is simpler than Ngs and it is sufficient to know only
the geometric surface area of the illuminated spot (S)) and the area/areas occupied by the

molecule of interest (Swm):

S
Nsgrs = I/SM (1.23)
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When all these factors are obtained correctly, EF can be calculated exactly, thus,
improved the quality of SERS applications, and better comparing the performances of SERS

substrates with each other.

Generally, SERS and therefore the substrates are often criticized for their low
reproducibility and unavailability in terms of universal methods. Changing instrumental
conditions or sample preparation techniques are negatively influence SERS reproducibility [96].
The improvement of these factors is directly proportional to the increase in SERS performance.
Although the equipment of different qualities are used for SERS, basic conditions such as
focusing position and laser power are important in terms of reproducibility as they determine
how much the SERS signal is dispersed and how much is detected from the analyte [97].
Another important parameter is the excitation wavelength for the molecules of interest. The
correct selection of the excitation wavelength in various SERS applications directly affects the
fate of the measurement. There are eight different excitation wavelengths used in Raman
spectroscopy: (1) 244 nm, (2) 325 nm, (3) 488 nm, (4) 514 nm, (5) 532 nm, (6) 633 nm, (7) 785
nm and (8) 830 nm. Among them; 244 and 325 nm are used in the electronics and
semiconductor industry, while 488, 514, 532 and 633 nm are for general use [98]. On the other
hand, 785 and 830 nm find themselves in the SERS applications of sensitive samples such as
biological samples. The most common laser sources in SERS are those that remain in the visible
(from 488 to 633 nm) and near-infrared lines (785 and 830 nm). The point to be considered
when using these excitation wavelengths is that which objective should be used for a SERS
application when the signal is taken from the analyte. For instance, reducing the augments of
the objective will reduce the energy density of the molecule of interest, and SERS signal quality
is negatively-affected even if the same sample and same excitation wavelength are used [98]

(Figure 1.9A).

The consensus is that it is ideal to use a wavelength that is slightly red-shifted from the
maximum LSPR [99]. However, some studies claim the opposite, and suggest that a wavelength
that is slightly blue-shifted from the maximum LSPR should be used [100]. The important point,
however, is to establish the LSPR profile before and after the plasmonic surface has been
treated with the analyte. In this way, the excitation wavelength to be used can be decided

more accurately (Figure 1.9B).
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Figure 1.9. (A) SERS spectra of BT adsorbed on Ag NPs upon excitation with a 514 nm laser with the
same power at the sample but using different objectives. Adapted with permission from ref. [98].
Copyright 2012, American Chemical Society. (B) LSPR shift and SERES profile of BT. Amax: 672 nm is the
LSPR extinction of the NP, Amax: 729 nm is the LSPR extinction of BT adsorbed on the NPs, and Aexmax: 692
nm is the best excitation wavelength according to the SERES data points. Adapted with permission from
ref. [100]. Copyright 2005, American Chemical Society. (C) Photocombustion of the sample. Blue and
black lines show the amorphous carbon background. On the other hand, yellow and red spectra indicate
that SERS fingerprint of 1-NAT at time O and 1470 s, respectively. Adapted with permission from ref.
[98]. Copyright 2012, American Chemical Society.

One of the worst things about the wrong selection of excitation wavelength is that it
might cause the sample to burn (Figure 1.9C). This is a common problem for SERS known as
“photocombustion” [101]. One of the most common examples of this phenomenon is the
undesired sp? stretching observed at 1360-1560 cm™ as a result of graphitic or carbon
formations, also known as “cathedral bands” [98, 102]. This problem can be avoided by

reducing magnifications or the laser power.

The background noises affect the received signal quality during SERS measurements. In
particular, these noises are more dominant when the analyte concentration is low. One of the

first and perhaps the best interventions to eliminate this problem is to take some steps directly
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to improve the signal quality of the analytes. The molecules with functional groups such as —
SH, =NHz, =NH*, =COO, —CN, and carbony! give very high SERS signals due to their strong
binding to the plasmonic metal surface [103]. However, not every analyte has such functional
groups, and it is, therefore, more appropriate to work towards the development of novel

plasmonic substrates rather than molecules.

The simplest improvement that can be made to plasmonic substrates is electrostatic
modifications. We can see this in the case of citrate-capped Au or Ag NPs. Thus, these
plasmonic NPs with negative surface charge can easily interact with a positively charged
analyte, such as RhB, MG, and CV dyes, and a strong SERS signal can be collected [95]. In the
cases where it is not sufficient, bimetallic plasmonic nanocomposites can be produced, and
stronger SERS performances can be obtained. Another improvement that can increase the
interaction of the analyte with the plasmonic surface is the covalent attachment of an analyte-
specific molecule to the plasmonic surface. In this method, which is also called the “in-direct”
SERS method, the molecules that normally give a low signal for SERS are easily captured by the

molecule-specific “bridge molecules” on the surface, thus increasing SERS signal.

One of the challenging topics to improve substrate-molecule interaction is that being
the development of plasmonic nanocomposites and is the introduction of different types of
materials as novel SERS substrates [104-106]. Plasmonic NPs with different sizes,
morphologies, or compositions, can be used not only alone but also with various polymers,
metals that do not have a plasmonic nature, or porous materials such as mesoporous SiO; or
metal-organic frameworks (MOFs). In this way, application-specific SERS-based analytical

detections of the various molecules at very low detection limits can be easily carried out.
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1.3. Plasmonic Nanocomposites as SERS Substrates
1.3.1. Definition

Although plasmonic NPs with different sizes or morphologies have unique optical
properties, different SERS applications needs many more different types of substrates for
reasons such as increasing light-matter interaction, chemical stability, application functionality,
and reaching low detection limits for the analytes. It can be easily reached these desired
properties via plasmonic nanocomposites formed by combining different plasmonic and/or

not-plasmonic materials under a single roof.

According to IUPAC recommendation, a nanocomposite is defined as “composite in
which at least one of the phase domains has at least one dimension of the order of nanometres”
[107]. The term nanocomposite is generally used for complex materials in nano-form in which
materials with more than one different property are brought together. Although the term
seems to have emerged in the last two-decades, the first hybrid nanomaterials were reported

in 1957 with magnetic Co@CoO NPs [108].

When it comes to enhancing substrate-analyte interaction and performing lower levels
of SERS detection, the questions such as why we need such a complex material can be easily
answered, and the advantages of such nanocomposites as SERS substrates can be better
understood. The first, the presence of a plasmonic NP as a hybrid with another material can
protect it from oxidation or increase its stability throughout the SERS measurements. Hence,
the nanocomposite obtained from NPs coated with a second metallic or organic materials can
provide this property. The second, plasmonic nanocomposites turn into complex materials
with not only a single property, but also different properties. The best examples of this are that
magnetoplasmonic materials exhibit both plasmonic and magnetic behavior or that plasmonic
NPs that can be integrated into materials with catalytic properties such as TiO2 and ZnO also
act as well-catalysts. The third, a nanocomposite can be gained more affinity to chemical or
biological structures for SERS-based applications. This means that molecules that are normally
difficult to detect can be detected without any problems. Finally, the optical properties of these
kinds of nanocomposites can be easily adjusted according to the type of final product being

produced.
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Plasmonic nanocomposites can be broadly classified into two main groups: (1) layer-
by-layer (LbL) self-assembled plasmonic nanocomposites, and (2) core-shell plasmonic

nanocomposites.
1.3.2. Layer-by-Layer Assembled Plasmonic Nanocomposites

The layer-by-layer (LbL) technique can be explained as the sequential and electrostatic
adsorption of oppositely charged polymers, or polyelectrolytes (PE), on each other. One of the
first studies based on this technique was carried out in 1997 with PEs sequentially adsorbed
on a charged planar substrate [109]. Since then, not only charged planes but also different
types of particles have been used as templates for the adsorption of these PEs on each other.
The LbL technique generally starts with the preparation of a PE solution and the addition of a
template material with an opposite charge into this solution. This allows the PE to be adsorbed
on the template surface. The obtained PE-coated template is added into another PE solution
with an opposite charge to the adsorbed, and this process is continued so that the desired
charge remains on the outer surface. Generally, the final surface charge must be greater than
+25 mV or lower than -25 mV because of PE adsorption, so that the nanocomposites do not
aggregate in the solution. The method serves as a basic technique for obtaining a wide variety
of colloidal plasmonic nanocomposites. In this way, different kinds of plasmonic

nanocomposites can be easily prepared (Figure 1.10).

One of the biggest advantages of the LbL technique is that it is suitable for almost all
colloidal templates, and the templates with different sizes, morphology or composition do not
pose a problem for this method. Moreover, a wide variety of PEs such as PSS, PMAA, PAH,
PDDA or PLL can be used for this method. On the other hand, there are two main disadvantages
of the method. One is that it is very time-consuming due to the steps such as PE coating,
purification, and NP deposition, and the other one is that since PEs are adsorbed on the
template surface by electrostatic interactions, it can be observed that these PEs are also de-
adsorbed from the surface over time. This may cause the nanomaterials deposited on the
surface to separate from the template material, and become free in the medium, because of

the changing of the final surface charge of the material used for the template.

28



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES
Tolga Zorlu

(+)PE/(-)PE/(+)PE Plasmonic NPs

—_— °
9000 000000

Figure 1.10. Schematic representation of LbL technique. (A) Coating of an inert template with PEs and
depositing of plasmonic NPs onto it. Inset figures show TEM images of the nanocomposites which
obtained from an inert template, PS bead, and Ag NPs on the surface of it. (B) Coating of a plasmonic
NPs with PEs and depositing of other plasmonic NPs onto it: |) Au-Au core-satellite nanocomposites
coated with SiO; shell (with spherical core), and Il) the structures with Au NR core. Adapted with
permission from ref. [110]. Copyright 2018, Royal Society of Chemistry. (C) Coating of TiO, NW template
with PE and depositing of plasmonic NPs and TiO, NPs onto it. TEM images of the nanocomposites with
different molar ratios of Au/TiO5: 1) 0.023, Il) 0.059 and Ill) 0.1. Adapted with permission from ref. [111].

Copyright 2019, Multidisciplinary Digital Publishing Institute.

The distances between the plasmonic NPs deposited onto the surface can be increased
or decreased with changes in the NP deposition time or with multistage deposition methods.
Adjustment of these inter-NP gaps is a factor that determines the interparticle plasmon
coupling in particular. Plasmon coupling is a very important phenomenon for SERS and
generally broadened and redshifted LSPR bands due to the coupling are not preferred in some

applications [112].

In some SERS applications, these kinds of nanocomposites can be coated with another
material. In this way, it is expected that the plasmonic nanocomposite will not be affected by
changes in different and realistic environmental conditions, so that the SERS signal quality will

remain the same as the experimental conditions. It is also observed in some cases where the
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template material is eliminated. In this manner, plasmonic NPs, which cannot be dispersed into
the environment with the help of the outer shell, are trapped inside the shell and are free in
the large voids obtained due to the destruction of the template. This results in an increase in
the SERS signal from the analyte due to both more analyte filling into these voids and more
hotspots appearing between the plasmonic NPs. In one of these studies, Marifio-Lopez et al.
(2019) developed a SERS substrate made of microporous SiO2 capsule in which Au NPs are
entrapped capable of detecting analytes in natural water [113]. For this, the authors coated PS
templates with LbL technique and adsorbed Au seeds onto these templates. Then, the
nanocomposite was covered with SiO; shell and PS template was removed at 600°C to obtain
void@Au@SiO2 nanocomposites as SERS substrates. Finally, the authors grew the seeds in the
composite with growth solutions. The results show that even in natural river water, the

composites retain their colloidal stability and can detect DDT up to 1.77 ppb.
1.3.3. Core-Shell Plasmonic Nanocomposites

Core-shell materials are one of the special classes of nanocomposites. A typical
plasmonic core-shell nanocomposite has two main parts, core, and shell parts. By increasing
or decreasing the core size and shell thickness, or by changing the morphology of these parts,
the plasmonic properties of the nanocomposite can also be adjusted as desired. In this type of
material, the part that works effectively in various SERS applications can be a core, shell, or
both. If the core is the effective part, then the shell is responsible for protecting it for various
reasons. These reasons include protecting the core from aggregation, high temperature and

oxidation or keeping unwanted side-reactions in the solution away from the core.

Biplasmonic core-shell nanocomposites are one of the highly beneficial SERS
substrates. In these substrates, Au NPs are generally chosen as core materials due to its
stability and easy preparation. Likewise, there are also core-shell materials in which Ag NPs are
selected as cores. The advantage is that, better SERS performances and broadening the range
of excitation spectrum can be achieved because both parts of the nanocomposite are
plasmonic [114]. In addition, different extinction spectrums can be obtained depending on the
plasmonic material used in the core and shell, or the thickness of the plasmonic shell (Figure
1.11). The shell thickness is an important issue not only for biplasmonic core-shell but also for
all of the core-shell nanocomposites, and it can easily affect the SERS activity of the substrate.

In one study, Wang et al. (2019) tested the SERS performance of Au@Ag biplasmonic core-
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shell materials with different Ag shell thicknesses on R6G and thiram, a pesticide [115]. The
results showed that among different Ag shell thicknesses ranging from 3 to 13 nm, covering an
Au core of about 32 nm, the nanocomposite with a thickness of 8.5 nm gave the best SERS
performance. The authors also reported that the Ag shell thickness exceeded a certain
threshold value, and therefore, the SERS activities of the nanocomposites with shell
thicknesses higher than the optimum value decreased. On the other hand, the nanocomposite
with a shell thickness of 8.5 nm was able to detect R6G and thiram up to 1x1072 M and

1.09x107° M, respectively.
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Figure 1.11. Extinction spectrums of different types of plasmonic-plasmonic core-shell nanocomposites.
The LSPRs of the nanocomposites of the same composition differ from each other depending on which
plasmonic material is used in the core or shell: (A) The spectrum of core-shell Ag@Au NPs, and (B) core-
shell Au@Ag NPs. Adapted with permission from ref. [116]. Copyright 2020, Springer Nature. (C) The
simulation of the changing of LSPR of Au@Ag nanocomposites with different Ag shell thicknesses

increasing from 0.1 to 10 nm. Adapted with permission from ref. [117]. Copyright 2012, Springer Nature.

Post-modifications of biplasmonic core-shell nanocomposites in various ways can also
yield stronger SERS substrates. The most commonly used of these post-modifications is the
Galvanic replacement reaction (GRR) [118]. GRR is a corrosion process caused by the
electrochemical potential difference between two different metals [119]. When this reaction
is applied to a biplasmonic nanocomposite, we see that Ag disappears, and porous or hollow
SERS substrates can be obtained depending on where Ag is in the core-shell structure. The
study of Wang et al. (2022) can be given as a good example for this issue [120]. Accordingly,
the authors added HAuCls at certain concentrations to Au@Ag and Ag@Au nanocomposites to
obtain porous NP and porous nanoshell materials, respectively, and compared these

substrates with Au NPs in terms of both SERS performance and drug loading capacity, using
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DOX, an anticancer drug. The results showed that the DOX signal collected by porous NPs is
68-times more intense compared to Au NPs under SERS. On the other hand, it was revealed

that porous nanoshells are the materials with the highest DOX loading capacity.

Plasmonic nanomaterials can be also used with non-plasmonic materials to obtain
novel nanocomposites with different properties for SERS applications. Commonly used metals
for the core, which do not have a plasmonic nature, are usually chosen from magnetic NPs
[121, 122]. These types of substrates are particularly ideal for many SERS applications, as they
can both move under a magnetic field and exhibit plasmonic characteristics. For instance,
Nguyen et al. (2020) investigated the separation and SERS detection of thiram via core-shell
nanocomposite consisting of the magnetic core and plasmonic shell in star morphology [123].
It was reported that the nanocomposite successfully achieved magnetic separation in diluted
thiram solution and could detect 10® M thiram via SERS. Another material that can be widely
used with plasmonic materials in nanocomposite form is TiO, NP [124-126]. Yang et al. (2021)
coated Ag NPs with different thicknesses of TiO,, and tested these nanocomposites for thiram
detection [127]. The authors reported that a thiram detection limit as low as 1.15x1071° M
could be reached, as TiO; acts not only as a shell but also as a spacer between the plasmonic
Ag core and the thiram molecule. It was also confirmed that nanocomposites with shell
thickness of about 12 nm have higher SERS performance than those with shell thickness of

about 22 nm.

For some SERS applications, plasmonic NPs may need to be coated with chemically inert
materials. Normally, the changes in the position of the LSPR bands are observed before and
after the aggregation of the plasmonic NPs. These are very useful for not only in SERS but also
for various bioanalytical colorimetric studies as colour changes can be observed with the naked
eye. However, there are some disadvantages such as adsorbing unwanted biomolecules to the
plasmonic surface or desorption of ligands that are not covalently bound on the surface. To
eliminate these disadvantages, plasmonic NPs can be coated with inert materials such as SiO»
to ensure sustainability in SERS applications. The study carried out by Shanthil et al. (2012) is a
very good example in this regard [128]. In the study, the effects of approximately 60 nm Ag
NPs coated with different SiO, shell thicknesses (from 3 to 25 nm), and pyrene signal

enhancement were investigated. The results showed that the nanocomposites with the shells
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thinner than 15 nm significantly increased the signal, and the nanocomposites with 5 nm shell

thickness possessed the best SERS performance (Figure 1.12).
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Fig. 1.12. (A-E) HRTEM images of Ag@SiO; nanocomposites with different SiO; thicknesses. (A’-E’) FDTD
simulations of the relative electric field around the corresponding Ag@SiO, nanocomposites. (F)
Extinction spectra of Ag NP (blue solid), Ag@SiO, NP with 25 nm shell thickness (black dash-dotted), and
Ag@SiO, NP with 3 nm shell thickness after addition of pyrene (red-dotted). (G) SERS spectra of Pyrene
with Ag@SiO. with different shell thicknesses. Inset shows EF plot of 1239 cm™. (H) HRTEM images of
isolated Ag@SiO- dimers with different shell thicknesses. 1) 6 nm, 2) 10 nm, 3) 15 nm, and 4) 25 nm. 1)
FDTD simulations of the relative electric field around the corresponding Ag@SiO, dimers. Adapted with

permission from ref. [128]. Copyright 2012, American Chemical Society.
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1.4. Metal-Organic Frameworks

1.4.1. Definition

MOFs are one the extraordinary materials that can be integrated with plasmonic NPs,
thus allowing to obtain of highly innovative plasmonic nanocomposites for SERS applications.
According to IUPAC recommendation, MOFs are defined as “a metal-organic framework,
abbreviated to MOF, is a coordination network with organic ligands containing potential
voids”[129]. The key feature of MOFs is that polynuclear metal clusters can form strong bonds
with organic molecules called linkers, revealing crystalline solid lattice structures. Due to the
diversity of metal ions in the centre of the structure, and different organic linkers that can bind
toit, itis theoretically possible to obtain a solid net or framework with different properties and
complexity. At this point, the concept of a secondary building unit (SBU) should also be
mentioned. SBU is the most basic building block of MOFs and is also known as metal cluster
entities [130]. These metal clusters are linked to each other by functional and branched organic
linkers. Depending on the modifications of SBUs or the change in the length of the linkers
connected to a selected constant SBU, it is possible to obtain the MOFs with different

properties (Figure 1.13).
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Figure 1.13. (A) SBUs are easily modified by some post-synthetic methods to obtain MOFs with different
properties. Adapted with permission with from ref. [131]. Copyright 2020, Royal Society of Chemistry.
(B) The same SBU can be also used with different linkers. Yellow spheres represent the pore size for each
MOF. Adapted with permission from ref. [132]. Copyright 2002, The American Association for the

Advancement of Science.
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1.4.2. Emergence of MOFs

Although usage and investigation of MOFs have been seen in almost the last two
decades, we see that their primitive versions like Prussian blue was reported in the 1700s [133].
However, a better understanding of these compounds would come true almost a century and
a half from that time with Alfred Werner [134]. In his research, which is that he was trying to
explain the nature of chemical bonds in products, Werner obtained yellow (CoCls-6NH3), purple
(CoCl3-5NH3), green (CoCls-4NHs), and sometimes violet-coloured (CoCls-4NHs) products when
he reacted to CoClz with different amounts of NHs. Accordingly, Werner suggested that the
metal ions in these complexes must have two different valences despite the common sense at
that time was that every element has one valance and therefore can only have one
coordination number. The first of these is the valance, which determines the amount of
positive charge of the metal ion in the complex, and the other one determines the number of
ligands coordinated to this metal ion. To achieve this result, Werner reacted to cobalt
complexes that have different amounts of NHs with saturated AgNOs. In this way, the amount
of AgCl emerged would directly give the number of NH3 molecules coordinating with the

central cobalt ion:

Saturated

CoCl;.6NH; + AGgNO; ———— 3AgCl + Co(NO3);.6NH, 1.15
Saturated

CoCls.SNH; + AgNO; ———— 2AgCl + Co(NO53),Cl.5NH; 1.16
Saturated

As a result, it can be seen that the formula of the complex for equation (1) is actually
[Co(NH3)6]Cls. This shows that the central cobalt metal ion is in coordination with 6 NH3, and
therefore it has six secondary valences and three primary valances. For equations (2) and (3),
the complexes have the same secondary valences as the previous complex but different
primary valences. Werner also tried to understand the geometries of these complexes to take
his work one step further. Accordingly, all complexes could have three different geometries
such as hexagonal planar, trigonal prismatic, or octahedral, and [Co(NH3)s]Cls and
[Co(NH3)sCl]Cl, complexes with any of these geometries would not have any isomers either.
However, [Co (NH3)4Cl2]Cl could have three different sterecisomers for hexagonal planar and

trigonal prismatic geometry, and two different isomers for octahedral geometry. Indeed, since

35



UNIVERSITAT ROVIRA | VIRGILI
ADVANCED PLASMONIC NANOSENSORS FOR THE SERS ULTRADETECTION OF NON-CONVENTIONAL ANALYTES

Tolga Zorlu

he obtained two different colours (green and violet-coloured) isomers for [Co(NH3)4Cl,]Cl in his

experiments, Werner suggested the basic geometry for the complex is octahedral.

ok

S

+

NH.
HzN/\/\/\/ 2

HMDA

Figure 1.14. Schematic representation of (A) Hofmann clathrates, and (B) Linking the clathrates with
HMDA and arranging them as 3D structures. All hydrogen atoms are omitted for clarity. Colour code:
cadmium, blue; nickel, orange; nitrogen, green; carbon, gray. Guest molecules are represented as light

gray. Adapted with permission from ref. [135]. Copyright 2019, John Wiley and Sons.

Werner's demonstration of how the metal ion in the complexes can coordinate with
other atoms sheds light on further innovative works. Indeed, in 1897, Karl Andreas Hofmann
synthesized the first coordination compound, known today as Hofmann Clathrates, which
exhibits 2D morphological properties unlike the complexes of Werner with OD morphology
[136] (Figure 1.14A). In 1984, lwamoto et al. completely changed the composition of the
octahedral complex in the compound, and added another complex with the same geometry
but has divalent Cd atom in the centre and diaminoalkane ligands attached to it [137]. Thus,

just as in the original Hofmann clathrate, the octahedral complexes were linked to each other
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by square planar Ni(CN4) complexes. The 3D arrangement of the layers was revealed as a result
of the binding of the terminal N atoms in the octahedral complex with HMDA. In this
coordination compound with a new arrangement, structural collapse problems were
eliminated, and a 3D arrangement was obtained that allows encapsulation of various guest

molecules (Figure 1.14B).

Saito et al. managed to obtain the networks with different morphologies in the
compound based on the Cu* ion, simply by changing the length of the linker [138-140]. For
this, they used dinitrile linkers with different lengths such as SUC, GLU, and ADI to obtain
coordination networks with 1D, 2D, and 3D morphology, respectively, according to the length
of the linkers (Figure 1.15). Among the structures, [Cu(ADI)2](NOs) has special importance as it

is the first reported 3D network.
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[Cu(SUC),](NO,) [Cu(GLU),](NO,) [Cu(ADI),](NO;)

Figure 1.15. Structures of coordination networks include dinitriles with different lengths linked Cu*. All
hydrogen atoms are omitted for clarity. Colour code: copper, blue polyhedra; carbon, gray, and nitrogen,

green. Adapted with permission from ref. [135]. Copyright 2019, John Wiley and Sons.

After the first demonstration of 3D networks and various experiments with different
metals and linkers, finally In 1995, Omar M. Yaghi and his co-workers, who have made a great

contribution to coordination networks with their studies and the different materials they have
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produced, brought the term MOF to the literature for the first time, and more than 25 years
since that time, MOFs with different compositions and topologies for various purposes

continue to attract attention.
1.4.3. Properties of MOFs
1.4.3.1. Porosity

According to IUPAC recommendation, porous materials are classified under three
different categories: (1) microporous, (2) mesoporous and (3) macroporous materials [141].
Consequently, the pore widths of microporous materials are less than 2 nm. Mesoporous
materials have pore widths between 2 and 50 nm, while this width is greater than 50 nm for

macroporous materials.

Generally, adsorption isotherms of porous materials are carried out with the help of
inert probe gases such as N or Ar. The adsorption data obtained as a result of the interaction
of these gases with the porous materials are presented in the form of the quantity of adsorbed
gas plotted against the relative pressure, and is called a physisorption isotherm [142]. These
isotherms have been categorized by IUPAC in different ways, ranging from type 1 to type 6
[141] (Figure 1.16A). MOFs are microporous materials associated with type | isotherm due to
their general characteristic structure. Accordingly, these types of materials generally have very

high surface areas and a narrow pore size distribution.
1.4.3.2. Specific Surface Area

Data from N, adsorption/desorption isotherms are used to calculate specific surface
areas of porous materials. The specific surface area is the surface area per 1 g of material and
is expressed in m?/g. Generally, to calculate this area, some points taken from the isotherm are
interpreted with the BET calculation, and the resulting data is called the BET surface area (Sger).
Another expression method is the Langmuir calculation, and the output is called the Langmuir
surface area (Stangmuir). Shortly, the difference between the two calculation methods is that the
Langmuir model assumes adsorbed molecules as a monolayer. On the other hand, the BET
model assumes that these molecules are adsorbed as a multilayer. While types Il and IV
isotherms are used for Langmuir modelling; types I, lll and V are used for BET modelling.

Because MOFs are microporous materials that perfectly match type | isotherm, Sger is taken
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into account when calculating their specific surface area. All of the MOF species introduced in
the literature so far, there are no species with a specific surface area of less than 1000 m?/g.

Figure 1.16B shows different MOFs with different amounts of Sger introduced to date.
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Figure 1.16. (A) Classification of physisorption isotherms according to IUPAC. Adapted with permission
from ref. [141]. (B) Chart of MOFs with the highest Sger values. Adapted with permission from ref. [143].

Copyright 2013, The American Association for the Advancement of Science.

1.4.3.3. Stability

It can be evaluated the stability of MOFs in two parts as chemical and physical stability.
Chemical stability can be defined as the retention of chemical composition and permanent
porosity of MOFs when exposed to water, acid, alkali or salt solutions [144]. This is closely
related to the strength of the bond between the MOF metal clusters and the linkers or the
environment surrounding the MOFs [145]. Correct adjustment of metal-linker bonds,
connectivity, geometry, size, and even hydrophilic/hydrophobic properties of MOFs are the
most important factors that increase their chemical stability [144-146]. On the other hand, the
physical stability of MOFs is directly related to their mechanical strength. Factors such as
tension, compression, abrasion, attrition, and pressure changes must be taken into account
when determining the mechanical strength of MOFs [147-149]. All these factors profoundly

affect the properties of MOFs such as gas sorption, sensing, molecular sieving and catalysis,
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and the applications they are used in. In a study on the resistance of MOFs to physical forces,
Moggach et al. (2009) tested the crystal structure stability and pore diameter changes of the
zeolitic imidazolate framework-8 (ZIF-8) under high pressure [150]. The results showed that
the structure can maintain its stability against the increase in pressure and with this pressure,
both nanopore and unit cell volume can be increased (Figure 1.17). Moreover, the authors
suggested that these kinds of changes in the structure would be an advantage and thus, more

gas and solvent can rush into the structure.

Figure 1.17. (A) Optical images of a single ZIF-8 crystal under ambient pressure (1) and 1.47 GPa (l1). (B)
The modelling of the changing of packing arrangements of ZIF-8 under ambient pressure (1) and 1.47
GPa (ll). (C) The modelling of the changing of voids of ZIF-8 under ambient pressure (I) and 1.47 GPa.
Adapted with permission from ref. [150]. Copyright 2009, John Wiley and Sons.

1.4.4. Plasmonic-MOF Nanocomposites

The integration of Novel MOF structures with plasmonic NPs and the resulting
plasmonic-MOF nanocomposites have removed many limitations in terms of SERS applications
and created new opportunities. Because such nanocomposites are porous, have ultra-high
surface areas, and interact more with target molecules, they are seen as a valuable tool for

improving the performance of SERS substrates [151]. In particular, due to the sieving effect
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and hydrophobic nature of MOFs, the detection limits of various analytes can be decreased

depending on the type of MOF used.

The metal ions such as Cr3*, Fe?* or Fe**, Zn?* and Zr** can be used in the preparation
of different plasmonic-MOF nanocomposites. In this way, different metal ions yield different
geometries such as tetrahedral, trigonal bipyramidal square, or pyramidal octahedral due to
different coordination sites [152]. On the other hand, the chemical and structural diversity of
organic linkers further increases the customizability of the nanocomposites. The most
important aspect for the effective use of a plasmonic-MOF substrate for different SERS
applications is that the nanocomposite must be high stability and that the pore profile must be
suitable for most analytes. Therefore, MOF structures such as ZIF-8 or ZIF-67, IRMOF
(Isoreticular metal-organic frameworks or MOF-5), UiO-66 or UiO-67 (UiO, Universitetet i Oslo),
and MIL-101 (MIL, Matérial Institut Lavoisier) are ideal for a variety of SERS applications. In
addition, MOFs with wider aperture sizes such as NU-901 (NU, Northwestern University) have
also been used for SERS studies in recent years. Figure 1.18 shows the SERS substrates obtained

as a result of the cooperation of MOFs mentioned with plasmonic NPs in various SERS studies.

MOF-5 [ZnsO(BDC)s] (BDC: 1,4-benzodicarboxylate), also known as IRMOF-1, is a type
of MOF that can be preferred for SERS applications because of its high surface area (Sger: 2500-
3000 m?/g). However, due to the fact that the Zn-O bond in the structure is sensitive to
hydrolysis and therefore the structure is deteriorated, it has not found a place for itself in
various applications very often. Nevertheless, its use is encountered in some SERS studies. In
one of these studies, Guselnikova et al. (2019) used a SERS substrate consisting of Au surface
and MOF-5 for the detection of organophosphorus pesticides (Figure 1.18A) [153]. The results
showed that the composite could detect pesticides such as paraoxon and fenitrothion up to

1012 M, and it was reported that the detection limit could be reduced thanks to MOF-5.

Another type of MOF that is studied in the field of plasmonics is UiO-66. It is obtained
as a result of coordinating Zre04(OH)a metal clusters with BDC linkers and preferred due to its
high chemical and thermal stability for SERS applications. In one study, Xu et al. (2021) used
UiO-66@Ag NP nanocomposites to perform sensitive SERS detection of DEHP in plastic
samples (Figure 1.18B) [154]. For this purpose, the authors grew Ag NPs on the surface of UiO-
66 and reported that Ag NP aggregation was reduced and hotspots between NPs were

increased due to the high surface area and porous structure of UiO-66. Moreover, DEHP was
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adsorbed by the nanocomposite quite well, and SERS detection results showed that the
detection limit was 3x107*2 M. In another study, Fu et al. (2021) introduced two different SERS
substrates consisting of UiO-66 and Au NPs for the analysis of food samples [155]. Among these
substrates, the nanocomposite composed of UiO-66/Au NP was used for detection of
carcinogenic MelQ, and the other substrate, UiO-66(NH;)/AuNPs/Nylon-66 membrane, was
used for enrichment, separation, and SERS-based detection of Sudan Red 7B. The results
showed that both nanocomposites were highly successful SERS substrates and the detection
limits of MelQ and Sudan Red 7B were calculated as 1.18 pg/L and 0.49 ug/L, respectively. On
the other hand, Li et al. (2022) showed that SERS-based detection of an antibiotic such as TTC
is possible with the plasmonic-UiO-66 nanocomposite (Figure 1.18C) [156]. For this, firstly, UiO-
66(NHz) was prepared, and its pores were filled with methylene blue and Au NPs. Then, the
MOF was functionalized with via TTC-specific aptamer that acts as a molecular gate. Thus,
SERS-based TTC detection from the supernatant was designed as the aptamer opens the MOF
pores in the presence of TTC, and methylene blue and Au NP are released from the pores. The
results showed that the detected TTC concentration was correlated with methylene blue, and

Au NPs released from the pores, and the calculated detection limit for TTC was 0.01 ng/mlL.
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Figure 1.18. Examples of plasmonic-MOF nanocomposites. (A) Schematic illustration of preparing of Au-
MOF-5 SERS substrates, and SEM images of the substrate surfaces: 1) Au, 2) COOH-modified Au, and 3)
Au-MOF-5. Adapted with permission from ref. [153]. Copyright 2019, Elsevier. (B) Schematic illustration
of preparing of UiO-66@Ag NPs, and SEM images of (1) UiO-66, and (2) Ag NPs, different proportions
of Ui0-66 and Ag NPs (3) 1:1, (4) 1:2, (5) 1:3, and (6) 1:4. Adapted with permission from ref. [154].
Copyright 2021, Elsevier. (C) Schematic illustration of (1) UiO-66(NHz), (2) MOFs@AuNPs@Methylene
blue, (3) MOFs@AuNPs@ Methylene blue@Aptamer@TTC, (4-6) Corresponding TEM images, and (7-9)
SEM images of the nanocomposites. Adapted with permission from ref. [156]. Copyright 2022, Elsevier.
(D) Schematic illustration of preparing of Ag NPs/MIL-101(Fe), and the inset shows to corresponding
TEM images of the nanocomposites. Adapted with permission from ref. [157]. Copyright 2021, Elsevier.
(E) Schematic illustration of HsTBAPy linker, Zr-cluster, the structure of NU-901 and its “sister”, NU-1000.
The Insets show to corresponding TEM images of Au NR@NU-901. Adapted with permission from ref.
[158]. Copyright 2019, American Chemical Society.
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MIL-101 is a type of MOF that contains BDC and Cr3*, Fe?* or Fe®*, as linkers and metal
ions, respectively. Due to its high surface area, biocompatibility, and non-toxic properties, MIL-
101(Fe) is the MOF that can be used together with plasmonic NPs to give a powerful SERS
substrate for many applications. Fu et al. (2020) reported that they could detect toluene up to
2.5 ppm with MIL-101(Fe) alone, but this limit could be reduced to 0.48 ppb when Au NPs were
embedded onto the MOFs [159]. In another study, MIL-101(Fe) decorated with Ag NPs was
able to detect Paraquat, an herbicide, up to 101> M (Figure 1.18D) [157]. On the other hand,
MIL-101(Cr), which is the structural analogue of MIL-101(Fe), finds its place in various SERS
studies although it is has toxic nature. In one of these studies, Wang et al. (2020) decorated
NH>-MIL-101(Cr) with Au NPs and investigated the adsorption and SERS detection of acid
orange (ll) [160]. The results showed that the substrate has high adsorption performance and
can detect acid orange (Il) up to 0.05 ppm. In another study, MIL-101(Cr) film was prepared
and it was ensured that Ag* was reduced to Ag NPs on the material by UV irradiation [161]. In

this way, ABT and nitrofurantoin could be detected up to 10'* M and 10”7 M, respectively.

NU-901, a Zirconium-MOF, has been used in the coating of various plasmonic NPs and
SERS applications in the last 3 years due to its high surface area and wide aperture size that
allows the passing of analytes have especially large dimensions. In this type of MOF, Zr** ions
are connected by H4TBAPy linkers, resulting in MOFs with scu lattice topology. These kinds of
novel plasmonic@NU-901 nanocomposites were tested in various SERS applications, especially
after Prof. Omar K. Farha and his co-workers showed that coating of plasmonic NPs with NU-
901 is possible, and this kind of MOF has different pore profile than its “sister structure”, NU-
1000 (Figure 1.18E) [158]. In one of these studies, Xia et al. (2021) decorated Au NRs with QDs
via electrostatic interactions and then coated these NPs with NU-901 to produce bimodal
sensors that could detect volatile benzaldehyde with the help of fluorescent and SERS methods
[162]. The results showed that gaseous benzaldehyde is easily captured by the MOF, and SERS
detection of benzaldehyde at sub-ppb level is possible with ABT-modified Au NR. The authors
also reported that the detection limit calculated from the fluorescent and SERS method was
1.2 and 0.1 ppb, respectively. In another study, Huo et al. (2022) coated thiol-magenta
modified Ag NPs with NU-901 and performed colorimetric and SERS-based detection of SO;
[163]. The results shows that this type of dual-mode strategy is highly suitable for SO, detection

in various samples.
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1.5. Zeolitic Imidazolate Frameworks

ZIFs are undoubtedly one of the most popular MOFs that can be used together with
plasmonic NPs in various SERS applications, resulting in novel SERS substrates. They are a sub-
group of MOFs made up of M-Im-M moieties [164] and here, M represents a metal ion such as
Zn?* or Co?* and Im represents imidazolate linker. The way the metal ion and the linker are
bonded to each other is similar to Si-O-Si bonds, and they are connected at an angle of about
145° just like them [150]. Therefore, lattice topologies are quite similar to zeolites. MOFs
belonging to the ZIF sub-group have different lattice topologies, and ZIF variants with these
topologies such as poz, RHO, LTA, moz, SOD, GME, MER, ANA and GIS have been well defined
in the past years [165] (Figure 1.19). To obtain ZIFs with these kinds of topologies, it is usually

sufficient to change the type of imidazolate or the solvent used during synthesis [166, 167].
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Figure 1.19. Schematic representations and different structures of ZIFs. (A) The similarity between Si-O-
Si bonds in zeolites and M-Im-M bonds in ZIFs. (B) Different imidazolate linkers that can be used for
different kinds of ZIFs. (Im: Imidazole, mim: 2-Methylimidazole, elm: 2-Ethylimidazole, nim: 2-
Nitroimidazole, cnim: 1H-Imidazole-4-carbonitrile, dcim: 4,5-Dichloroimidazole, Ica: Imidazolate-2-
carboxyaldehyde, ablm: 4-Azabenzimidazole, blm: Benzimidazole, cblm: 5-Chlorobenzimidazole,
dmbim: 5,6-Dimethylbenzimidazole, mblm: 5-methylbenzimidazole, brbim: 5-Bromo-1H-benzimidazole,
nblm: 5-Nitro-1H-benzimidazole, and pur: Purine). (C) Crystal structures of ZIFs with different linkers.
Yellow spheres represent the pore size of the structures. Blue and purple represent zinc and cobalt
metals, respectively. Adapted with permission from ref. [165]. Copyright 2010, American Chemical

Society.
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In the early 2000s, due to the lack of stability of MOFs such as IRMOF series, the roles
in various applications were quite limited and they received various criticisms about this issue
[168]. To dispel this bad impression, Lee et al. (2002) synthesized a zeolite-like MOF
(Cos(Im)10:2MB, MB stands for 3-methyl-1-butanol) which has surprisingly high stability and
nog lattice topology formed by the coordination of tetrahedral Co?* metal ions with four
imidazole linkers [169]. For a short time, this MOF was more popular than its predecessor MOF
structures such as IRMOF-1. However, this effort was not sufficient since the structure was
not very open, and the functionality of its structural features was limited. [170]. Another MOF
type [Zn(blm)2]-(H20)167, introduced in 2003, just a year later, was considered to be the first
ZIF type synthesized due to its SOD lattice topology [171]. In 2006, Prof. Xiao-Ming Chen's
research group synthesized three different zeolite-like MOFs with molecular formulas
[Zn(mIm)2], [Zn(elm),] and [Zn(elm/mIm)2] [172] and reported that these MOFs have SOD,
ANA, and RHO lattice topologies, respectively. In a rivalry with Chen's group, Prof. Omar M.
Yaghi's group also synthesized twelve different zeolite-like MOFs just six months later [164]
and named these MOFs as ZIFs. On the other hand, Chen's group named these MOFs as “metal-
azolate frameworks (MAFs)”. However, ZIF nomenclature was academically accepted because
some of the MOFs synthesized by Chen's group were nearly incapable of N, adsorption
(Zn(elm),, Seet: 28m?) and were less interesting than the MOFs produced by Yaghi's group.

Later, ZIF nomenclature was also accepted by Chen's group.

In recent years, ZIFs have been frequently preferred and became popular due to their
easy synthesizing, large pore sizes and easy integration with plasmonic NPs to produce
nanocomposites. When looking at the various studies on MOFs, there are approximately 150
variants of ZIFs among the 20000 reported MOFs, and yet one out of every three studies
examines MOFs belonging to the ZIF sub-group [168]. Among these ZIFs, ZIF-8 and its cobalt

isomorph ZIF-67 stand out one step further.
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1.6. ZIF-8

1.6.1. Definition

ZIF-8 [Zn(mIm)z] (mIm: 2-methylimidazole) has the SOD lattice topology and is the most
well-known of the MOFs belonging to the ZIF sub-group. It contains 276 atoms in each unit cell
and crystallizes in the 143m cubic space group with a lattice constant of 16.992 A [173]. Each
Zn?* metal ion has four secondary valances, and therefore coordinates with four mim to form
ZnN4 clusters which is the SBUs of ZIF-8. These SBUs are then connected by mim linkers to give

the SOD crystal structure with a pore size of 11.6 A and a pore opening of 3.4 A. (Figure 1.20).

@C
¢ H
®N
¢ Zn

( Pore Size

© Pore Opening

Figure 1.20. Schematic illustration of coordination between Zn’* metal ion and mim linker to give ZIF-8
MOF with SOD lattice topology. Yellow and orange spheres represent the pore size and opening of ZIF-

8, respectively. Adapted with permission from ref. [174]. Copyright 2017, Elsevier.

1.6.2. Properties of ZIF-8

In the determination of structural properties of the ZIF-8, 2-methylmimidazole linker
has a vital role. As previously shown in figure 1.19, there are different types of ZIFs resulting
from the interaction of imidazole rings that have different functional groups with zinc metal
ions. Some of these, such as 2-ethylimidazole, cause the emergence of non-porous ZIFs, while

mIm or some of the other functional imidazole rings result in ZIF variants with different pore
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size, pore opening, or different chemical and physical stabilities. On the other hand, the
position of the methyl functional group in the imidazole ring is also very important. Although
1-methylimidazole and 2-methylimidazole have the same chemical formula, 1-
methylimidazole does not contribute to crystal formation. However, it was shown that it acts
as a modulator which directly effects of size and morphology regulation of the MOFs such as
ZIF-4 [Zn(Im)2] [175]. Another important point is that the methyl group in 2-methylimidazole
make ZIF-8 hydrophobic. A large number of methyl groups in the structure causes both the

interior and exterior of the framework to show no affinity for water, unlike zeolites.

Various studies carried out in the past years reported that ZIF-8 is a material with
excellent thermal and chemical stability [176, 177]. As Yaghi and his co-workers showed, TGA
results indicate that in inert atmosphere, ZIF-8 maintains its physical stability up to 550°C [164].
However, some doubts arise about the long-term thermal stability of ZIF-8, when considering
the high temperatures, pressures, and inert atmospheres in industrial processes. Indeed, Yin
et al. (2015) examined the thermal stability of ZIF-8 from their perspective [178]. Accordingly,
ZIF-8 maintained its stability in an inert atmosphere for 24 hours at 300°C and for 5 hours at
400°C. On the other hand, the stability was maintained at 200°C for 24 hours and at 300°C for
5 hours in an air atmosphere. The worst stability performance was encountered in the stream
atmosphere, and the authors reported that the thermal stability of ZIF-8 strongly depends on
atmospheric conditions and exposure time. There are some attempts to increase the thermal
stability of ZIF-8, and these are generally based on post-modification methods. On the
contrary, performing pre-modifications to increase the thermal stability of ZIF-8 can be
preferred. In one of the studies on this, Wang et al. (2020) increased the thermal stability and
CO; adsorption properties of ZIF-8 through PANI, and reported that the thermal stability can
be increased up to 632.71°C. [179].

The chemical stability of ZIF-8 was well-reported when it was first introduced [164].
According to this, ZIF-8 was kept in different boiling solvents for seven days and was not
physically degraded during this period. In particular, the fact that ZIF-8 remained unhydrolyzed
in water is a rather surprising and contradictory result with later published studies. Because it
was shown very well that the structure of ZIF-8 can be hydrolysed even under room

temperature (Figure 1.21).
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Figure 1.21. Schematic representation of hydrolysis process of ZIF-8. (A) During synthesis, four 2-
methylimidazole rings and one zinc metal ion combine to form SBUs of ZIF-8. (B) However, this structure
is generally stable in organic solvents such as methanol, ethanol, or acetone, depending on the type of
zinc precursor. If the ZIF-8 crystals interact with water, OH ions attack the bond between the linker and
the metal ion, damaging the integrity of the structure. As a result, while “b” amount of water molecules
interacting with “a” amount of SBU causes the same amount of deformed SBU to form, “a-b” amount
of SBU leaves this process unharmed. (C) TEM images show the effect of the process on ZIF-8 crystals
before (1) and after (2). Red bar is the scale with 2 um.

ZIF-8 is known as a special material in drug delivery applications due to its porous
structure and high absorption capacity [180-183]. Besides, ZIF-8 can release its cargo (drug,
enzyme, amino acid, etc.) in the desired region, thanks to its degradation in acidic [184] and
aqueous solutions [185, 186], and losing its physical integrity. One of the biggest reasons for
this is the pH-dependent ionization of the imidazole linker and the reversible coordination with

metal ions [187]. The degree of hydrolysis is variable in different environments. In a study, the
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degradation profile of ZIF-8 was investigated in widely used different cell culture mediums
(DMEM, MEM, opti-MEM, o-MEM, 199, IMDM, RPMI-1640 and L-15) [188]. The results
showed that ZIF-8 was degraded in all cell culture mediums, but the extent of this was
dependent on the type of culture medium. Another study also reported that the light may be
another factor that can degrade ZIF-8 [189]. Normally, under normal conditions, the light is not
capable of degrading ZIF-8. On the other hand, according to the study, if ZIF-8 particles are
added to water and exposed to light illumination at the same time, then the light could

accelerate the hydrolysis of ZIF-8.

In the ground-breaking study by Yaghi and his co-workers, it was underlined that some
ZIF types are more stable than others Accordingly, ZIF-8 has higher stability than ZIF-11, and
ZIF-11 can degrade in a much shorter time under the same conditions (e.g. in agueous
solution), and transform into a different crystalline material after the third day [164]. This

reveals, however, that ZIF-8 is one of the most stable ZIF variants.
1.6.3. The Factors Affecting Crystallization and Morphology of ZIF-8

Before looking at the general crystal structure of ZIF-8, it should to be understand how
inorganic and organic materials crystallize. According to Gibbs’ theory of heterogeneous phase
equilibrium, for a crystal to be in equilibrium, it must be positioned at a minimum total surface
area times total surface free energy [190]. On the other hand, Curie suggested that the rate of
crystal surface growth is proportional to the surface free energy [191]. Then, Wulff stated that
for the equilibrium, the central distances (h;) of the crystal faces from a selected point (Wulff
point) of the crystal are proportional to the specific surface free energy (yi) associated with
that crystal face (yi/ hi = constant) [192]. These propositions about crystal growth led us to the

well-known “Gibbs-Curie-Wulff theorem”.

There is a basic difference between the crystal growth of inorganic and organic
materials. Accordingly, the components that make up the Inorganic materials are usually

|H

“spherical” and therefore, no orientation difference is observed during growth. However,
organic molecules are more complex than components of inorganic materials, and orientation
differences are likely [193]. Consequently, crystals formed by organic molecules must
thermodynamically adjust their morphology according to the lowest surface free energy,

following the Gibbs-Curie-Wulff theorem. Since these organic molecules in the crystal are held
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together by non-covalent interactions such as van der Waals or weak hydrogen bonds, they
can switch to different crystal morphologies by being rapidly affected by low surface free

energy changes arising from various factors [194] (Figure 1.22A and B).

According to the theorem, crystal growth of ZIF-8 begins with the formation of cubes
revealing six (100) faces. This crystal grows into a truncated rhombic dodecahedron (TRD)
revealing six (100) and twelve (110) directions. Finally, the growth of ZIF-8 terminates in the
more thermodynamically stable rhombic dodecahedra (RD) in which the (100) faces disappear

and only twelve (110) faces remain, by the theorem (Figure 1.22C) [195].

Figure 1.22. (A) Representation of Wulff construction of a crystal, DBTDT, viewing along the b direction
(a), and SEM image of the representative crystal viewing along the b direction. (B) Schematic illustration
and SEM images of the growing of the crystal shapes according to the theorem. The crystal can grow
according to six different possible routes from 1 to 6. Adapted with permission from ref. [193]. Copyright
2015, John Wiley and Sons. (C) Schematic illustration and SEM images of crystal growth of ZIF-8. From
1 to 3 represent the taken SEM images of the different stages from the growth process. 1: Cubic, 2: TRD,
and 3: RD. Adapted with permission from ref. [195]. Copyright 2015, John Wiley and Sons.

Generally, when be looked up the factors affecting the size and morphology changes of
ZIF-8 crystals, we first encounter the differences in the ZIF-8 synthesis methods. The common
methods for the synthesis of ZIF-8 are based on the solvothermal and hydrothermal

approaches [196-198], which are generally traditional methods. Apart from these, the
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synthesis methods such as mechanochemical and sonochemical, were also proposed [199,

200].

The temperature is vital for ZIF-8 crystallization and therefore, it is effective on pore
morphology and size, and crystal size. A study showed that the size of ZIF-8 crystals in
nanoparticular form changes from 78 nm to 26 nm at temperatures ranging from -15°C to 60°C
respectively, and due to the decreasing size, there is an increase in the surface area [201]. In
another study, the importance of the temperature used during the synthesis of ZIF-8 was
demonstrated with the help of the counter diffusion method through the propylene/propane
separation application [202]. The results revealed that the ZIF-8 membrane thicknesses
decreased from 70 um to 40 um with increasing temperatures and the best separation

efficiency was achieved with the ZIF-8 membrane synthesized at 100°C.

Apart from temperature, the solvent in which the synthesis is carried out also
influences ZIF-8 morphology and phase crystallinity. Bustamente et al. (2014) demonstrated
this effect very well in their study [203]. In the study, they reported that there were differences
in the reaction rates and resulting crystal sizes of ZIF-8s synthesized in different types of
aliphatic alcohols, water, DMF and acetone, and that the differences were due to the different
hydrogen bond donation capacities of the solvents used. Malekmohammadi et al. (2019) also
examined the effects of solvent and other parameters on ZIF-8 in their study [204]. Accordingly,
while ZIF-8 crystals with truncated cubic phase were formed in aqueous solution, ZIF-8 with RD
phase was formed in methanolic solution even though metal/linker ratio, temperature, and
concentration are the same. Moreover, it was determined that the RD phase occurs again in
the aqueous solution when the temperature and metal/linker ratio are changed. This indicates
that the synthesis of ZIF-8 carried out in agueous solution is much more sensitive than that

carried out in organic solvent.

Although the synthesis of ZIF-8 in water is sensitive to the kinetics of the reaction,
currently the most preferred method of ZIF-8 synthesis is the approaches performed in
aqueous solutions. There are two main reasons for this situation. First, organic solvents are
generally more expensive and can cause irreversible damage to the environment. Secondly
and the most importantly, in organic solvent-based methods, organic molecules can easily
interact with ZIF-8, and it is a very difficult process to separate these crystals formed after

synthesis from organic molecules [205]. Moreover, in reactions carried out in solvents such as
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DMF, the pores of ZIF-8 may become clogged [206]. ZIF-8 preparation techniques carried out
until 2011 were synthesis studies generally using organic solvents. However, Pan et al. (2011)
had shown that ZIF-8 can be synthesized in aqueous solutions and at room temperature easily
and in a very short time, then the synthesis methods of ZIF-8 generally changed to be based

on aqueous solutions [207].

Another factor affecting the morphology and crystal structure of ZIF-8 is the mIim/Zn
ratio. Generally, this ratio is one of the most important factors responsible for the rate at which
the reaction will take place, and the morphology and size of the crystal structure. For instance,
Zhang et al. (2018) examined the effect of the mIim/Zn ratio on ZIF-8 crystals in their study
[208]. Among the ZIF-8 crystals synthesized in different ratios (1, 2, 4, 8, and 16), low ratios
produced ZIF-8s in cubic shapes, while those with high ratios formed TRD or RD crystals.
Moreover, a reduction in size and an increase in crystallinity and surface area were observed

for ZIF-8s synthesized at high ratios.

Different zinc precursors used during the synthesis of ZIF-8 can affect the emergence
of ZIF-8s with different crystal morphologies and sizes. In one of the good and systematic
studies on this subject, the effects of both mim/Zn molar ratio and different zinc sources on
ZIF-8 crystal morphology and size were shown (Figure 1.23) [209]. Accordingly, it was reported
that among the six different zinc precursors (Zn(OAc)2, ZNSQOas, Zn(NOs)2, ZnCly, ZnBr; and Znly),
Zn(OAc); helped to produce the best quality ZIF-8 crystals with RD morphology. Moreover,
different crystal morphologies and sizes were obtained with different adjustments of the
mIm/Zn ratio. On the other hand, the synthesis approach of ZIF-8 is also important about which
zinc precursor should be selected. For instance, Ramu et al. (2018) used three different zinc
precursors (Zn(NOs)z, ZnCly and Zn(OAc)2) and synthesized ZIF-8 membranes by microwave-
assisted seeding method [210]. They reported that the most suitable zinc precursor for this
method is Zn(NOs),. In another study, Wang et al. (2017) showed that ZIF-8s synthesized with
ZnS0O4 precursor had the best catalytic activity [211]. Undoubtedly, the choice of precursor
does not only affect the crystal structure or size. but also, be an answer to hydrolysis and,
accordingly, low hydrostability problems that limit the use of ZIF-8 in various applications. In a
study conducted in this context, Sheng et al. (2017) investigated the difference in hydrostability
of ZIF-8 nanocrystals obtained from different zinc precursors [212]. The results revealed that

ZIF-8 NPs synthesized using Zn(OAc)2 were much more resistant to hydrostability than those
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using Zn(NOs),. The authors reported that ZIF-8s synthesized from the Zn(OAc), precursor had

a smaller concentration of defects as the reason for this.
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Figure. 1.23. (A) SEM images and PXRD results of ZIF-8 obtained from different mim/Zn ratios and Zn
precursors (a) Zn(OAc),, (b) ZnSQ,, (c) Zn(NOs),, (d) ZnCl,, (e) ZnBr, (f) Znl,. (B) Comparison of the crystal
size of ZIF-8 particles obtained from 6 different Zn precursors at the mim/Zn ratio of 70 and 35. (C) N
isotherms of ZIF-8 prepared from Zn(OAc). at mim/Zn molar ratios of (a) 70, (b) 35, (c) 20 and (d) 10.
Adapted with permission from ref. [209]. Copyright 2011, Royal Society of Chemistry.

One of the other important factors to reveal ZIF-8 crystals is the addition of chemical
molecules called capping agents into the reaction. A capping agent regulates the rate of ZIF-8
crystallization by controlling the nucleation phase. As a result, different agents or the same
agent at different concentrations cause the appearance of ZIF-8 crystals with different crystal
morphologies or sizes (Figure 1.24A). The most commonly used capping agent in ZIF-8
synthesis is CTAB. Apart from this, molecules such as CTAC, PVP, PEG, SDS, and TEA are often
used as capping agents. Pan and his co-worker’s work (2011) is valuable as it was the first to
show the importance of using modulators or capping agents during synthesis of ZIF-8 [213]. In
their work, the effects of molecules such as CTAB, CTAC, STAC and TPABr on ZIF-8
crystallization were investigated (Figure 1.24B). The results showed that with increasing CTAB

concentration, both the crystal sizes of ZIF-8s decreased, and their crystal morphologies
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changed from RD to cubic morphology. The reason is that the hydrophobic tail of CTAB
selectively suppresses the growth of (100) faces of ZIF-8 crystals, resulting in smaller and cubic-
shaped ZIF-8 crystals. Similar results were obtained from CTAC and STAC, but TPABr could not
show a similar effect as it does not have any hydrophobic tail. Another study carried out by
Pan's research group shed light on how to form ZIF-8 crystals of different anisotropic shapes
[214]. Accordingly, both the CTAB concentration and the H,O/mIm molar ratio have an effect

on the formation of these morphologies and the authors also presented a morphological map

of ZIF-8 (Figure 1.24C).
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Figure 1.24. (A) TEM images of ZIF-8 nanocrystals synthesized in the presence of different capping
agents: (1) 0.07 mM CTAB, (Il) 10 mM TRIS, (Il)) 50 mM TRIS, (IV) 100 mM TRIS, (V) 0.07 mM CTAB and
10 mM TRIS, and (VI) 0.07 mM CTAB and 50 mM TRIS. Adapted with permission from ref. [215].
Copyright 2009, Royal Society of Chemistry. (B) XRD patterns and SEM images of ZIF-8 crystals prepared
with different amounts of CTAB. (1) XRD patterns, (Il) no CTAB, (Ill) 0.0025 wt%, (IV) 0.01 wt%, (V) 0.025
wt%, and (VI) plot of the mean particle size of ZIF-8 crystals versus the concentrations of CTAB added.
Adapted with permission from ref. [213]. Copyright 2011, Royal Society of Chemistry. (C) Morphological
map of ZIF-8 crystals synthesized with different concentrations of CTAB and the molar ratio of H.O/mIm.

Adapted with permission from ref. [214]. Copyright 2018, American Chemical Society.
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1.7. Plasmonic-ZIF-8 Nanocomposites

It is possible to obtain nanoparticular plasmonic-ZIF-8 composites with different sizes,
crystal morphologies and surface areas, thanks to the fact that the factors described above.
Generally, there are some advantages to using plasmonic NPs with ZIF-8 compared to other
plasmonic nanocomposites. First, there is no need for very high temperatures, pressures, or
organic solvents during the synthesis of ZIF-8. In this way, it is ensured that some anisotropic
plasmonic NPs, which may lose their morphology due to temperature, are not affected by ZIF-
8 crystallization in these kinds of environments. This allows the protection of the shape and
properties of plasmonic NPs, and the development of composites containing plasmonic NPs in
different morphologies for various SERS applications. Second, ZIF-8 has one of the superior
molecular sieving properties, which is very important for SERS applications. Although its pore
opening size is 3.4 A, the methylimidazole linker in the structure can rotate freely and therefore
the structure has flexibility, allowing larger molecules to be absorbed into the structure [216].
Third, ZIF-8, as a shell material, keeps plasmonic NPs away from the chaotic external
environment and maintains the SERS signal quality due to its tuneable mechanical and
chemical stability. Finally, due to the highly hydrophobic nature of ZIF-8, it can be expected
that most molecules of interest for which SERS measurement should be made in agueous
media will rush into the pores of ZIF-8. In this way, ZIF-8 acts as enrichment material and it is
allowing a large number of molecules of interest to accumulate on the surface of plasmonic
NPs, compared to NPs that are not integrated with ZIF-8. This means better quality SERS signal

and lower detection limit for many analytes.

Today, we see that ZIF-8 can be integrated with plasmonic NPs via different approaches.
The general understanding is based on coating one or more plasmonic or biplasmonic cores of
different morphologies with ZIF-8 and obtaining plasmonic@ZIF-8 core-shell structures. This
approach, called bottle-around-ship, is a classic method that is often encountered in the
preparation of core-shell nanocomposites while it is ideal for coating a single plasmonic NP
with ZIF-8, it can also be encountered in ways where multiple plasmonic NPs are encapsulated
within a single ZIF-8 crystal. The most important points in this method are the good adjustment
of concentrations of ZIF-8 precursors and plasmonic NPs, and ZIF-8 crystallization time to
obtain the desired shell thickness. On the other hand, in another approach, the-ship-in-a-bottle

approach, ZIF-8 crystals are first produced in the desired morphology and size, and then these
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crystals are immersed in the medium for plasmonic NP precursors (for instance HAuCls and
AgNOs, for Au NP and Ag NP, respectively). Thus, it is expected that ZIF-8 absorb these
precursors and then, ZIF-8 particles carrying precursors are reacted with different reducing
agents under appropriate conditions, and plasmonic NPs are formed within ZIF-8 crystals.
However, this approach has some risks such as being laborious and occurring problems that
may cause differences in the ZIF-8 surface area before and after the reaction, and aggregated

plasmonic NPs that will be formed as a result of the reaction.

Recently, Plasmonic-ZIF-8 nanocomposites are frequently used for SERS-based
detections of various analytes such as gases, volatile organic compounds (VOCs), polycyclic
aromatic hydrocarbons (PAHs), and pesticides. Up to now, with photovoltaic technologies, the
detection of environmentally harmful, toxic or flammable gases has been widely recognized
[217, 218]. However, one of the major disadvantages of these techniques is that they are
inefficient for detecting low-concentration gases [219]. As an alternative to these traditional
approaches, ZIF-8-based plasmonic substrates for SERS-based techniques are very attractive.
In this way, the gases which are difficult to detect at low levels or are normally difficult to be

detected by the plasmonic surface, can be easily detected.

In one of the first example of this kind of detection, benzene, toluene, nitrobenzene,
and 2,6-di-tert-butylpyridine vapours, which are normally not interact with the plasmonic
surface and therefore do not give SERS signals, were trapped by ZIF-8 and good SERS signal
quality could be received [220]. Generally, the substrates based on bottle-around-ship
approach with a thin ZIF-8 shell are considered to be powerful SERS substrates when compared
them to the materials with thick ZIF-8 shell. For instance, Chen et al. (2021) detected weakly
adsorbed molecules such as VOCs with core-shell Au@ZIF-8 materials with shell thicknesses
ranging from 3 to 50 nm [221]. The results indicated that Au@ZIF-8 nanocomposites with shell
thicknesses of 3 nm show the best SERS performance, and it was suggested that superior SERS
performance can be obtained from the substrates, when been kept the distance between the
plasmonic surface and the ZIF-8 shell short. On the other hand, keeping the distance between
the plasmonic surface and the shell short does not always mean that the best SERS
performance can be achieved. The study by Phan-Quang et al. (2019) on this subject gives us
a different perspective [222]. In their study, the authors produced a 3D multilayered Ag@ZIF-
8 SERS platform to detect of 4-MBT aerosols (Figure 1.26A). Accordingly, the multilayered
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platform gave better SERS performance than the other platforms which were only consisted
of Ag NC and only the top layer is covered with ZIF-8. As a result, they pointed out that the
analyte had the best penetration behaviour for the multilayered SERS substrate. Moreover,
they reported that among the substrates tested in five different thicknesses (from 0.2 to 9.2
um), the platform with a thickness of 1.3 um had given the best performance, and they
assumed that the laser focal volume was one of the critical factors to obtain good SERS signal
from the gaseous analytes via these kinds of substrates. In another study, it was also reported
that harmful VOCs such as toluene can be detected at ppm levels as a result of fine-tuning both
the ZIF-8 thickness and the distance between the plasmonic NPs (Figure 1.26B) [223]. On the
other hand, CO, another harmful gas, was detected with Au-dotted Ag-NWs which were
coated with thin shell of ZIF-8 (Figure 1.26C) [224]. The results showed that CO; gas, which
normally cannot be adsorbed by the plasmonic surface, can be easily captured by ZIF-8 even if

its thickness is ultrathin, and SERS detection of gaseous analytes can be performed.
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Figure 1.25. Examples of different plasmonic-ZIF-8 SERS substrates for detection of various volatile
analytes. (A) Cross-sectional SEM and SERS hyperspectral images show the different platform
configurations and the penetration of gaseous 4-MBT into these platforms, respectively. The Relation
between effective SERS active depth and the platform thicknesses is also showing the changing of SERS
signal of 4-MBT at 1077 cm™ band. Adapted with permission from ref. [222]. Copyright 2019, American
Chemical Society. (B) Schematic illustration of the “plasmonic nose” concept based on tuning plasmonic
hotspots and ZIF-8 thickness. Cross-sectional SEM images show to the substrates after one (n=1) and
three (n=3) ZIF-8 growth cycles. Scale bars, 100 nm. SERS intensity of 4-MBT vapour is also given as a
function of ZIF-8 growth cycles. The SERS intensities are based on the characteristic vibrational mode of
4-MBT at 1079 cm™. Adapted with permission from ref. [223]. Copyright 2018, Royal Society of
Chemistry. (C) Schematic illustration of enrichment of CO, gas molecules via plasmonic-ZIF-8 substrate.
(1) SEM image of Ag@Au@ZIF-8 NWs. (2) TEM images of a single Ag@Au NW with an ultrathin ZIF-8
shell. (2) HRTEM image of a single Ag@Au NW with an ultrathin ZIF-8 shell. Adapted with permission
from ref [224]. Copyright 2021, Royal Society of Chemistry

The use of SERS substrates, in which plasmonic NPs are individually coated with ZIF-8,

is widely studied (Figure 1.26). In this way, both NPs are prevented from being aggregated and
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the quality of the SERS signal level is preserved by ensuring that these NPs are not affected by

the chaotic external environment.

Figure 1.26. Examples of plasmonic@ZIF-8 nanocomposites that have plasmonic cores with different
morphologies. (A) SEM images of NS@ZIF-8 with different magnifications. Scale bars, 200 nm. Adapted
with permission from ref. [66]. Copyright 2019, John Wiley and Sons. (B) TEM image of NR@ZIF-8.
Adapted with permission from ref. [225]. Copyright 2021, American Chemical Society. (C1) and (C2) SEM
and TEM images of spherical@ZIF-8 superparticle, respectively. Scale bars: 500 nm. Adapted with
permission from ref. [226]. Copyright 2017, John Wiley and Sons. TEM images of octahedron@ZIF-8 at
different reaction stages, (D1): 1 min, (D2) and (D3): 2 min. (D4) Polycrystalline ZIF-8 shell. Adapted with

permission from ref. [227]. Copyright 2014, American Chemical Society.

There are some studies in which plasmonic NPs with various morphologies are
individually coated with ZIF-8 and used them as core-shell SERS substrates for detection of
harmful molecules. For instance, the gas form of formaldehyde, which has a carcinogenic effect

on humans, was detected at ppb level thanks to the molecular trapping feature of Au NS@ZIF-
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8 core-shell nanocomposite. [228]. It is one of the promising developments for the future that
chemicals such as chemical warfare agents (CWAs) that can be instantly fatal or cause
irreversible damage to humans can be detected with plasmonic-ZIF-8 substrates. In one of the
recent studies, Lafuente et al. (2021) detected CWA gases by Au@Ag@ZIF-8 [229]. For this,
the authors selected the chemicals such as DMMP and CEES as simulants of hazardous gases
such as sarin and mustard gas, respectively. The results showed that portable Raman
equipment can detect DMMP up to 2.5 ppm in air and CEES up to 76 ppb in N2 environment.
In addition, the authors reported that DMMP and CEES had detection response times of 21

and 54 seconds, respectively.

Plasmonic-ZIF-8 nanocomposites can be used for not only gaseous molecules, but also
SERS-based detections of various herbicides, insecticides and pesticides that have the potential
to harm the environment and therefore human health. In one of these studies, Zhou et al.
(2019) coated urchin-like Au-Ag alloyed nanocrystals (UAANs) with ZIF-8 and used these
nanocomposites for the detection of HCH molecule, an insecticide [230]. The authors reported
that among the ZIF-8 shell thicknesses ranging from 0 to 40 nm, the best SERS performance
was achieved with a substrate with a thickness of 20 nm, and HCH could be detected up to 1.5
ppb. In another study, bead-string like Ag NW@ZIF-8 core-shell nanochains were prepared and
the SERS performance of the substrate was tested [231]. The results showed that the substrate
could detect two different pesticides such as methylparathion and carbaryl up to 7.6x107° M
and 5.7x107° M, respectively. The new structures obtained as a result of various post-
modification methods of ZIF-8 offer us different perspectives for SERS-based analytical
methods. The most well-known of these post-modifications is calcination of ZIF-8 under high
temperature, thereby converting it to ZnO, a widely used photocatalyst. The use of such
materials with plasmonic NPs and their synergistic effects are very advantageous in terms of
SERS performance. In this context, Ye et al. (2022) coated TiO, NRs prepared on FTO glass
surface with ZIF-8 and these nanomaterials calcined under high temperature to evolved them
to TiO2/Zn0O heterostructures [232]. Then, the surface of these structures was decorated with
Ag NPs and the obtained SERS substrate was used for the detection of pesticides such as
thiram, acephate and phoxim. In this way, the authors were able to detect pesticides by 10”7
M and reported that TiO,/ZnO/Ag substrate had a 39-fold higher signal amplification ability
than TiO,/Ag substrate.
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Plasmonic-ZIF-8 core-shell nanocomposites are also well suited for various medical-
purpose SERS applications. This allows SERS-based analyses of changes in the levels of various
molecules involved in intracellular or intercellular signal pathways with plasmonic-ZIF-8
substrates. A study showed that the substrates obtained by coating of 2-MHQ grafted-Au NPs
with ZIF-8 can be effective for in situ monitoring of H.0; released from living cells ([233]. On
the other hand, thanks to the Zn?* metal ion in SBUs, the affinity of biological molecules toward
ZIF-8 structure can be ensured [103]. In a study on this topic, individual Au@Ag NRs were
coated with ZIF-8 and encoded with Raman reporters such as astra blue (AB), methylene blue
(MB), malachite green isothiocyanate (MGI), and nile blue (NB) [234]. SERS nanotags were
formed by the interaction of polyhistidine with Zn%*. (Figure 1.27A). Then, Streptococcus
protein G (pG) and SpyCatcher (SC) domains interacted with polyhistidine, and these domains
were bound with immunoglobulin and SpyTag peptide, respectively. Thus, in vitro SERS-based
detection of EGFR and CD44 biomarkers on the cell surface was carried out. The use of
plasmonic-ZIF-8 nanocomposites in medical applications should not be considered only as
SERS-based detection. In recent years, these structures have been accepted as medically
versatile materials and have thus become theragnostic substrates that promise diagnosis and
treatment at the same time. In this context, Sun et al. (2020)'s study is quite interesting [235].
In the study, mercaptobenzonitrile-decorated Ag NPs (Ag@MBN) and glucose oxidase (GOx)
were coated with ZIF-8, and thus theragnostic plasmonic substrates that could work as a
“nanoreactor” in the tumor cell were revealed. The aim here is that ZIF-8 degrades to release
GOx and Ag@MBN within the tumor microenvironment, and GOXs initiate the catalytic
cascade of B-a-glucose (Figure 1.27B). The results show that the free Zn?* ions formed by the
degradation of ZIF-8, and H,0, molecules which are formed as a result of the catalytic reaction
of glucose, can trigger apoptosis, and that the intracellular glucose level can be measured with

a SERS-based technique thanks to Ag@MBN NPs.
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Figure 1.27. Usage of plasmonic-ZIF-8 SERS substrates in medical application. (A) Schematic
representation for the identification of EGFR and CD44 in mixtures of A431 and 373 2.2 cells using
plasmonic@ZIF-8 NPs encoded with AB or MGI and functionalized with anti-EGFR or anti-CD44
antibodies, respectively (a). Representative SERS spectra obtained from the cells indicated with a white
dashed circle and numbered in the bright-field images (b). Bright-field images of mixed A431 and 373
2.2 cells and single-point SERS mappings recorded at 440 (MGI, panel c) and 748 cm—1 (AB, panel d) for
the detection of CD44 and EGFR, respectively (c-d). Schematic representation for the identification of
EGFR in mixtures of A431 and 373 2.2 cells using plasmonic-ZIF-8 NPs functionalized with nanobodies
via polyhistidine-tagged SpyCatcher (e). Representative SERS spectra obtained from A431 (red) and 3T3
2.2 (blue) cells (f). Bright-field images and SERS mappings of (g) A431, (h) 3T3 2.2, and (i) mixed A431 +
373 2.2 cells. Adapted with permission from ref. [234]. Copyright 2020, American Chemical Society. (B)
Schematic illustration of the preparation of ZIF-8-based nanoreactors, and their catalytic cascade-
enhanced synergistic chemo-starvation therapy for cancer cells. The spectra shows that changing of
glucose in Hela cells incubated with ZIF-8@GOx-AgNPs@MBN for different times. Adapted with
permission from ref. [235]. Copyright 2020, Elsevier.
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Plasmonic-ZIF-8 nanocomposites are likely to evolve into more useful SERS-based
sensors by various post-modification methods. Generally, calcination at very high
temperatures or coating of ZIF-8 with various polymers are the most well-known of these
modifications [66, 236-238]. However, these approaches have some risks such as affecting the
surface area, crystal structure and pores of ZIF-8. Therefore, these approaches can be
disadvantageous in terms of SERS applications. Post-modification techniques without affecting
the physical and chemical integrity of ZIF-8 are of great importance in this context. One of the
most well-known examples of modification is to introduce plasmonic-ZIF-8 SERS substrates in
a yolk-shell structure. Yolk-shell nanocomposites, like core-shells, are promising materials for
a variety of applications. The common point in both materials is to protect the core from
external effects. As mentioned earlier, such a material for an innovative SERS application is
very popular due to its ability to prevent plasmonic NPs from aggregating in various mediums,
thereby achieving high SERS signal amounts from analyte of interest. The point where yolk-
shell nanocomposites differ is the high-volume voids they have. Thanks to these voids, larger
amounts of analyte are expected to accumulate inside the pores of ZIF-8 and interact with the
plasmonic surface. Thus, more powerful SERS-substrates can be obtained when compared with

bare NPs and core-shell plasmonic-ZIF-8 composites.

There are two simple basic approaches to fabricate Yolk-shell plasmonic-ZIF-8
nanocomposites: (1) template-free, and (2) template-assisted methods. In template free
methods, it is aimed to etching ZIF-8 chemically. The most common chemical etching agents
are molecules such as tannic acid, gallic acid or phytic acid [239-241]. In this way, the H* ions
released from these types of phenolic acids interact with the Zn?* metal ions in ZIF-8 and,
starting from the outer layer of ZIF-8, provide the transformation of the MOF to the yolk-shell
structure towards the inner parts. There are two important points at this stage. The first is the
concentration of the organic acid, and the second is the interaction time between acid and ZIF-
8. Morphological deformation of ZIF-8 may be seen if the interaction is prolonged, or the
concentration is too high. In such a scenario, as a result, it is meaningless to talk about a yolk-
shell structure. On the other hand, ZIF-8 may occur in the short-term or low-concentration acid

application, which degrades the outer layer but can survive in the inner part (Figure 1.28A).

Template-free approaches have the potential to affect the LSPR changes in plasmonic

NPs which are encapsulated in ZIF-8. Morphological changes or surface oxidations can be
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observed in plasmonic NPs, especially due to the use of different organic acids. Moreover,
because the acids used for etching are relatively large molecules, the pores of ZIF-8 might be
also blocked. This is one of the biggest problems for SERS-based sensing studies via yolk-shell
substrates. Therefore, such an approach is more suitable for NPs that will not be affected much
by these processes, and accordingly, we do not see many yolk-shell plasmonic-ZIF-8 structures

prepared with the template-free method in the field of plasmonics.

As an alternative way, yolk-shell plasmonic-ZIF-8 nanocomposites produced by
template-assisted methods may be more efficient in terms of conservation of plasmonic
nature. The main logic in this approach is to coat the plasmonic NPs with a sacrificial template
and then grow ZIF-8 on this template. The important point is to ensure that the chemical
composition of both the plasmonic NPs and ZIF-8 crystals is minimally affected during the
degradation of the sacrificial template. There are some studies in which PS beads, Cu,O or
different MOF types are used as sacrificial templates for this purpose (Figure 1.28B-D).
However, because the method is time consuming and, in some cases, requires high
temperatures or different types of solvents to remove the sacrificial template, anisotropic
plasmonic NPs, which can lose their morphology under such stimuli, are generally not

preferred in the produced yolk-shell nanocomposites.
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Figure 1.28. (A) EDX element mapping images of yolk-shell ZIF-8 particles produced via template-free

approach (1-6). Degradation of the outer layer is clearly seen from the images. Adapted with permission
from ref. [241]. Copyright 2021, Elsevier. (B) Schematic illustration of preparing yolk-shell NP@ZIF-8
nanocomposites via template-assisted strategy (1). In here, Cu20 was used as a sacrificial template to
obtain the final structure, and it can be etched via adjustment of pH of the reaction. (2-4) show SEM and
TEM images of the final product. Adapted with permission from ref. [242]. Copyright 2012, American
Chemical Society. (C) Schematic representation of synthesis procedure yolk-shell NP@ZIF-8. SEM and
TEM images for PVP-PS (1,4), PS/NP@ZIF-8 (2,5), and yolk-shell NP@ZIF-8 composites (3,6). Adapted
with permission from ref. [243]. Copyright 2020, American Chemical Society. (D) Schematic
representation of the structural evolution. TEM and SEM images for ZIF-67@ZIF-8 (1,2), and yolk-shell
material (3,4). Adapted with permission from ref. [244]. Copyright 2015, John Wiley and Sons.

All the properties described so far regarding plasmonic-ZIF-8 nanocomposites prove
that these materials can be good substrates for SERS-based sensing strategies. Moreover, with
various modifications, these materials have the potential to improve their SERS performance

to one step further.
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Yolk Shell Nanostars@Metal Organic Frameworks as

Molecular Sieves for Optical Sensing and Catalysis

Hybrid composites between NPs and MOFs had been described as optimal materials for a wide
range of applications in optical sensing, drug delivery, pollutant removal or catalysis. These
materials are usually core-shell single- or multi-NPs, restricting the inorganic surface available
for reaction. Here we develop a method for the preparation of yolk-shells consisting in a
plasmonic Au NS coated with MOF. This configuration shows more colloidal stability, can sieve
different molecules based on their size or charge, seems to show some interesting synergy
with gold for their application in photocatalysis and present strong optical activity to be used

as SERS sensors.
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2.1. Introduction

Composite materials comprising plasmonic cores coated with inorganic oxides or
polymers are not new [1]. These materials have been extensively engineered to improve
colloidal stability, to restrict the reactivity or to impart physical and/or chemical selectivity.
Conversely, formats of these composites range from single particles [2] to several aggregates
[3] or semi-isolated particles [4] coated with the desired material. Additionally, composites can
be obtained as regular core-shell [1] or yolk-shell [5] materials. These composites have found
applications in fields such as sensing [6], drug delivery [7], and catalysis [8] among others.
However, these coatings commonly present a heterogeneous collection of pore sizes, a critical

parameter for these applications.

MOFs have shown outstanding performance in various strategic applications such as
separation, catalysis or sensing and drug delivery systems [9]. The strength of MOF-based
materials arises of their structure-dependent regular network of voids (with diameters up to 6
nm) [10], which are defined by inorganic cations interconnected by polydentate organic
ligands. Since the late 1990s intense synthetic efforts have been devoted to report novel MOFs
(over 20,000 structures) in terms of crystal size, porosity, geometry, and functionality [9, 11].
More recently, composites containing plasmonic NPs had been prepared in a variety of
morphologies for a diversity of applications as sensors [12], catalyst [13], and drug delivery
scaffolds [14]. These composites combine the optical/catalytic properties of the plasmonic NPs
with the structural properties of the MOFs which, together with the high surface area due to a
vast porosity of a very homogeneous distribution [15], may offer additional chemical selectivity

based on the ligands used in the coordination of the metal [16].

As other hybrid materials NP@MOF composites can be prepared coating single or
multiple (isolated and aggregated) NPs [17]. However, these core-shell approaches notably
restrict the availability of the plasmonic surfaces limiting their capacity to interact with the
target analytes or molecular substrates and restricting, as well their storage capacity to be used

as drug delivery systems [5].

Herein we demonstrate the possibility of confining single plasmonic particles into a

water-soluble MOF that can be recoated with a water-insoluble MOF to create a yolk-shell.
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Optical performance as well as retention kinetics in multianalyte experiments and plasmonic

catalysis are also studied.
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2.2. Results and Discussion

Notably although similar structurally ZIF MOFs present different physicochemical
properties. For example, the cobalt (Il) and zinc (I) derived ZIFs ([Zn(2-methylimidazole):]n,
ZIF-8 and [Co(2-methylimidazole):]n, ZIF-67) consist in tetrahedral crystals that share a quasi-
identical sodalite topology. However, while ZIF-67 is soluble in water, ZIF-8 is much more
resistant, both at room temperature (Figure 2.1A). Thus, taking advantage of this property, it
is possible to produce yolk-shells consisting in single Au NS coated of ZIF-8 (Figure 2.1B). Au NS
of 70 nm (tip-to-tip) were produced though a seed mediated method (Figure 2.1B) [18]. These
NPs were selected as they are single-particle electromagnetic hot spots in the near IR [19].
Then, preparation of yolk-shell structures was achieved by initially coating the NS with ZIF-67,
followed by the growth of the ZIF-8 to create a ZIF-67@ZIF-8 double shell. NS@ZIF-8 yolk-shell
can be then spontaneously prepared by immersing the NS@ZIF-67@ZIF-8 in water and
sonicating for 24 hours (Figures 2.1B and C) [20]. Notably, while the violet solution of the core-
shell particles rapidly turns to colorless in few minutes, in the case of yolk-shells, the presence

of the outer ZIF-8 layer delays the ZIF-67 dissolution (Figure 2.1D).

A ZIF-67

& 2R B ZIF-8 HO ¢
Water, 24h ¥ B " —
e e W ae
=®Y * . { &
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Figure 2.1. (A) Water solubility of ZIF-67 as compared with ZIF-8 after 24h. (B) Conceptual scheme for
the preparation of NS@ZIF-67 core-shells and NS@ZIF-8 yolk-shells and representative TEM images of
the different materials. (C) TEM images of yolk-shell NS@ZIF-8 particles. (D) Optical images of NS coated

with ZIF-67 (core-shell) and ZIF-67@ZIF-8 (yolk-shell) redispersed in water as a function of time.
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To assess the composition of the produced materials, EDX analysis was carried out in a
high-resolution TEM. As shown in Figure 2.2, core-shell structures present signals of gold and
cobalt, correspondent to the Au NS and the coating ZIF-67, respectively. In the case of the
intermediate NS@ZIF-67 @ZIF-8, and additional signal arises at the outer surface due to the
zinc ions of the ZIF-8. Upon dissolution of the inner ZIF-67 structure, the Zn signal remains in
the outer shell while traces of the cobalt signal remain. This reminiscent signal can be
attributed to the spontaneous formation of some layered cobalt oxides as this cation detaches

from the MOF [21], as also indicated by the TEM images (Figures 2.1B and C).

Figure 2.2. High resolution TEM images and EDX analysis of the Au NS@ZIF-67 and Au NS@ZIF-67 @ZIF-
8 core-shells and the Au NS@ZIF-8 yolk-shell.

PXRD patterns of the samples (Figure 2.3A) exhibit sharp bands that correspond to the
sodalite structures of crystalline ZIF-8 and ZIF-67 in both core- and yolk-shell structures [22].
The absence of any other signals demonstrates the phase purity of the MOFs but also the
epitaxial growth of ZIF-8 on ZIF-67. This is expected due to the similar sizes of the unit cell for
ZIF-8 (a=b=c=16.9910A) [23] and ZIF-67 (a = b = c = 16.9589 A) [24]. The structure remains
unchanged after the removal of the ZIF-67 in water. N adsorption isotherms (Figure 2.3B) of
the core- and yolk-shells show the typical reversible type | isotherm, as previously observed for

pure ZIF-8 and ZIF-67 crystals.
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Figure 2.3. (A) PXRD, (B) N, sorption isotherms (77 K), (C) BJH pore size analysis, and (D) Raman
spectroscopy for the Au NS@ZIF-67 core-shells and the Au NS@ZIF-8 yolk-shells

For both, the amount of adsorbed N; rapidly increases at low pressures, indicating the
existence of micropores [25]. BET analysis of the isotherms indicates surface areas over 1700
and 1100 m? g* for the core- and the yolk-shell structures, respectively. These values also fall
within the common range reported for pristine ZIF particles [26]. Notably, the difference in
surface area, is related to the shell thickness of the composites, while in Au NS@ZIF-67 core-
shell exhibits a continuous shell of 160 nm, the yolk-shell particles show an outer shell of only
50 nm. Porosity, derived from the isotherms through the BJH pore size analysis, also shows
different distributions for core- and yolk-shells (Figure 2.3C). While Au NS@ZIF-67 core-shell
exhibits most of its porosity at 1 nm, with small contributions at 0.6 and 1.3 nm, pore
distribution of Au NS@ZIF-8 yolk-shell shows larger pores, at 1.2 and 1.9 nm, with a smaller
contribution at 1.6 nm. Although ZIF-67 and ZIF-8 present similar pore distributions in large
crystals the epitaxial growth of ZIF-8 on ZIF-67, and the posterior removal of ZIF-67 have two
main effects in the structure of the yolk-shell. First, the growth, by itself, of a MOF on the
surface of a NP slightly enlarge the pores as the shell grows [27]. Second, the removal of the
sacrificial ZIF-67 increases the flexibility of the ZIF-8 yolk-shell due to the removal of the
mechanical support imparted by ZIF-67. Finally, Raman spectroscopy was carried out on the
composites in solid phase (Figure 2.3D and 2.4A). In the case of the pure ZIF crystals, the
vibrational spectra are dominated by the characteristic vibrational modes of the ZIFs (imidazole
ring puckering, 685 cm, the CN stretching, 1146 cm™ and the CCH waging, 1460 cm™?) [14].
However, a detailed observation of the area between 1100 and 1200 cm™ (Figure 3.3C)
indicates a slight difference (1178 and 1187 cm™ for ZIF-67 and ZIF-8, respectively) in the band
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assigned to the CN stretching plus the NH wagging [28], which is affected by the nature of the
coordinated metal. This vibrational detail can be exploited to gain information about the
composition of the composite materials. The fine deconvolution of the CN stretching, and CN
stretching plus the NH wagging bands clearly shows that while the Au NS@ZIF-67 core-shell
can be deconvoluted in just to bands, three bands are necessary for the yolk-shell. Considering
the low contribution of the 1178 cm™ ZIF-67 signal (which is similar to the CN stretching in the
ZIF-67 pure crystal) and the distance to the surface of ZIF-8 (much distant than ZIF-67, with the
subsequent less SERS effect in the intensity of its spectrum) it becomes clear that the presence

of Co(ll) is reminiscent in the yolk-shell.
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Figure 2.4. (A) Raman spectrum of powder ZIF-8, ZIF-67, core- and yolk-shells. (B) Experimental (solid
line) and calculated (dashed) extinction and (C) local electric field distribution at 785 nm for Au NS and
its core-shell composite with ZIF-67 and yolk-shell composite with ZIF-8. (D) SERS spectra of micromolar
solution of NAT, BT, MBA, and ABT on the NS (dashed lines) and yolk-shells (solid lines). For reference,

the spectrum of the yolk-shell solution without analyte is also shown.

Figure 2.4B, show the experimental and simulated optical response for Au NS, Au
NS@ZIF-67 core-shell, and Au NS@ZIF-8 yolk-shell. The spectra simulated for the NS and the
yolk-shell present a good agreement with the experimental results. However, the theoretical

spectrum of the core-shell shows slight differences compared to the experimental, which can
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be attributed to the imaginary part of the dielectric constant of the MOF, which we assumed
to be zero in the simulations to make the calculation treatable [29]. This approximation gives
sharper theoretical resonances compared with the experiments. Electric near field (Figure
2.4C) shows similar enhancements for the single NS and the yolk-shell system; this is expected
because the ZIF-8 slightly attenuates the incident light that reaches the NS, slightly diminishing
the intensity of the near-field enhancement. On the other hand, results for the core-shells
show a lower enhancement as compared with stars and yolk-shells. This is due to the proximity
of the ZIF-67 to the plasmonic structure which, in fact, increases the local refractive index (of
the liquid solution); this implies a redshift of the resonances and dumps the enhancement as

the plasmon resonance.

To test for the optical enhancing properties for SERS [30], the different materials, NS,
core- and yolk-shells were exposed to 4 different analytes; NAT, BT, MBA, and ABT. Analytes
were added to the plasmonic solutions to set a final concentration of 10°® M. Spectra were
recorded after 30 min, usually time enough for the chemisorption reaction to be completed
(Figure 2.4D) [31]. Notably, NAT and BT vyield strong signals on all the substrates. MBA,
however, only produce remarkable intensity on the bare NS, with no evidence of its presence
on both core- and yolk-shells. Finally, ABT shows only its characteristic spectrum on the NS,
while in the case of the composite materials the signals obtained can be ascribed to DMAB, a
product derived from the plasmonic driven catalytical dimerization of ABT [32]. Further, for all
the analytes, but ABT (or DMAB), SERS intensity on NS resulted consistently better than that
obtained on the composite materials. This fact contrasts with the literature which often
considers the plasmonic NPs coated with MOFs as an example of optical accumulators [33, 34].
Thus, to further investigate this point, we designed a set of experiments based on the
adsorption kinetics of single probes as compared with the same probes in the presence of the

rest (Figure 2.5).
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Figure 2.5. Adsorption kinetics of micromolar solutions NAT, BT, MBA, and ABT on the NS, core- and

yolk-shells (A) as single probes and (B) in a mixture containing all the molecules. (C) Adsorption capacity
at the equilibrium and (D) rate constant for the kinetics (solid line, single probe; dashed line, multiprobe).

(E) Three-dimensional representation of the kinetic adsorption of ABT on NS and on the yolk-shells.

For that, colloidal solutions were set at pH 7.8 with analyte concentrations of 10® M
(either just one or all the analytes). The examination of the temporal response of the analyte
spectral intensities reveals an exponential rise to maximum curve. Thus, when the analyte
collides with the adsorbent, it will chemically bind to the plasmonic surface, or it will return to

the aqueous phase, which indicates a pseudo-first-order chemical kinetics [12, 35]:

qt = (eq 1- e_kt) (2.1)

where g: is the amount adsorbed by the adsorbent at any time; geq, the adsorption
capacity at the equilibrium (or amount adsorbed by the adsorbent at the equilibrium); k, rate
constant and t, the time of reaction. Assuming that, in a liquid colloidal suspension without
aggregation, the SERS intensity is equivalent to the amount adsorbed this equation (equation

1) can be used to fit the kinetic data of the probes to obtain the rate constants [36].
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To give an interpretation of the kinetic results, zeta potential of the colloidal solutions
was measured resulting in values of -29, 25, and 11 mV for the NS, core- and, yolk-shells,
respectively. Conversely, molecular size of the analytical probes was calculated by using DFT at
the B3LYP 6-311G (d,p) the level of theory (Figure 2.6A) resulting in a molecular volume
tendency of NAT > MBA > ABT > BT. In general, all the analytes are adsorbed faster (and in a
larger quantity) when they are alone as compared when they are in the mixture between
themselves. This fact is expected as single probes have not competition with other adsorbates.
Further, although NS tend to adsorb faster, adsorption capacity is maximized in yolk-shells. This
indicates that the sieving layer, provided by the MOF, restricts the pass of the analyte, but favor
the accumulation on the plasmonic surface once into the shell as expected in an optical
accumulator [6]. Notably, this effect is more noticeable in the case of yolk-shells as they are
hollow and their plasmonic surface much more available. Related with this, it is important to
mention that the MOF coating also increases colloidal stability. For example, after 2h, NS tend
to precipitate when the analyte is ABT (Figure 2.6B) while both composites remain stable.
Considering the differences between analytes, it can be stated that for neutral molecules such
as NAT and BT size is an important parameter as, although it does not affect the retention
capacity, it slows the sorption process for the larger entities. On the other hand, analyte charge
is a key factor. At pH 7.8 all the analytes but MBA are neutral. At this pH, MBA is ionized as
mercaptobenzoate (i.e., marked with an explicit negative charge). Notwithstanding, this
molecule is readily adsorbed on NS, which are eminently negative, but not in core of yolk-
shells, which exposes a positively charged surface. This surprising behavior results very likely
from an extraordinary electrostatic affinity between the MOF and the MBA which clogs the
pores. This clogging process does not affect the rest of analytes in the multiprobe experiments.
If it is true that in such experiments, both rate constant and retention capacity decreases as
compared with those of single probe, the decrease of kinetic constants and the retention

capacity is very likely derived of the competence between the different probes.
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Figure 2.6. (A) DFT calculations of the electronic structures and size of the different molecular probes.
(B) Colloidal suspensions of Au NS, core- and yolk-shells with each of the analytes and with a mixture of

all the analytes after 2h.

The sorption of ABT shows a different behavior as compared with the rest of the probes
(Figure 2.5E). ABT retention in NS shows the typical SERS spectrum of such molecule during all
the acquisition time until aggregation. Notwithstanding, when measured either on core- or
yolk-shells, the resulting spectrum is no longer ABT but DMAB. The dimerization of this
molecule is an example of plasmonic catalysis and has been described upon illumination of
plasmonic sols in an excess of ABT [37], in lower ABT concentrations when plasmonic NPs are
functionalized with platinum [32] or when a ABT monolayer is deposited in a plasmonic
electrode [38]. Briefly ABT oxidizes to DMAB by losing 2e (or gaining 2 holes). Oxidation of ABT
on gold surfaces a thermodynamically nonspontaneous reaction. Plasmon excitation and
subsequent decay in metal NPs create hot electrons and hot holes with an energy distribution
above and below the Fermi level. When the LUMO or HOMO energies of the molecules are
within the energy distribution, hot charge carriers are allowed to transfer to the molecules,
leading to the reduction or oxidation of the molecules. Here, ZIF to increases the local

concentration of ABT helping the retention onto the Au NS. This process, although also present
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in the core-shells, is of lesser extension due to the smaller plasmonic surface area allowed by

the compact thick shell of ZIF and its smaller hollow volume.
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2.3. Conclusions

In summary, we described a simple and effective synthetic method for the fabrication
of single Au NS encapsulated into hollow ZIF-8 yolk-shells. The resulting materials are
characterized by three main features: (1) the electromagnetic response of isolated Au NS even
in concentrated solution or even cast on surface; (2) the homogeneous porous distribution
characteristic of MOF materials; and (3) the availability of a large volume between the
plasmonic core and the sieving shell that can be exploited for optical accumulation, catalysis
or drug storage. These materials are more colloidally stable than their counterparts without
coating, can sieve different molecules based on their size or charge, seems to show some
interesting synergy with gold for their application in photocatalysis and present strong optical
activity to be used as SERS sensors. Further, the dependence of the SERS signal with time can
be also used to design advanced analytical applications based in the adsorption time (kinetic

control) or the stability (thermodynamic stability).
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2.4. Experimental Section
2.4.1. Materials

HAuUCls (99.9%), zinc acetate dihydrate ((98%), Zn(CHsC0O),:2H,0), mim (99%),
cobalt(ll) nitrate hexahydrate (98%, Co(NOs):6H20), PVP, (MW: 10K), trisodium citrate
dihydrate (98%), AgNO3 (99%), MBA (90%), BT (95%), ethanol (99.5%), methanol (99.9%), DMF
(99%), NAT (99%), and ABT (>97%) were purchased from Sigma-Aldrich. CTAB (99+%) was
purchased from Acros Organics. PVP (MW: 24K) was purchased from Carl Roth Chemicals. All
reactants were used without further purification. Milli-Q water (18 MQ cm™) was used in all

aqueous solutions, and all the glassware was cleaned with aqua regia before the experiments.
2.4.2. Synthesis of PVP-Coated Au Seeds

Au seeds were produced by a modification of the well-known Turkevich method [39,
40]. Briefly, 5 mL of a 34 mM sodium citrate aqueous solution were added to 100 mL of a
boiling 0.5 mM HAuCls aqueous solution under vigorous stirring. The boiling mixture was
allowed to react for one hour under stirring. The synthesis yielded spherical nanoparticles of
14.5 + 1.7 nm size, with a Au® concentration of 2.64 mM. The obtained nanoparticles were
subsequently coated with PVP (MW: 10K). Specifically, 10 mL of an aqueous PVP (100 mg/mL)
was added dropwise to a vial containing 10 mL of an aqueous Au seed solution ([Au®] = 1 mM)
under stirring (600 rpm). The mixture was left under stirring for 24 h at RT to maximize PVP
adsorption. The as-prepared PVP-coated Au seeds were centrifuged five times (4500 rpm, 45
min). In every centrifugation step, the pellet was redispersed in ethanol and the supernatant
continued to be centrifuged until the supernatant turn to colorless. Finally, the seeds
redispersed in ethanol to a [Au®] = 1 mM, which approximately corresponds to a concentration

of Au seeds equals to =9.6 nM.
2.4.3. Synthesis of PVP-Coated Au NS

Au NS were prepared as reported previously [18]. Briefly, 5 gr of PVP (MW: 25K) were
dissolved into 25 mL of DMF. Then, 550 plL of PVP-coated Au seeds in ethanol ([Au®] = 1 mM)
were added to the solution, followed by the injection of 86.25 L of a HAuCl4 aqueous solution
(0.1302 M), The solution was vortexed for 10 seconds and let to rest overnight. The obtained
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colloids were submitted to 5 washing cycles consisting of centrifugations at, first, 7500 rpm for
40 min, and then 7000 rpm for 20 min and redispersion in ethanol. The final concentration of
Au NS was estimated to 0.5 nM and [Au®] = 0.696 mM assuming that all Au seeds were
converted to NS (tip-to-tip length, LNS = 70.8 £ 13 nm).

2.4.4. Synthesis of NS@ZIF-67 Core-Shells

3 mL of Au NS (0.5 nM) in ethanol were submitted to two additional centrifugations
(7000 rpm for 20 min) washes with water before being redispersed in 3 mL of a 0.5 mM CTAB
aqueous solution to yield CTAB-capped Au NS. To prevent the NS reshaping, 100 pL of a 1 mM
AgNOs solution were also added to the mixture. For the NS@ZIF-67 synthesis, 3 mL of a 1.32
M mIm aqueous solution were placed in a vial under stirring at 500 rpm. 3 mL of a Co(NO3);
aqueous solution (24 mM) were then injected into the solution. Five seconds later, the 3 mL of
the CTAB-capped NS were added, and the mixture was kept under stirring for 5 more minutes
and, subsequently, incubated at room temperature for 3 hours. After this, the particles were
washed with methanol for 2 times (5000 rpm for 5 min) and redispersed in 3 mL of methanol

(INS@ZIF-67] = 0.5 nM).

2.4.5. Synthesis of NS@ZIF-67 @ZIF-8 and Generation of the Yolk-Shells

NS@ZIF-67@ZIF-8 particles were prepared as follows. 3 mL of NS@ZIF-67 in methanol
(0.5 nM) were added under stirring (500 rpm) to 3 mL of a 1.32 M mIm aqueous solution. Five
minutes later, 3 mL of a 24 mM Zn(CH3CO0),-2H,0 aqueous solution were added. The mixture
was stirred 5 min more and then incubated at room temperature for 3 hours. After the
incubation, the color of the solution changed from dark purple to whitish pink, indicating that
efficient coating of Au NS@ZIF-67 with ZIF-8. The particles were washed with water for 2 times
(5000 rpm, 5 min) and then, redispersed in 3 mL of water (final particle concentration = 0.5
nM). The pH of the solution was previously adjusted to 7.8 by adding a proper amount of 0.1
M NaOH solution. For the preparation of the yolk-shell particles, 3 mL of NS@ZIF-67 @ZIF-8
were added to 100 mL water (pH 7.8) and sonicated for 15 min before being left overnight at
room temperature. The solution was centrifuged two-times (7000 rpm, 5 min) and redispersed

in 3 mL of water (pH 7.8) to a final particle concentration = 0.5 nM.
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2.4.6. Synthesis of Pristine ZIF-67 and ZIF-8 Particles

Pristine ZIF-67 and ZIF-8 particles of approximately 500 nm diameter size were
prepared in water at room temperature using a 55 ligand-to-metal ion molar ratio (mIm/Co?*
for ZIF67, and mim/Zn?* for ZIF-8). For the ZIF-67 particle synthesis, 3 mL of 1.32 M mIm
aqueous solution were placed in a vial under stirring at 500 rpm, then 3 mL of a 24 mM aqueous
solution of Co(NOs), were injected into the mixture. Five seconds later, 3 mL of a CTAB solution
(0.5 mM) were added to the solution. The mixture was stirred 5 min more and then incubated
at room temperature for 3 hours. Afterwards, the particles were washed with methanol for 2
times (5000 rpm, 10 min) and finally redispersed in 3 mL of methanol. For the ZIF-8 particles
synthesis, 3 mL of 1.32 M mlm aqueous solution were placed in a vial under stirring at 500 rpm,
then 3 mL of a 24 mM aqueous solution of Zn(CH3COO),-2H,0 were injected into the solution.
Five seconds later, 3 mL of a CTAB solution (0.5 mM) were added to the solution. The mixture
was stirred 5 min more and then incubated at room temperature for 3 hours. After the
incubation period, the particles were washed with water (pH 7.8) 2 times (9000 rpm, 10 min)

and finally redispersed in 3 mL of basified water (pH 7.8).

2.4.7. Theoretical calculations

Simulations were performed with the BEM [41] using the metallic nanoparticles BEM
(MNPBEM) toolbox [42]. Gold dielectric constant is from Johnson and Christy [43]. For the
simulation we considered the MOFs as perfect dielectrics, n = 2.039 and n = 2.5 for ZIF-8 and
ZIF-67 respectively [34, 44]. Volume and cross sectional area of the probe molecules were

calculated with DFT at the B3LYP 6-311G (d,p) the level of theory using Gaussian 16.

2.4.8. Instrumentation

UV-Vis spectroscopy (Agilent Technologies, Cary 8454) and TEM JEOL JEM 1010
operating at an acceleration voltage of 100 kV were applied to characterize the optical
response and size of the NPs. Elemental mapping analysis were carried out with TEM FEG JEOL
2010F operating at an acceleration voltage of 200 kV. The samples were prepared by drying
suspensions on carbon-Formvar-coated 200-mesh copper grids. Zeta potential analysis were

carried out with Malvern Zetasizer Nano ZS. N; sorption at 77 K was undertaken in
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Micromeritics 3Flex instrument. Prior to the measurement, the samples were outgassed at
room temperature for 12 h under a pressure of 0.1 Pa. The BET processing was carried out in
the relative pressure range of 0.05-0.25. XRD analysis was carried out with Siemens D5000.
SERS experiments were conducted using a Renishaw InVia Reflex confocal microscope
equipped with a high-resolution grating consisting of 1200 grooves/cm for NIR wavelengths
(785 nm), additional band-pass filter optics, and a 2D-CCD camera. Samples were prepared by
adding 10 pL of probe of one (or more) analyte at 10 M to 1 mL of buffered (pH 7.8) colloidal
suspensions to reach a final concentration of 10® M for each of the analytes added. Total gold

concentration for all the sample was set to Aufinai: 0.18 mM.
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Optical Quantification of Metal Ions using Plasmonic

Microbeads Coated with Metal-Organic Frameworks and

Ion-Selective Dyes

Herein, we designed and synthesized a hybrid material comprising PS sub-microbeads coated
with Ag nanospheres. This material provides a dense collection of electromagnetic hotspots
upon illumination with visible light. The subsequent coating with a MOF, and the adsorption of
bathocuproine (BC) on it yields an optical sensor for SERS that can detect specifically Cu(ll) in
a variety of agueous samples at the ultra-trace level. Detection limits with this method are
superior to those of inducted coupled plasma or atomic absorption and comparable with those

obtained with inducted coupled plasma coupled with a mass detector.
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3.1. Introduction

SERS is a powerful ultrasensitive technique based in the close contact of the target
analyte with a plasmonic particle [1-3]. However, as a molecular spectroscopy, SERS is unable
to detect atomic species [4]. These species, and specially metallic ions, represent a good
portion of water and soil pollution [5] and also have key interest in the study of biological
processes [6] or even the diagnosis of certain diseases [7]. Thus, to apply this sensitive
analytical technique to the detection of metals (and other atomic ions) usually plasmonic
surfaces are functionalized with molecules (i.e., chemosensors) that react with these species
[4]. In such a case, the atomic analyte is indirectly detected through the changes that it induces
on the molecular [8] or electronic [9] structure or in the orientation of the chemosensor [10].
Notably, although the classic analytical literature describing to the use of organic reagents
specific for each metal ion, and sometimes to each oxidation state for the same ion, is extensive
[11-14], the use of such molecules in SERS is very restricted because of the necessity of the
chemosensor to be explicitly attached to the plasmonic surface. In such conditions, the most
common chemosensors for atomic ion analysis relies in the use of thiolated small aromatic
molecules that are functionalized metal reactive moieties such as carboxylic, amino or alcohol
groups that can react with the target metals [15]. This strategy, however, shows little specificity
and, while can be successfully applied to simple analytical problems, does not work for complex

fluids such as those of biological or natural origin.

MOFs are porous materials with homogeneous pores formed by the coordination of
organic linkers with metal ions [16, 17]. During the last two decades, MOFs have demonstrated
utility in a diversity of applications ranging from catalysis, separation, drug delivery or analytical
chemistry, either alone or in the form of composites with another materials [18-20]. In
particular, plasmonic NPs coated with MOFs had been successfully applied to the analysis of
small molecules [21, 22], drug delivery [23, 24], and pollutant separation [25-28]. Commonly,
these materials are prepared by coating single particles with a thin shell of MOF or by
dispersing multiple but isolated particles within a MOF matrix. Either way, due to the lack of
interaction between particles to form electromagnetic hotspots [1]. Thus, to ensure the
electromagnetic field enough to produce a good SERS signal, these composites usually employ

single particle hotspots such NS [24, 29], a well-known plasmonic particle capable of localizing
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strong electromagnetic field at their tips [30]. These composite MOF-NS materials are very
useful upon near infrared illumination, but their LSPR below 700 nm is modest, with the

subsequent limited optical enhancement [30].

Herein, we designed and synthesized a hybrid material comprising PS sub-microbeads
coated with Ag nanospheres. This material provides a dense collection of electromagnetic
hotspots upon illumination with visible light [9]. Subsequently, the plasmonic beads were
coated with MOF providing a plasmonic material with the same properties, or even better, as
common NS coated with MOFs, but in the visible. Finally, to probe the efficiency of this
composite for ultra-trace analysis of ions, and exploiting the affinity of MOFs for nonpolar
organic molecules, a selective dye for copper, BC[31], was adsorbed in the composite material.
The sensing platform was the used for the analysis of copper ions in agueous samples of

different natural origin.
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3.2. Results and Discussion

The schematic illustration of the preparation steps of the PS@Ag@ZIF-8 composites is
given in Figure 3.1A. Accordingly, PS beads (496 + 16 nm diameter) were coated with a layer
of the positively-charged polymer, PAH. Subsequently, the material was exposed to an excess

of spherical negatively-charged Ag NPs of 51 + 6 nm size (Figure 3.1A) to promote their

electrostatic retention onto the bead surfaces.
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Figure 3.1. (A) Schematic illustration of preparation stages of PS@Ag@ZIF-8 SERS substrates. (B)

Representative TEM images of PS@Ag beads. (C-D) Representative TEM and SEM images of the

composites, respectively. Scale bars, 500 nm. (E) Zeta potential at the different fabrication steps of the

composite. The final particles have nearly +17 mV. (F) Extinction spectra of Ag NPs, PS beads, PS@Ag

beads, pristine ZIF-8, and PS@Ag@ZIF-8 suspensions. (G) N» adsorption-desorption isotherm of

PS@Ag@ZIF-8 composite. (H) XRD patterns of PS@Ag@ZIF-8 and pristine ZIF-8 crystals.
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Such colloidally stable 3D collections of closely spaced NPs onto the PS core yield highly
intense SERS signals [9, 10]. The resulting PS@Ag beads (Figure 3.1B and 3.2B) were then
redispersed into a CTAB aqueous solution below the critical micelle concentration (CMC)
before the direct growth of the outer ZIF-8 shell. Here, CTAB molecules have two important
effects. First, the molecules act as a bridge between ZIF-8 precursors and PS@Ag beads by
adsorbing plasmonic Ag NPs located on the PS surface. In this way, it was ensured that the
composite material is completely covered with ZIF-8 crystals. Second, CTAB concentrations
added below CMC help to obtain ZIF-8 crystals in desired sizes and monodispersity. However,
the natural crystal morphology of ZIF-8 changes from TRD to cubic morphology, as the
hydrophobic tail of CTAB more energetically and selectively suppresses the [100] faces of
growing crystals [32]. This change can be easily observed with the representative SEM image

in Figure 3.1D.
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Figure 3.2. (A) representative TEM image of Ag NPs, (B) PS@Ag Beads and (C) PS@Ag@ZIF-8
composites. (D-F) Histograms of Ag NPS, PS beads, and PS@Ag@ZIF-8 composite diameters,

respectively.

For the preparation of the composites, CTAB-modified PS@Ag beads were
subsequently combined, under stirring, with aqueous solutions mim and zinc acetate to yield
PS@Ag@ZIF-8 particles of 847 + 69 nm size (Figure 3.1C, D and 3.2C). Zeta potential

measurements reveal that ZIF-8-coated PS@Ag beads have a highly positive surface charge,
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however, there is a decrease in surface charge due to the linker, mim, when compared to bare
PS@Ag (Figure 3.1E). UV-Vis spectroscopy was also used to monitor the optical evolution of
the composites during the different fabrication steps. As shown in Figure 3.1F, the
accumulation of Ag NPs onto the PS surface causes a red-shift of the LSPR of the individual NPs
(from ca. 418 to 446 nm) and the appearance of a new broad shoulder at longer wavelengths
which is associated with the plasmon coupling of surface-bound and closely-spaced Ag NPs.
Subsequent coating with ZIF-8 determines a dampening of the plasmonic contribution and its
further red-shift, which is also consistent with the NP entrapment within the ZIF-8 shell. N2
physisorption and BET analysis of the composites show the typical reversible type | isotherm
(Figure 3.1G) as previously observed for pure ZIF-8 crystals. Here, the amount of adsorbed N3
rapidly increases at low pressures, indicating the existence of micropores [33, 34]. Similarly,
the obtained surface area (Sger ~ 1000 m?/g) also falls within the common range reported for
pristine ZIF-8 particles (ca. 800 — 1400 m?/g) (Figure 3.3) [34]. XRD patterns of PS@Ag@ZIF-8
feature both low angle diffractions from ZIF-8 (26 = 7.4°, 10.41°, 12.75°) and the different

diffraction from Ag (26 = 38.4°), confirming the crystallinity of the composites (Figure 3.1H).
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Figure 3.3. BET surface area plot of PS@Ag@ZIF-8 composites

Figure 3.4A shows the near field calculations at 532 nm for a model comprising Ag NPs
on a PS bead before and after coating with ZIF-8. As expected, the higher enhancements are

located at the gaps between the NPs in both samples. Overall, PS@Ag@ZIF-8 shows a higher
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enhancement than the PS@Ag. This increase is ascribed to the deposition of ZIF-8 on the
plasmonic structure, which increases the local refractive index and red-shifts the LSPR, thus,
producing a better overlap between the excitation light and the LSPR of the material [35]. To
test the SERS enhancing properties of PS@Ag and PS@Ag@ZIF-8 in agueous suspension we

used a well-known BT as molecular probe at different concentrations (Figures 3.4B-D).
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Figure 3.4. (A) Near field calculations (532 nm) of a model PS@Ag beads before and after coating with
ZIF-8. Insets show a top view of the sample within the white border. (B-C) SERS spectra of different
concentrations of BT on PS@Ag beads and PS@Ag@ZIF-8 composites. (D) Comparison of absolute SERS
intensities at 999 cm™ band for BT molecules on PS@Ag and PS@Ag@ZIF-8.

In a typical experiment, SERS measurements were carried out on equimolar particle
suspensions using a 532 nm laser and adopting a macro set-up configuration to obtain
guantitatively reliable SERS spectra resulting from the averaged contribution of many beads
within the illuminated volume. As can be observed, PS@Ag@ZIF-8 yields detection limits down
to 101° M, one order of magnitude lower than bare PS@Ag beads (Figure 3.4B and C). The
absolute intensity of the narrow band at 999 cm™ (ring breathing mode) [36] is plotted in Figure
3.4D as a function of BT concentration. Moreover, the absolute intensity at the plateau ([BT] >

107 M) for PS@Ag@ZIF-8 is ca. 4-fold larger than for bare PS@Ag beads. These results are due
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to two factors; the better resonance laser-LSPR, in full agreement with the theoretical
calculations (Figure 3.4A), and the optical accumulation effect derived by the improved affinity
of ZIF-8 for the organic probe. This later increase the local concentration of the analyte close

to the plasmonic surface with the subsequent increase in the SERS intensity [37].

BC has been extensively used as a highly specific ligand for Cu(l) and Cu(ll) with no
interferences from other cations being reported [31, 38, 39]. BC coordinates, through its
nitrogen groups, with copper ions to form the BC,-Cu complex (Figure 3.5A). This reaction
induces a change in the electronic spectra generating a new band at 483 nm (Figure 3.5B-C).
The characterization of BC and BC,-Cu with Raman, exciting the samples with 785 nm laser,
shows a clear change in their spectral profile (Figure 3.5D). In summary, a drop in intensity of
the band at 1367 cm™ (NC stretching) of BC, which is mirrored by an increase of the bands at
1425 cm™ (CCH bending) and 1563 cm™ (C=C stretching) for BC2-Cu. These changes are specific

for copper ions and does not appear when other metals are present in solution (Figure 3.5E).
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Figure 3.5. (A) Molecular structures of BC (above), and BC>-Cu?* complex (below). Colour code: C: grey,
N: red, and Cu: yellow. Reddish stripes indicate the coordination bonds between N and Cu atoms.
Hydrogen atoms were omitted for clarity. (B) Absorption spectra of BC in ethanol (10 uM) before and
after the addition of Cu?* (ligand/metal molar ratio = 2:1). (C) Absorption spectra of BC ethanolic
solutions (10 uM) upon addition of different metal ions (final concentration = 5 uM). (D) Raman spectra

of the corresponding solids (excitation wavelength = 785 nm). (E) Raman spectra of the solids were
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obtained by mixing ethanolic solutions of BC and metal ions at a 2:1 molar ratio. Upon solvent
evaporation, the remaining powder was collected and interrogated by Raman. Excitation wavelength =

785 nm.

Notably, the excitation of the same samples with a green laser (532 nm) yields an
intense fluorescence for BC,-Cu that saturates the detector, signal of the resonance between
the green laser and the complex. To prepare the optical sensor, BC was loaded onto the
PS@Ag@ZIF-8 by immersing the composite in an ethanolic solution of the dye at the desired
concentration for 12 h. Notably, calculated dimensions for BC are 10.8 x 9.3 x 4.3 A (Figure
3.6A). However, calculated dimensions for ZIF-8 pores are 0.8 and 3.4 A (Figure 3.6B) [40-42],
bellow 1.5 A, as calculated from the N2 sorption isotherm (Figure 3.6C). Thus, a priori, the
penetration of the dye is sterically restricted. However, unlike other porous structures such as
silica, carbon or clays, ZIF-8 exhibits dynamic pore properties [27] due to the swing motion of
the mim ring [43], which allows the MOF to adsorb large molecules specially when in alcohol
solutions and for nonpolar adsorbents [24, 44]. Thus, to ensure the appropriate retention of
the dye, the supernatants after centrifugation were studied by UV-Vis spectroscopy showing
no evidence of the presence of dissolved BC. Conversely, the sediments (i.e., PS@Ag@ZIF-8
loaded samples) were studied with SERS. Figure 3.6D shows the SERS spectra of PS@Ag@ZIF-
8 upload with different concentrations of BC. The characteristic dye signal can be clearly
recognized until concentrations of 10”7 M in initial BC. To test the stability of the retained BC,
the sediments were redispersed in water and centrifuged several times. After each
centrifugation cycle the supernatants were monitored by UV-Vis and sediments by SERS.
Neither BC molecules were detected in the supernatants nor a decrease in SERS intensity has
been observed in the sediments (Figure 3.6E), demonstrating the stability in water of the
sensing element. This behaviour contrast with that of the PS@Ag, which under the same

conditions show no signal of BC retention (Figure 3.6F).
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Figure 3.6. (A) Molecular size of a BC according to DFT at B3LYP 6-311G(d, p) the level of theory. (B)

Schematic representation of the structure of ZIF-8 crystal. The green sphere represents the pore cavity

with nearly 12 A. Four-membered rings (4MRs) and six-membered rings (6MRs) in the structure have
0.8 and 3.4 A sizes, respectively. The 6MR can expand to accommodate larger molecules. Colour code:
C: grey, N: red, and Zn: cyan. Hydrogen was omitted for clarity. (C) Pore size distribution of PS@Ag@ZIF-
8 composites. (D) SERS spectra of different concentrations of BC adsorbed on PS@Ag@ZIF-8. (E) SERS
spectrum of the sediments obtained after several washing cycles. (F) Comparison between the SERS

intensities of BC (band at 1377 cm™) on PS@Ag@ZIF-8 and PS@Ag after the same washing samples.

To study the performance of the sensor in the detection of metallic ions, the composite
loaded with BC (PS@Ag@ZIF-8-BC) was exposed to several aqueous samples spiked with Cu(ll).
The modification of the SERS fingerprint of BC embedded into the composites upon exposure
to a Cu(ll) solution is qualitatively analogous to what was observed for the Raman
measurements. Furthermore, when PS@Ag@ZIF-8-BC was combined with solutions of Ca?* (1
mM), Cd?* (10 uM), Fe3* (20 uM), Zn?* (40 uM) and Pb?* (10 pM), no distinguishable spectral

alterations were detected (Figure 3.7).
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Figure 3.7. SERS spectra of BC 1 uM on PS@Ag@ZIF-8 (blank) and in the presence of Cu®* (2 uM), Ca**
(1 mM), Cd?* (10 uM), Fe3* (20 uM), Zn?* (40 uM) and Pb?* (10 uM). Excitation wavelength = 532 nm.

It is worth noting that the characteristic vibrational pattern of the BC2-Cu?* complex is
obtained immediately after the dispersion of the hybrid particles in the sample, indicating the
extremely fast diffusion of Cu?* across the ZIF-8 shell to reach the proximity of the inner Ag NP
surfaces (i.e., no incubation is required). The Cu?* concentration response of PS@Ag@ZIF-8-BC

dispersed in PBS (pH 7.4) is shown in Figure 3.8A.
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Figure 3.8. (A) SERS spectra of BC (1 uM) on PS@Ag@ZIF-8 upon immersion into Cu(ll) solutions in PBS
buffer (pH 7.4) at different copper concentrations (from top to bottom: 0, 0.65, 1.3, 2.5, 3.8, 5.1, 6.4,
12.7, 25.4, 38.1, 50.8, 63.5, 127, and 254 ppb). (B) SERS intensity (l1424) and intensities ratio (l1424/11375)
vs. Cu?* concentration in PBS (N = 3). (C) SERS spectra of different concentrations of BC on PS@Ag@ZIF-
8 in PBS buffer (pH 7.4) (excitation wavelength = 532 nm). (D) SERS intensity |1424 in pristine PBS, tap
water and headwater stream (unfiltered and filtered) and in the same matrices spiked with Cu(ll) at a

final concentration of 6.4 and 64 ppb (N = 3).

The data highlight the progressive reshaping of the SERS spectrum to which extent can
be quantitatively correlated with the metal ion content. For instance, the bands at 1424 and
1375 cm, selected as markers of the Cu®* chelation vs free BC, respectively, undergo an
intensity increase (1424 cm™) and decrease (1375 cm™) with the increase in copper
concentration. Among these two parameters, the intensity of the 1424 cm™ band vs metal ion
concentration provides the best outcome, exhibiting an excellent linear response over two
orders of magnitude (from ca. 250 to 2.5 ppb, which corresponds to ca. 4 pM to 40 nM; r? =
0.99) and a limit of detection of ca. 0.6 ppb (10 nM, corresponding to an l1424 value larger than
the blank sample plus 2 times standard deviation). This level is competitive with techniques
such as ICP-MS (0.1 ppb) and far superior to other methods such as ICP (0.3 ppm) or FAAS (0.5
ppm) [45]. On the other hand, the intensity ratio lia24/l1375 (Figure 3.8B) displays a linear
response in a narrower Cu®* concentration range (ca. 4 pM-100 nM, r? = 0.970) and a limit of
detection of ca. 1.2 ppb (20 nM). It must be stressed that the BC content on PS@Ag@ZIF-8 has
been approximately optimized to yield intense SERS signals with a high signal-to-noise ratio,

which improves the accuracy and robustness of the SERS response while maintaining the ligand
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concentration sufficiently low to meet the specific requirements of sensitivity and dynamic
linear response for Cu?* detection (Figure 3.8C). Besides, to demonstrate that the composites
are fully functional in different environments, we used tap water and freshwater samples, the
latter collected at a headwater stream site located in Campus Lagoas Marcosende,
Universidade de Vigo (Spain). Figure 3.8D shows the SERS intensities of the 1424 cm™ BC
marker band in pristine waters as well as samples spiked with CuCl, solution to a final
concentration of 6.4 or 64 ppb. Remarkably, no significant changes were detected when

compared with the response observed in Cu?* buffer solutions.
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3.3. Conclusions

In conclusion, we have demonstrated that a nonfunctionalized ion-selective dye such
as BC can be absorbed onto a composite material comprising a plasmonic sub-microbead
coated with ZIF-8. The resulting optical sensor can detect Cu(ll) at the ultra-trace level without
further processing by means of SERS. Detection limits with this method are superior to those
of inducted coupled plasma or atomic absorption and comparable with those obtained with

inducted coupled plasma coupled with a mass detector.
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3.4. Experimental Section
3.4.1. Materials

AgNOs (99%), L-ascorbic acid (99%), sodium citrate tribasic dihydrate (>98%), MgSO.
(297%), zinc acetate dihydrate (98%, Zn(CH3C0OQ);-2H,0), mIm (99%), PAH (MW = 15000 Da),
NaCl (299.5%), KCI (299%), Na;HPO4 (299%), NaH2PO4 (299%,), aluminum nitrate nonahydrate
(=298%, Al(NOs3)3-9H,0), cobalt(ll) nitrate hexahydrate (98%, Co(NQOs),-6H,0), copper(l) iodide
(99.9%, Cul), copper(ll) chloride dihydrate (299%, CuCl,-2H,0), iron(ll) chloride (98%, FeCly),
iron(Ill) chloride hexahydrate (299%, FeCls:6H,0), nickel(ll) nitrate hexahydrate (>98.5%,
Ni(NO3)2:6H,0), BT (95%) and ethanol (99.5%) were purchased from Sigma-Aldrich (Germany).
BC (98%) was purchased from Fisher Scientific. PS bead solution (ca. 500 nm, AJ50) was
purchased from lkerlat Polymers (Spain). CTAB (299%) was purchased from Acros Organics
(Germany). All reactants were used without further purification. Milli-Q water (18 MQ cm-1)
was used in all aqueous solutions, and all the glassware was cleaned with aqua regia before

the experiments
3.4.2. Synthesis of Ag Nanospheres

Synthesis of Ag colloids was carried out as previously reported [46]. Briefly, 100 mL of
H>O were heated until boiling. Then, an agueous mixture of 100 pL of ascorbic acid (0.1 M) and
1.364 mL of citric acid (0.1 M) was added under strong magnetic stirring. 1 min later, another
aqueous mixture of 298 pL of AgNOs (0.1 M) and 224 L of MgS04 (0.1 M) was added (such
mixture was previously incubated for 5 min). The solution was left boiling under stirring for
another 30 min and let to cool down at room temperature before being centrifuged once (6500
rpm, 15 min). The pellet was redispersed with Milli-Q water to yield a final Ag® concentration

of 1.4 mM.
3.4.3. Deposition of Ag NPs on PS Beads (PS@Ag)

PS of ca. 500 nm diameter were initially coated with positively charge PAH. To this end,
10 mg of PAH were added to 10 mL of NaCl aqueous solution (0.5 M) and sonicated for 30 min.
Then, 100 uL of PS bead dispersion (100 mg/mL) were added to 9.9 mL of aqueous PAH solution

and stirred at 500 rpm for 30 min. The sample was then submitted to three centrifugation-
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washing cycles (9000 rpm, 30 min) with Milli-Q water to remove unbound PAH. Finally, the
PS@PAH beads were redispersed in 50 mL of Milli-Q water (PS concentration = 0.2 mg/mL). To
this sample, 10 mL of the Ag colloids ([Ag’] = 1.4 mM) were added dropwise under sonication.
Immediately after, the mixture was stirred (300 rpm) for another 30 min. Finally, the mixture
was submitted to three centrifugation-washing cycles (4500 rpm, 15 min) with Milli-Q water
to remove unbound Ag NPs. The resulting PS@Ag beads were redispersed in 10 mL of Milli-Q

water (PS@Ag concentration = 1 mg/mL).

3.4.4. Preparation of ZIF-8 Coated PS@Ag Beads (PS@Ag@ZIF-8)

157.9 uL of CTAB aqueous solution (10 mM) were added to 3 mL of PS@Ag suspension
(1 mg/mL) and stirred for 30 min for adsorption of CTAB to the plasmonic surface. Then, 3 mL
of mIim aqueous solution (1.32 M) were added under stirring (500 rpm) followed, 10 minutes
later, by 3 mL of Zn(CH3COO); aqueous solution (24 mM). The mixture was kept under stirring
for 5 more minutes and, subsequently, incubated at room temperature for 3 hours.
Afterwards, the sedimented PS@Ag@ZIF-8 particles were separated from the whitish
supernatant and were submitted to two centrifugation-washing cycles (4500 rpm, 5 min) to
remove residual ZIF-8 particles in the supernatant. The PS@Ag@ZIF-8 pellet was finally

redispersed in 15 mL of Milli-Q water (PS concentration = 0.2 mg/mL).

3.4.5. Sample Preparation for Raman Analysis

Two aliquots of 500 plL of equimolar ethanolic solutions (2x10°3 M) of BC and metal
cation solutions were combined. Immediately after, the color changed from transparent to
vermilion. The solvent was removed by evaporation at 60-65°C. The residual solids were

collected and characterized by Raman spectroscopy.

3.4.6. Sample Preparation for SERS Analysis

500 uL of PS@Ag@ZIF-8 (0.2 mg/mL) were added to 10 mL of ethanolic solutions of BT
or BC at the desired concentration. The mixtures were incubated overnight and then submitted
to two centrifugation-washing cycles (4500 rpm, 5 min) with Milli-Q water. BC-loaded
PS@Ag@ZIF-8 were finally redispersed in 1 mL of Milli-Q water. An identical protocol was
applied for PS@Ag particles. For metal ion detection, the 100 pL of BC-loaded PS@Ag@ZIF-8
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particles were combined with 1 mL of metal ion solution, at different Cu(ll) concentrations,
prepared directly in PBS buffer (pH 7.8) or by spiking tap water and freshwater with
appropriate aliquots of a CuCl, solution. Similar protocols were applied for the detection of
other metal cations. Filtration of the samples, when applied, was performed using a 0.45 um

pore diameter filter paper.

3.4.7. Theoretical Calculations

Simulations were performed with the BEM [47] using the MNPBEM toolbox [48]. Silver
dielectric constant is from Palik’s Handbook [49]. For the simulation we considered the MOF
as a perfect dielectric, n = 2.039. Volume and cross sectional area of the probe molecules were

calculated with DFT at the B3LYP 6-311G(d,p) the level of theory using Gaussian 16.

3.4.8. Instrumentation

UV-Vis spectroscopy (Agilent Technologies, Cary 8454), TEM (JEOL JEM 1010) and FIB-
SEM (Helios NanolLab 600) operating at an acceleration voltage of 100 kV were applied to
characterize the optical response and size of the particles. The samples were prepared by
drying suspensions on carbon-Formvar-coated 200-mesh copper grids. Zeta potential studies
were carried out with Malvern Zetasizer Nano ZS. Physisorption studies were carried out with
N> at 77 K using a Belsorp-max apparatus from MicrotracBEL Corporation (Osaka, Japan).
Before being analyzed, the samples were outgassed at room temperature for 12 h under a
pressure of 0.1 Pa. The BET processing was carried out in the relative pressure range of 0.05—
0.25. XRD analysis was carried out with Siemens D5000. Raman and SERS spectra were
collected in backscattering geometry with a Renishaw inVia Reflex system equipped with a 2D-
CCD detector, a Leica confocal microscope and two excitation sources: a 532 nm frequency
doubled Nd:YAG/Nd:YVO4 diode, and a 785 nm NIR diode laser. The 532 nm laser was focused
on the colloidal suspension using a macro lens (10 s exposure, 3 accumulations) with power at
the sample of 17.1 mW (100%, PBS, tap water and freshwater samples) and 2.19 mW (10%,
urine samples). Normal Raman spectra of BC/metal cation powders were obtained using a 785

nm laser to remove background fluorescence.
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General Conclusions

In general, this thesis enlightens us on the efficiency of innovative ZIF-based substrates

that can be used for different SERS applications.

For this, first, yolk-shell NS@ZIF-8 particles with star-shaped gold nanoparticles at their
heart were produced. At this stage, the production of hollow MOF particles is made possible,
which is quite simple and does not require any organic solvent or acid treatment. In this way,
the reshaping process, which is frequently encountered in synthesis stages and causes
deterioration of anisotropic nanoparticle morphologies such as star-shaped, is also prevented.
While obtaining yolk-shell materials, ZIF-8's sister structure, ZIF-67, was used as a sacrificial
template. This is because ZIF-67 is highly unstable in water and easily hydrolyzed. On the other
hand, since this is not the case for ZIF-8 produced within the scope of the thesis, the inner shell
consisting of ZIF-67 surrounding the star-shape gold nanoparticles was removed with the help
of water, and only ZIF-8, which formed the outer shell, remained stable. As a result of the
experiments carried out, basically three different situations were observed: (1) the
electromagnetic response of isolated Au NS even in concentrated solution or even cast on
surface; (2) the homogeneous porous distribution characteristic of MOF materials; and (3) the
availability of a large volume between the plasmonic core and the sieving shell that can be
exploited for optical accumulation, catalysis, or drug storage. These materials are more
colloidally stable than their counterparts without coating, can sieve different molecules based
on their size or charge, seems to show some interesting synergy with gold for their application
in photocatalysis and present strong optical activity to be used as SERS sensors. Further, the
dependence of the SERS signal with time can be also used to design advanced analytical
applications based in the adsorption time (kinetic control) or the stability (thermodynamic

stability).

Secondly, novel hybrid SERS substrates were obtained by coating sub-micro
polystyrene beads enriched with silver nanoparticles with ZIF-8. Here, the tightly packed silver
nanoparticles on the polystyrene surface enable the material to produce highly intense
electromagnetic hotspots. On the other hand, ZIF-8, which forms the shell, also allowed

capturing of a metal chelating agent such as bathocuproine and load into the hybrid substrate.
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Thus, bathocuproine-specific copper metal ions were easily detected at ultra-trace levels, and

the novel substrate was shown to be a good alternative for in-direct SERS detection of metals.

In summary, this doctoral thesis contributes to the use of metal-organic frameworks in
the field of plasmonics and thus to the advancement of novel SERS substrate designs. It also
reveals that these designs show better SERS performances than bare plasmonic nanoparticles
or uncoated plasmonic composites. Besides, it provides an innovative and easy experimental
protocol for fabricating ZIF-8-based plasmonic yolk-shell materials. Finally, it shows that metal-
chelating agents can be easily captured with the aid of a metal-organic framework shell, thus

enabling metal ion detections in different environments.
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Appendix I — List of Figures

FIGUTE 1.1 ettt 4

Schematic representation of nano-level and changing of surface/volume parameters from

micro to nano dimension

FIGUIE 1.2 et 8

Schematic illustration of the interaction of electromagnetic radiation with a spherical

plasmonic NP

FIGUIE 1.3 e 9

Representation of changing of LSPR position on plasmonic NPs. (A) When plasmonic NPs have
different morphologies are excited with a focused laser, different plasmon modes can be
occurred. (B) LSPR band position may vary in NPs of the same composition but different
morphology, or NPs with the same morphology but different composition. (C) Even little
changings in the morphology cause huge alterations in LSPR position. In here, the changes in

LSPR position are given for star-shape Au NPs with different tip lengths

FIGUIE 1.4 oottt 11

Absorption and scattering cross sections of Au and Ag NPs in water with diameter of 40, 60,

80, and 100 nm

FIGUIE 1.5 o 14

Examples of the anisotropic NPs produced by seed-mediated growth approaches under
different experimental conditions. (A) TEM images of spherical Au NPs with different
diameters: a) 15 nm, b) 23 nm, c) 46 nm, and d) 80 nm. The NPs were obtained using different
seed (10 nm) solution volume of 300 uL, 100 uL, 10 uL, and 5 pL, respectively. (B) HRTEM
images of Au NSs obtained from different kinds of seeds: a-b) 2 nm of Pt, c-d) 2.3 nm Au, e-f)
15 nm Au, and g-h) 30 nm Au seed. The NSs were obtained from [HAuCls4]/[seed] ratios of 45,
675, 67.5, 880, 1.5, 90, 1.5 and 11.5 from a to h, respectively. i) Calculated extinction cross
section for Au NSs with different sizes of the seeds using BEM. (C) TEM images of evolution of
Au NRs after different periods. Growth of NRs was halted by addition of MUTAB. (D) SEM

images of Ag NCs obtained using 1-5 nm of Ag seed, and transformation of the NCs to spherical
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Ag NPs after different chemical etching time: a) 0 min, b) 105 min, c) 120 min, d) 135 min, e)
150 min, and f) 165 min. (E) Growth of Ag on bipyramidal Au NPs: a) TEM images of symmetric
and b) asymmetric growth of Ag on bipyramidal Au NPs absence and presence of DMSO,

respectively. c) and d) optical properties of Ag NRs prepared with and without DMSO

FIGUIE 1.6 ...t 18

(A) Schematic representation of the three possible scattering phenomena via Raman active
molecule. Jablonski diagram also shows the electronic transitions involved with the different
scattering observed. (B) The Raman spectrum of one of the model molecule, aspirin, and
visualization of Stokes, Rayleigh, and anti-Stokes scattering in the spectra. Boltzmann energy
distribution also indicates that occurring of anti-Stokes scattering is less probable than Stokes

scattering. Where E and p relates with energy and population density, respectively

FIGUI@ 1.7 oottt 19

Schematic representation of mutual exclusion principle. (A) a molecule with central symmetry
such as CO; has polarization and dipole moment properties. For this reason, it cannot be IR
and Raman active at the same time. (B) On the other hand, water molecule can be both IR and

Raman active at the same time because of it has not any central symmetry

FIGUIE 1.8 . oottt 21

lllustration of SERS enhancement mechanisms. In electromagnetic enhancement, SERS signal
of the molecule of interest can be greatly enhanced mainly because of “hotspots” contribution.
On the other hand, chemical enhancement mechanism is about some physicochemical
properties such as electron transfer and modification of polarizability of the molecule which is

adsorbed on the plasmonic surface

FIGUIE 1.9 .ot 25
(A) SERS spectra of BT adsorbed on Ag NPs upon excitation with a 514 nm laser with the same
power at the sample but using different objectives. (B) LSPR shift and SERES profile of BT. Amax:
672 nm is the LSPR extinction of the NP, Amax: 729 nm is the LSPR extinction of BT adsorbed on
the NPs, and Aexmax: 692 nm is the best excitation wavelength according to the SERES data

points. (C) Photocombustion of the sample. Blue and black lines show the amorphous carbon
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background. On the other hand, yellow and red spectra indicate that SERS fingerprint of 1-NAT

at time 0 and 1470 s, respectively

FIGUIE 1.10 .ottt 29

Schematic representation of LbL technique. (A) Coating of an inert template with PEs and
depositing of plasmonic NPs onto it. Inset figures show TEM images of the nanocomposites
which obtained from an inert template, PS bead, and Ag NPs on the surface of it. (B) Coating
of a plasmonic NPs with PEs and depositing of other plasmonic NPs onto it: I) Au-Au core-
satellite nanocomposites coated with SiO; shell (with spherical core), and Il) the structures with
Au NR core. (C) Coating of TiO, NW template with PE and depositing of plasmonic NPs and TiO>
NPs onto it. TEM images of the nanocomposites with different molar ratios of Au/TiO,:1) 0.023,
I1) 0.059 and Ill) 0.1

FIGUIe 1.11 et 31

Extinction spectrums of different types of plasmonic-plasmonic core-shell nanocomposites.
The LSPRs of the nanocomposites of the same composition differ from each other depending
on which plasmonic material is used in the core or shell: (A) The spectrum of core-shell Ag@Au
NPs, and (B) core-shell Au@Ag NPs. (C) The simulation of the changing of LSPR of Au@Ag

nanocomposites with different Ag shell thicknesses increasing from 0.1 to 10 nm

FIGUIE 1.12 ettt 33

(A-E) HRTEM images of Ag@SiO; nanocomposites with different SiO; thicknesses. (A’-E’) FDTD
simulations of the relative electric field around the corresponding Ag@SiO, nanocomposites.
(F) Extinction spectra of Ag NP (blue solid), Ag@SiO, NP with 25 nm shell thickness (black dash-
dotted), and Ag@SiO, NP with 3 nm shell thickness after addition of pyrene (red-dotted). (G)
SERS spectra of Pyrene with Ag@SiO; with different shell thicknesses. Inset shows EF plot of
1239 cm™. (H) HRTEM images of isolated Ag@SiO, dimers with different shell thicknesses. 1) 6
nm, 2) 10 nm, 3) 15 nm, and 4) 25 nm. |) FDTD simulations of the relative electric field around

the corresponding Ag@SiO; dimers
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FIGUIE 1.13 et 34

(A) SBUs are easily modified by some post-synthetic methods to obtain MOFs with different
properties. (B) The same SBU can be also used with different linkers. Yellow spheres represent

the pore size for each MOF

FIGUIE 1.14 ettt 36

Schematic representation of (A) Hofmann clathrates, and (B) Linking the clathrates with HMDA
and arranging them as 3D structures. All hydrogen atoms are omitted for clarity. Colour code:
cadmium, blue; nickel, orange; nitrogen, green; carbon, gray. Guest molecules are represented

as light gray
FIGUIe 1.15 et 37

Structures of coordination networks include dinitriles with different lengths linked Cu*. All
hydrogen atoms are omitted for clarity. Colour code: copper, blue polyhedra; carbon, gray; and

nitrogen, green

FIGUIE 1.16 ...ttt 39

(A) Classification of physisorption isotherms according to IUPAC. (B) Chart of MOFs with the

highest Sger values
FIGUTE 1.17 ettt 40

(A) Optical images of a single ZIF-8 crystal under ambient pressure (I) and 1.47 GPa (I1). (B) The
modelling of the changing of packing arrangements of ZIF-8 under ambient pressure (I) and
1.47 GPa (Il). (C) The modelling of the changing of voids of ZIF-8 under ambient pressure (l)
and 1.47 GPa

FIGUre 1.18 e 43

Examples of plasmonic-MOF nanocomposites. (A) Schematic illustration of preparing of Au-
MOF-5 SERS substrates, and SEM images of the substrate surfaces: 1) Au, 2) COOH-modified
Au, and 3) Au-MOF-5. (B) Schematic illustration of preparing of UiO-66@Ag NPs, and SEM
images of (1) UiO-66, and (2) Ag NPs, different proportions of UiO-66 and Ag NPs (3) 1:1, (4)
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1:2, (5) 1:3, and (6) 1:4. (C) Schematic illustration of (1) UiO-66(NH2), (2)
MOFs@AuNPs@Methylene blue, (3) MOFs@AuNPs@Methylene blue@Aptamer@TTC, (4-6)
Corresponding TEM images, and (7-9) SEM images of the nanocomposites. (D) Schematic
illustration of preparing of Ag NPs/MIL-101(Fe), and the inset shows to corresponding TEM
images of the nanocomposites. (E) Schematic illustration of HaTBAPy linker, Zr-cluster, the
structure of NU-901 and its “sister”, NU-1000. The Insets show to corresponding TEM images
of Au NR@NU-901

FIGUTE 1.19 ettt 45

Schematic representations and different structures of ZIFs. (A) The similarity between Si-O-Si
bonds in zeolites and M-Im-M bonds in ZIFs. (B) Different imidazolate linkers that can be used
for different kinds of ZIFs. (Im: Imidazole, mim: 2-Methylimidazole, elm: 2-Ethylimidazole, nim:
2-Nitroimidazole, cnlm: 1H-Imidazole-4-carbonitrile, dclm: 4,5-Dichloroimidazole, Ica:
Imidazolate-2-carboxyaldehyde, ablm: 4-Azabenzimidazole, blm: Benzimidazole, cblm: 5-
Chlorobenzimidazole, dmblm: 5,6-Dimethylbenzimidazole, mbim: 5-methylbenzimidazole,
brbim: 5-Bromo-1H-benzimidazole, nblm: 5-Nitro-1H-benzimidazole, and pur: Purine). (C)
Crystal structures of ZIFs with different linkers. Yellow spheres represent the pore size of the

structures. Blue and purple represent zinc and cobalt metals, respectively
FIGUTE 1.20 ...ttt nan 47

Schematic illustration of coordination between Zn%* metal ion and mim linker to give ZIF-8 MOF
with SOD lattice topology. Yellow and orange spheres represent the pore size and opening of

ZIF-8, respectively
FIGUIE 1.21 ettt 49

Schematic representation of hydrolysis process of ZIF-8. (A) During synthesis, four 2-
methylimidazole rings and one zinc metal ion combine to form SBUs of ZIF-8. (B) However, this
structure is generally stable in organic solvents such as methanol, ethanol, or acetone,
depending on the type of zinc precursor. If the ZIF-8 crystals interact with water, OH™ ions
attack the bond between the linker and the metal ion, damaging the integrity of the structure.
As a result, while “b” amount of water molecules interacting with “a” amount of SBU causes

17

the same amount of deformed SBU to form, “a-b” amount of SBU leaves this process
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unharmed. (C) TEM images show the effect of the process on ZIF-8 crystals before (1) and after

(2). Red bar is the scale with 2 um
FIGUIE 1.22 e 51

(A) Representation of Wulff construction of a crystal, DBTDT, viewing along the b direction (a),
and SEM image of the representative crystal viewing along the b direction. (B) Schematic
illustration and SEM images of the growing of the crystal shapes according to the theorem. The
crystal can grow according to six different possible routes from 1 to 6. (C) Schematic illustration
and SEM images of crystal growth of ZIF-8. From 1 to 3 represent the taken SEM images of the

different stages from the growth process. 1: Cubic, 2: TRD, and 3: RD

lgure OBl cecccce 0000000000000 000000000000000000000000000000000000000000000000000000000000000000000000000000000

(A) SEM images and PXRD results of ZIF-8 obtained from different mim/Zn ratios and Zn
precursors (a) Zn(OAc),, (b) ZnS0a, (c) Zn(NO3s),, (d) ZnCly, (e) ZnBry, (f) Znl,. (B) Comparison of
the crystal size of ZIF-8 particles obtained from 6 different Zn precursors at the mim/Zn ratio
of 70 and 35. (C) N3 isotherms of ZIF-8 prepared from Zn(OAc); at mim/Zn molar ratios of (a)
70, (b) 35, (c) 20 and (d) 10

FIGUIE 1.24 .o 55

(A) TEM images of ZIF-8 nanocrystals synthesized in the presence of different capping agents:
(1) 0.07 mM CTAB, (I1) 10 mM TRIS, (I1I) 50 mM TRIS, (IV) 200 mM TRIS, (V) 0.07 mM CTAB and
10 mM TRIS, and (VI) 0.07 mM CTAB and 50 mM TRIS. (B) XRD patterns and SEM images of ZIF-
8 crystals prepared with different amounts of CTAB. (I) XRD patterns, (II) no CTAB, (III) 0.0025
wt%, (1V) 0.01 wt%, (V) 0.025 wt%, and (VI) plot of the mean particle size of ZIF-8 crystals versus
the concentrations of CTAB added. (C) Morphological map of ZIF-8 crystals synthesized with

different concentrations of CTAB and the molar ratio of H.O/mlIm
FIGUTE 1.25 .ot 59

Examples of different plasmonic-ZIF-8 SERS substrates for detection of various volatile
analytes. (A) Cross-sectional SEM and SERS hyperspectral images show the different platform
configurations and the penetration of gaseous 4-MBT into these platforms, respectively. The

Relation between effective SERS active depth and the platform thicknesses is also showing the
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changing of SERS signal of 4-MBT at 1077 cm™ band. (B) Schematic illustration of the
“plasmonic nose” concept based on tuning plasmonic hotspots and ZIF-8 thickness. Cross-
sectional SEM images show to the substrates after one (n=1) and three (n=3) ZIF-8 growth
cycles. Scale bars, 100 nm. SERS intensity of 4-MBT vapour is also given as a function of ZIF-8
growth cycles. The SERS intensities are based on the characteristic vibrational mode of 4-MBT
at 1079 cm™. (C) Schematic illustration of enrichment of CO, gas molecules via plasmonic-ZIF-
8 substrate. (1) SEM image of Ag@Au@ZIF-8 NWs. (2) TEM images of a single Ag@Au NW with
an ultrathin ZIF-8 shell. (2) HRTEM image of a single Ag@Au NW with an ultrathin ZIF-8 shell

FIGUTE 1.26 ..ottt 60

Examples of plasmonic@ZIF-8 nanocomposites that have plasmonic cores with different
morphologies. (A) SEM images of NS@ZIF-8 with different magnifications. Scale bars, 200 nm.
(B) TEM image of NR@ZIF-8. (C1) and (C2) SEM and TEM images of spherical@ZIF-8
superparticle, respectively. Scale bars: 500 nm. TEM images of octahedron@ZIF-8 at different
reaction stages, (D1): 1 min, (D2) and (D3): 2 min. (D4) Polycrystalline ZIF-8 shell

FIGUI@ 1.27 ..ottt 63

Usage of plasmonic-ZIF-8 SERS substrates in medical application. (A) Schematic representation
for the identification of EGFR and CD44 in mixtures of A431 and 3T3 2.2 cells using
plasmonic@ZIF-8 NPs encoded with AB or MGl and functionalized with anti-EGFR or anti-CD44
antibodies, respectively (a). Representative SERS spectra obtained from the cells indicated with
a white dashed circle and numbered in the bright-field images (b). Bright-field images of mixed
A431 and 3T3 2.2 cells and single-point SERS mappings recorded at 440 (MGI, panel c) and 748
cm™ (AB, panel d) for the detection of CD44 and EGFR, respectively (c-d). Schematic
representation for the identification of EGFR in mixtures of A431 and 3T3 2.2 cells using
plasmonic-ZIF-8 NPs functionalized with nanobodies via polyhistidine-tagged SpyCatcher (e).
Representative SERS spectra obtained from A431 (red) and 3T3 2.2 (blue) cells (f). Bright-field
images and SERS mappings of (g) A431, (h) 3T3 2.2, and (i) mixed A431 + 3T3 2.2 cells. (B)
Schematic illustration of the preparation of ZIF-8-based nanoreactors, and their catalytic
cascade-enhanced synergistic chemo-starvation therapy for cancer cells. The spectra shows
that changing of glucose in Hela cells incubated with ZIF-8 @GOx-AgNPs@MBN for different

times
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FIGUIE 1.28 ..o 66

(A) EDX element mapping images of yolk-shell ZIF-8 particles produced via template-free
approach (1-6). Degradation of the outer layer is clearly seen from the images. (B) Schematic
illustration of preparing yolk-shell NP@ZIF-8 nanocomposites via template-assisted strategy
(1). In here, Cu20 was used as a sacrificial template to obtain the final structure, and it can be
etched via adjustment of pH of the reaction. (2-4) show SEM and TEM images of the final
product. (C) Schematic representation of synthesis procedure yolk-shell NP@ZIF-8. SEM and
TEM images for PVP-PS (1,4), PS/NP@ZIF-8 (2,5), and yolk-shell NP@ZIF-8 composites (3,6). (D)
Schematic representation of the structural evolution. TEM and SEM images for ZIF-67@ZIF-8
(1,2), and yolk-shell material (3,4)

FIGUIE 2.1 .ottt 83

(A) Water solubility of ZIF-67 as compared with ZIF-8 after 24h. (B) Conceptual scheme for the
preparation of NS@ZIF-67 core-shells and NS@ZIF-8 yolk-shells and representative TEM
images of the different materials. (C) TEM images of yolk-shell NS@ZIF-8 particles. (D) Optical
images of NS coated with ZIF-67 (core-shell) and ZIF-67 @ZIF-8 (yolk-shell) redispersed in water

as a function of time

FIGUI@ 2.2 ..ottt 84

High resolution TEM images and EDX analysis of the Au NS@ZIF-67 and Au NS@ZIF-67 @ZIF-8
core-shells and the Au NS@ZIF-8 yolk-shell

FIGUIE 2.3 ..ottt 85

(A) PXRD, (B) N sorption isotherms (77 K), (C) BJH pore size analysis, and (D) Raman
spectroscopy for the Au NS@ZIF-67 core-shells and the Au NS@ZIF-8 yolk-shells

FIGUI@ 2.4 ...ttt 86

Raman spectrum of powder ZIF-8, ZIF-67, core- and yolk-shells. (B) Experimental (solid line)
and calculated (dashed) extinction and (C) local electric field distribution at 785 nm for Au NS

and its core-shell composite with ZIF-67 and yolk-shell composite with ZIF-8. (D) SERS spectra
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of micromolar solution of NAT, BT, MBA, and ABT on the NS (dashed lines) and yolk-shells (solid

lines). For reference, the spectrum of the yolk-shell solution without analyte is also shown

FIGUIE 2.5 ..ottt 88

Adsorption kinetics of micromolar solutions NAT, BT, MBA, and ABT on the NS, core- and yolk-
shells (A) as single probes and (B) in a mixture containing all the molecules. (C) Adsorption
capacity at the equilibrium and (D) rate constant for the kinetics (solid line, single probe;
dashed line, multiprobe). (E) Three-dimensional representation of the kinetic adsorption of

ABT on NS and on the yolk-shells

FIGUI@ 2.6 ...ttt 90

(A) DFT calculations of the electronic structures and size of the different molecular probes. (B)
Colloidal suspensions of Au NS, core- and yolk-shells with each of the analytes and with a

mixture of all the analytes after 2h

FIGUIE 3.1 .ot 107

(A) Schematic illustration of preparation stages of PS@Ag@ZIF-8 SERS substrates. (B)
Representative TEM images of PS@Ag beads. (C-D) Representative TEM and SEM images of
the composites, respectively. Scale bars, 500 nm. (E) Zeta potential at the different fabrication
steps of the composite. The final particles have nearly +17 mV. (F) Extinction spectra of Ag NPs,
PS beads, PS@Ag beads, pristine ZIF-8, and PS@Ag@ZIF-8 suspensions. (G) N, adsorption-
desorption isotherm of PS@Ag@ZIF-8 composite. (H) XRD patterns of PS@Ag@ZIF-8 and

pristine ZIF-8 crystals

FIGUIE 3.2 ..ot 108

(A) representative TEM image of Ag NPs, (B) PS@Ag Beads and (C) PS@Ag@ZIF-8 composites.

(D-F) Histograms of Ag NPS, PS beads, and PS@Ag@ZIF-8 composite diameters, respectively

FIGUIE 3.3 ..ot 109

BET surface area plot of PS@Ag@ZIF-8 composites
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FIGUIE 3.4 ..ottt 110

(A) Near field calculations (532 nm) of a model PS@Ag beads before and after coating with ZIF-
8. Insets show a top view of the sample within the white border. (B-C) SERS spectra of different
concentrations of BT on PS@Ag beads and PS@Ag@ZIF-8 composites. (D) Comparison of
absolute SERS intensities at 999 cm™ band for BT molecules on PS@Ag and PS@Ag@ZIF-8

FIGUTE 3.5 ..ottt 111

(A) Molecular structures of BC (above), and BC,-Cu?* complex (below). Colour code: C: grey, N:
red, and Cu: yellow. Reddish stripes indicate the coordination bonds between N and Cu atoms.
Hydrogen atoms were omitted for clarity. (B) Absorption spectra of BC in ethanol (10 uM)
before and after the addition of Cu?* (ligand/metal molar ratio = 2:1). (C) Absorption spectra
of BC ethanolic solutions (10 uM) upon addition of different metal ions (final concentration =
5 uM). (D) Raman spectra of the corresponding solids (excitation wavelength = 785 nm). (E)
Raman spectra of the solids were obtained by mixing ethanolic solutions of BC and metal ions
at a 2:1 molar ratio. Upon solvent evaporation, the remaining powder was collected and

interrogated by Raman. Excitation wavelength = 785 nm

FIGUIE 3.6 ...ttt ettt ettt 113

(A) Molecular size of a BC according to DFT at B3LYP 6-311G(d, p) the level of theory. (B)
Schematic representation of the structure of ZIF-8 crystal. The green sphere represents the
pore cavity with nearly 12 A. Four-membered rings (4MRs) and six-membered rings (6MRs) in
the structure have 0.8 and 3.4 A sizes, respectively. The 6MR can expand to accommodate
larger molecules. Colour code: C: grey, N: red, and Zn: cyan. Hydrogen was omitted for clarity.
(C) Pore size distribution of PS@Ag@ZIF-8 composites. (D) SERS spectra of different
concentrations of BC adsorbed on PS@Ag@ZIF-8. (E) SERS spectrum of the sediments obtained
after several washing cycles. (F) Comparison between the SERS intensities of BC (band at 1377

cm™t) on PS@Ag@ZIF-8 and PS@Ag after the same washing samples
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FIGUTE 3.7 ..ottt 114

SERS spectra of BC 1 uM on PS@Ag@ZIF-8 (blank) and in the presence of Cu?* (2 uM), Ca?* (1
mM), Cd?* (10 uM), Fe3* (20 uM), Zn?* (40 uM) and Pb?* (10 uM). Excitation wavelength = 532

nm

FIGUIE 3.8 ..o 115

(A) SERS spectra of BC (1 uM) on PS@Ag@ZIF-8 upon immersion into Cu(ll) solutions in PBS
buffer (pH 7.4) at different copper concentrations (from top to bottom: 0, 0.65, 1.3, 2.5, 3.8,
5.1,6.4,12.7,25.4,38.1,50.8, 63.5, 127, and 254 ppb). (B) SERS intensity (l1424) and intensities
ratio (l1424/11375) vs. Cu?" concentration in PBS (N = 3). (C) SERS spectra of different
concentrations of BC on PS@Ag@ZIF-8 in PBS buffer (pH 7.4) (excitation wavelength = 532
nm). (D) SERS intensity l1424 in pristine PBS, tap water and headwater stream (unfiltered and
filtered) and in the same matrices spiked with Cu(ll) at a final concentration of 6.4 and 64 ppb

(N =3)
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