Surface Functionalization of Metal
Chalcogenide (MQ,, M = Mo, W, Re, Ti, Zr; Q=
S, O) Nanoparticles

Dissertation zur Erlangung des Grades
“Doktor der Naturwissenschaften”

am Fachbereich Chemie, Pharmazie und Geowissenschaften
der Johannes-Gutenberg-Universitat in Mainz

vorgelegt von

Jugal Kishore Sahoo, M.Sc.
geb. am 14" July 1983, Nua Bhuban, Orissa, India

JG|u

Mainz 2011.



PUBLICATIONS

[1] “Reversible Self Assembly Of Metal Chalcogenide/Metal Oxide Nanostructures Based On
Pearson Hardness”, Jugal Kishore Sahoo,Muhammad Nawaz Tahir, Aswani Yella,
Thomas D Schladt, Enrico Mugnaioli, Ute Kolb, W. Tremel. Angew. Chem. Int. Ed 2010,
49, 7578-7582. Highlighted in Cover Page of the Journal.

[2] “Soluble IF-ReS; Nanoparticles By Surface Functionalization With Terpyridine Ligands”,
Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Aswani Yella, Robert Branscheid, Ute
Kolb, W. Tremel, Langmuir, 2011, 27 (1), 385-391.

[3] “Self-Assembly Of Metal Chalcogenide/Metal Oxide Nanostructures Based On degree

of Pearson Hardness.” Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Aswani Yella,
Thomas D Schladt, Steffen Pfeifer, Bahar Nakhjavan, Enrico Mugnaioli, Ute Kolb,
Wolfgang Tremel. Chemistry Of Materials (accepted, 2011).

[4] “Synthesis and functionalization of metal chalcogenide nanotubes. Muhammad Nawaz
Tahir, Aswani Yella, Jugal Kishore Sahoo, Helen Anal Therese, Nicole Zink and
Wolfgang Tremel. Phys. Status. Solidi. B, 247, No 10, 2338-2363 (2010).

[5] “IF-ReS; With Covalently linked Porphyrin Antennae.”” Muhammad Nawaz Tabhir,

Aswani Yella, Jugal Kishore Sahoo, Filipe Natalio, Ute Kolb, Florian Jochum, Patrick
Theato, Wolfgang Tremel. Isr. J. Chem. 2010, 50, 500-505.

[6] “Hydrogen Peroxide Sensors Based on TiO, Nanorods Covalently Functionalized with

Horseradish Peroxidase”. Muhammad Nawaz Tahir, Rute Andre, Jugal Kishore

Sahoo, Florian Jochum, Filipe Natalio, Patrick theato and Wolfgang Tremel.
Nanoscale (accepted, 2011).

[7] “Molecular Camouflage: Making use of Protection Group Chemistry to Control the Self-
Assembly of Inorganic Janus Particles on Metal Chalcogenide Nanotubes by Pearson

Hardness”. Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Faegheh Hoshyargar, Bahar

Nakhjavan, Robert Branscheid, Ute Kolb, Wolfgang Tremel. Angewandte Chemie,
(2011) Submitted.

[8] “Metal Affinity based Biomolecular Recognition inside Synthetic Nanopores Modified
with Iron-Terpyridine Complex”. Mubarak Ali, Saima Nasir, Quoc Hung Nguyen, Jugal
Kishore Sahoo, Muhammad Nawaz Tahir, Wolfgang Tremel, Christina Trautmann, and
Wolfgang Ensinger. J. Am. Chem. Soc. (2011) Submitted.




[9] “Synthesis of NbyW1.4xS, Graphene Sheets”. Faegheh Hoshyargar, Jugal Kishore

Sahoo, Muhammad Nawaz Tahir, Aswani Yella, Filipe Natalio, Martin Panthofer,
Robert Branscheid, Ute Kolb And Wolfgang Tremel. Manuscript under Preparation
(2011).

[10] “Rational Assembly and Selective Dual Functionalization of Au@MnO Nanoflowers

onto TiO, Nanowires”. Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Mohammad

Ibrahim Shukoor, Thomas D Schladt, Filipe Natalio, Enrico Mugnaioli, Ute Kolb and
Wolfgang Tremel. Manuscript under preparation (2011).
[11] “Biocompatible Amine Functionalized ZrO, Nanoparticles as Multi-Color Luminiscence

Agents”. Jugal Kishore sahoo, Filipe Natalio, Muhammad Nawaz Tahir, Anubha

Kashyap, Dennis Strand, Wolfgang Tremel. Manuscript under preparation (2011).

Conference Proceedings

[1] “New Synthetic Approaches to Functionalized Chalcogenide Nanostructures.” Wolfgang
Tremel, Aswani Yella, Martin Panthofer, M. Nawaz Tahir, Jugal Sahoo, Enrico
Mugnaioli, Ute Kolb. Proceedings of the twentieth (2010) international offshore and
polar engineering conference. Beijing, China. June 20-25.

[2] “From Single Molecule to nanoscopically Structured Materials: Rational reversible Self

Assembly of Metal Chalcogenide/metal Oxide Nanostructures Based On Pearson

Hardness”. Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Aswani Yella, Thomas D.

Schladt, Enrico Mugnaioli, Wolfgang Tremel. Abstract of Papers, 240th ACS national
Meeting, Boston, MA, United States, August 22-26, 2010. INOR-754.



POSTERS

[1] “Surface Functionalization Of Metal Chalcogenide Nanostructures.” Jugal Kishore
Sahoo, Muhammad Nawaz Tahir, Aswani Yella and Wolfgang Tremel. Minerva
Symposium, Israel, 2008.

[2] “From Single Molecule to Nanoscopically Structured Materials ; Rational Reversible
Self-Assembly of Metal Chalcogenide/Metal Oxide Nanostructures Based on Pearson
Hardness.” Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Aswani Yella, Thomas D

Schladt, Enrico Mugnaioli, Wolfgang Tremel. 240th ACS National Meetings, 2010,
August 22-26, Boston, MA.

[3] “Overcoming the Wetting Mismatch of Surfaces: Hierarchical Assembly of Metal
Oxides@Metal Chalcogenides Nanotubes Achieved Through Surface Functionalization”
Muhammad Nawaz Tahir, Jugal Kishore Sahoo, Aswani Yella, Wolfgang Tremel.
EuCheMs 2010 Nurenberg, Germany.

[4] “Synthesis Of NbW1.4S, Graphene like Sheets.” Faegheh Hoshyargar, Jugal Kishore
Sahoo, Muhammad Nawaz Tahir, Aswani Yella, Martin Panthtfer, Robert Branscheid,
Wolfgang Tremel. IWEPNM 2011, Austria.

ORAL PRESENTATIONS

[1]“Surface Functionalization Of Metal Chalcogenide Nanostructures.” Jugal Kishore

Sahoo, Muhammad Nawaz Tahir, Aswani Yella and Wolfgang Tremel. Minerva

Symposium, Israel, 2008.






Abstract

The work, presented in the doctoral thesis, is a compilation of different methods of functionalization
of layered transition metal dichalcogenide (LTMC) nanostructures. The layered metal chalcogenide
NT-MQ, (MQ,; M= Mo, W, Re, Nb, Q= S, Se), NT-MQ, and IF-MQ, are the pure inorganic
congeners of carbon nanotubes and fullerenes, that exhibit analogous mechanical and electrical
properties. They consist of metal atoms sandwiched between two inert chalcogen layers. The MQ,
layers are stacked with only vanderwaal’s force of interaction in between the layers whereas within the
layers, the metal and the chalcogen atoms are bonded to each other with covalent interaction. The
steric shielding of the metal atom by the chalcogen surface layer makes it difficult for nucleophilic
attack by oxygen or organic ligand, hence making it highly inert and notoriously difficult to
functionalize.

One method of tailoring the surface of these highly inert nanostructures could be by exploring its
intrinsic structures. Sulfur, which is present outside each MQ, layer, is intrinsically soft. Hence the
soft sulfur layer will have the tendency to bind to other nanoparticles (metal oxide, metal) that have
soft acid cations, according to Pearson HSAB principle, which states ‘hard acid prefers to bind to hard
base where as soft acid prefers to bind soft base’. The method has been employed to achieve
functionalization of LTMCs with a number of metal and metal oxide nanostructures (e.g. Au, MnO,
Fes04, Pt-Fes0,), that have soft or boarderline metal cations. The functionalization has been found to
be reversible at elevated temperature in presence of catecholate ligand. This emphasizes the fact that,
the recycled metal chalcogenide nanostructures can be used again for functionalization. However at
room temperature, the metal oxides can further be tailored for suitable applications. The degree of
functionalization depends on the Pearson hardness of the metal cation. Harder the metal cation, lower
is the degree of binding, softer the metal cation, higher is degree of binding, e.g. TiO, and Fe,0Os
doesn’t bind at all to the metal chalcogenide surface because of its high pearson hardness. Similarly it
has also been observed that the binding of soft metal (Au) is irreversible, whereas that of borderline
metal cations (Mn*?, Zn*?) are reversible.

Similar principle has been employed to adhere Janus nanostructures onto the LTMCs. Both face of
Janus nanoparticle (Pt, Fe;O,4) being prone to bind the LTMCs. It has been observed that, it’s possible
to bind selectively one face of the Janus nanostructure, by camouflaging the other face and vice versa.
Another method of functionalization of LTMCs could be by employing chalcophilic transition metal
in combination with a multidentate surface ligand. The 3d metals “wet” the sulfur surface of the
chalcogenide nanoparticles whirlst the multidentate surface ligands partially block one hemisphere of
the metal thereby preventing an aggregation of the chalcogenide nanoparticles through crosslinking.
We have used iron as the transition metal and terpyridine as the tridentate surface ligand. Where iron
binds to the surface of LTMCs at one end, the other coordination vacancies of the iron is fulfilled by
tridentate terpyridine ligand. Through this coordinate covalent functionalization, the solubility of
LTMCs in different solvents (hydrophilic and hydrophobic) can be enhanced by incorporating PEG
(poly ethylene glycol) and hydrophobic long alkane chain onto terpyridine respectively.

In addition, we have used facile chemical route to achieve the functionalization of TiO, nanowire with
Au@MnO magnetic nanoflowers and been able to bring three different unique surfaces to a common
platform. The modification strategy is based on the chelating affinity of dopamine to metal oxide
nanoparticles, as well as the affinity of amine to bind to gold domain of nanoflowers. The surface
bound nanoflowers are still amenable to functionalization with anchor groups such as thiol that readily
binds gold surface. The different surfaces can be addressed by selectively conjugating a thiol tagged
SS-DNA to gold domain whereas NBD dye can be conjugated to TiO, surface by free amine present in
the polymeric ligand.

To compile it all, we described an easy, versatile synthetic method to prepare water soluble
photoluminescent ZrO, nanoparticles. The nanoparticles retain their morphology and monodispersity
after functionalization. The functionalized ZrO, nanoparticles showed multi-color luminiscnece in 1-
photon microscopy. The facile synthesis, the long-term aqueous stability, and the extreme robustness
of the photophysical properties make the zirconia nanoparticle, an excellent candidate for biomedical
applications, both for in vivo and in vitro studies.



1. Introduction.

1.1. Nanotechnology

Richard Feynman’s speech with title ‘There is plenty of room at the bottom’ in 1959
emphasised this concept - if our small minds, for some convenience, divide this universe into
parts, physics, biology, geology, astronomy, psychology and so on — remember that Nature
does not know it [1-2]. Nanotechnology, one of 21% century’s most promising technologies, is
viewed as a critical driver of future technologies, and to address some of humanity’s most
vexing challenges e.g. energy, environment and health. The science of nanoscale structures
deals with creation, investigation, manipulation and utilization of system those are 1000 times
smaller than the components currently used in microelectronics. A nanometer is a billionth of
a meter, that is, about 1/80,000 of the diameter of a human hair [Figure 1.1], or ten times the
diameter of a hydrogen atom. It manipulates the chemical and physical properties of a
substance on molecular level. Nanotechnology alters the way we think, it blurs the boundaries

between physics, chemistry and biology, thus making it completely interdisciplinary in nature.

Y

Figure 1.1. Human hair fragment and a network of single-walled carbon nanotubes (courtesy.
Nanowerk).

Nanotechnology expresses itself in a wide range of materials, such as nanoparticles,
nanotubes, nanowires, fullerenes, quantum dots, nanorods, micelles, liposomes, etc and finds
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applications in different fields [3]. Almost all of these materials have a modified or designed
surfaces to hook onto different ligands or biomolecules that can add additional functionality to
the nanostructure for applications in different arena such as biosensing [4-6], drug delivery [7-
8], imaging [9], tomography [10], cancer nanotechnology [11] etc. Hence surface tailoring
imparts multifunctionality to nanostructures to enhance its applications in different scientific

horizon.
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Figure 1.2. Size comparison between naturally occurring biomolecules in humans with

artificial man-made structures in micro and nano scale.

One unique type of nanostructure is layered metal chalcogenide nanostructures. The present
doctoral thesis is a compilation of novel surface functionalization of this layered metal
dichalcogenide (LTMC) nanostructures. In the following sequel, a brief illustration of LTMC
will be provided which includes its history, different morphologies, their intrinsic properties

and application in various fields of sciences.




1.2. Layered Metal Dichalcogenide Nanostructures (LTMC)

1.2.1. Preliminaries.

The discovery of fullerenes in 1985 by Kroto, smalley and Curl [12] and carbon nanotubes in
1991 [13] establishes a new paradigm in nanochemistry and led to the birth of a new field in
inorganic chemistry i.e. nanoparticles with polyhedral (closed hollow) structures.

However, this discovery also triggered scientist across the globe to investigate the virtue of
formation of fullerenes and nanotubes are not only limited to carbon. In 1992, R. Tenne from
Weizmann institute of Science discovered that the formation of such polyhedral structure is
not limited to only carbon system, but can also be possible for other systems as well. In a
letter to Nature, he reported an equivalent stable structure in layered semiconductor tungsten
disulfide [14].

Figure 1.3. Representation of a tentative WS, Nanotube. (a) Schematic drawing of a single
walled WS, nanotube, where Blue and yellow atom denotes tungsten and sulfur atom

respectively. (b) A TEM image of a portion of a multiwalled WS, nanotube.

The discovery of analogous MoS, was soon followed [15, 16]. Since the observation of single
nanotube, significant progress has been made and today, gram quantity of some metal
chalcogenides is obtained in pure form. During the past few years, various strategies have
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been developed to synthesize nanostructured metal sulfides and selenides and have witnessed
enormous growth [17-24] in recent years. Different approaches to other nanotubes such as
NiCl; [25], VS, [26], TiS, [27], InS [28] have also been reported which implies that layered
chalcogenide nanomaterials can form fullerenes or nanotubes under suitable conditions. A
variety of methods including arc discharge [29,30], sulfurization/ selenization of metal oxides
[31-41], chlorides [42, 43], carbonyls [44], decomposition of ammonium thiometalates [45—
47], chemical vapor transport [48, 49], laser ablation [50-53], microwave plasma [54, 55],
atmospheric pressure chemical vapor deposition (APCVD) [56], or spray pyrolysis [57] were

utilized for the synthesis of inorganic fullerene-(IF) or nanotube-like (NT) structures.

1.2.2. Structure of LTMCs.

In this section, focus will be given to the class of nanomaterials, which are prone to form
fullerenes and nanotubes i.e. layered transition metal chalcogenides, as a major part of this
particular doctoral work deals with the surface functionalization of such nanostructures.
Several layered transition metal chalcogenides (sulphides, selenides and tellurides) possess
structures comparable with the structure of graphite. The metal dichalcogenides MQ; (M =
Mo, W, Re, Nb; Q = S, Se) contains a metal layer sandwiched between two chalcogen layer,
with the metal in a trigonal pyramidal or octahedral coordination. The MQ; layers are stacked
along the c-direction in an ABAB fashion, making them analogous to the single graphene
sheets in the graphite structure (Figure 1.4). However, unlike that of graphite, each molecular

sheet consists of multiple layers of different atoms chemically bonded together.



Figure 1.4. Comparison of the structures of (a) Graphite and layered metal dichalcogenide
compound (b) NbS,/TaS,, (c) MoS;, (d) BN. (ref. 17).

However at the edges, MoS; sheets contain unsaturated Mo and S atoms. These atoms have so
called ‘dangling bonds’ which are energetically unfavorable. The presence of dangling bonds
can be attributed to the absence of a M or Q atom at the edges. While the metal atom in the
bulk of MQ, layer is six fold coordinated to the chalcogen atoms, it is only fourfold
coordinated at the edges. Similarly the chalcogen atom at the rim is twofold coordinated to the
metal atoms instead of being threefold coordinated in the bulk. In bulk, the energy gain by
interlayer interaction compensates the energy loss by dangling bonds. When size of the
molecular sheet shrinks, the relative number of rim atoms with dangling bond increases,
compared to that of fully bonded bulk atoms. The ratio of surface to volume increases upon
size reduction, subsequently the effect of dangling bonds exceeds that of interlayer interaction
in bulk. Therefore the dichalcogenide layers become unstable towards bending and have high
tendency to roll into curved structures, in order to minimize the number of dangling bonds.
The curvature, thus generated form hollow closed structures designated as inorganic

fullerene-like (IF) structures.
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1.2.3. Applications of LTMCs.
Layered transition metal dichalcogenides possess a wide range of interesting physical
properties. They are widely used in catalysis and in tribology.

1.2.3.1 Tribological Applications.

MQ, nanotubes and fullerenes find excellent lubrications properties due to low surface
energy, high chemical stability, nanometric size and weak interlayer bonding. The tribological
efficacy of these nanomaterials has been investigated, and it was shown that only small
amounts of these materials in lubrications oil enhance the lubricating properties significantly.
Earlier it was assumed that the spherical IF-MQ, nanoparticles would behave like nanoball
bearings thereby providing superior solid lubrication to the existing technology [58-59]. The
mechanistic studies showed [58] that the lubricating properties of the IF nanoparticles are
attributed to a gradual exfoliation of the external sheets of the particles during friction process
leading to their transfer onto the asperities of the reciprocating surfaces and a shearing of the
basal planes. The beneficial effect of the IF nanoparticle powder as an additive to lubricating
fluid has been studies in quite some detail. These phenomena are summarized in refs [59-60].
More recently, IF-WS, nanoparticles were integrated into metal and polymer films, endowing
them with a self-lubricating [61-63] character and offering a very large number of
applications. Rolling and sliding friction of this nanoparticle is not possible in this case unless
they are gradually released from metal/polymer/ceramic matrix onto the surface. However,
some of the beneficial effect of IF nanoparticles can be attributed to the gradual exfoliation
and the transfer of WS, nano sheets onto the asperities of the mating metal surfaces.
Furthermore, the bare metal surface is shown to oxidize during the test, leading to a gradual
increase in the friction coefficient to a very high value (0.3-0.6). In contrast, the metal surface
impregnated with IF nanoparticles suffers less or no oxidation during tribological test,
although the coverage of the metal surface by the nanoparticles doesn’t exceed 20-30 %. This
observation indicates that the temperature of the IF-WS, impregnated interface is lower than
that of the pure metal surface during the tribological test. Recent investigations have
demonstrated that a transfer film is incorporated into the iron oxide surface layer. A tribo
chemical reaction between the 2H-MoS; nanolayers and the iron/iron oxide was proposed as
an explanation for the adhesion of this tribofilm. This technology offers numerous
applications, among them various medical devices, like improved orthodontic practice. In a

related study by Dassenoy et al., MogS3lg nanowires were also proclaimed as an excellent
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solid state lubricant [64a]. It is suggested that iodine loss during the test leads to a
decomposition of the nanowires and an in situ formation of lubricating MoS; nanosheets.
A new type of composite metal-nanoparticle coating that significantly reduces the friction
force of various surfaces, particularly archwires in orthodontic applications, was demonstrated
by Tenne et al. [64b, c]. The coating is based on electrodeposited Ni film impregnated with
inorganic fullerene like nanospheres of WS, [64d]. The test has shown reduction of up to 60
% of the friction force between coated rectangular archwires and also maintains this low value
of friction for the duration of the test. Due to these excellent lubrication properties, layered
metal chalcogenide also find place in nanobiotechnology i. e. for the coating of stents and
artificial joints.
These applications make metal chalcogenide nanoparticles interesting targets for bio
functionalization or drug delivery through controlled release of small molecules or proteins. A
first medical application, the decrease of friction in orthodontic wires and braces was recently
demonstrated [64b, c]. Furthermore the applications of MoS;, based anti-friction medical
coating e.g. for guide wires in catheters for use in invasive treatment such as cardiac
catheterization and coating for artificial joints and hips have been advertised.

1.2.3.2 Catalysis.

Layered metal chalcogenides are known to be very potent catalysts for hydrodesulfurization
[65]. These nanoparticles were used for the first time, in catalysis for the hydrodesulfurisation
of thiopene. In the first report, Mo (CO)s was reacted with sulfur in an aprotic solvent using
an ultrasonic probe and silica nanoparticles, which served as a template, and was removed by
HF etching to result hollow nanoparticles of MoS, [66a]. Although these nanoparticles were
not well crystalline but revealed high reactivity and selectivity towards the
hydrodesulfurization of thiopene.

In another study, Ni nanoparticles were deposited onto a MoS, nanotube support. This
nanocomposite was found to serve as a very potent and selective catalyst for
hydrodesulfurisation of thiopene and a few of its derivatives. These few examples
demonstrate the remarkable potential of inorganic nanotubes and fullerene-like nanoparticles

in eliminating the environmental impact of sulfur-rich gasoline and in green chemistry [66b,

cl.
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1.2.3.3. High Strength Nanocomposite.

The mechanical robustness of the NT-WS, and MoS, and the other IF nanoparticles were
studied recently documented [67-68]. Furthermore, Raman measurements of these
nanoparticles indicate no degradation under hydrostatic pressures of 20GPa, which confirmed
their high pressure resilience [69]. IF-WS, and MoS, nanoparticles were shown to withstand
shockwaves of up to 25 and 30GPa, respectively, with temperature of 1000 'C [70].
Significantly, the structural integrity of the nanoparticles was also confirmed by TEM,
making these materials probably the strongest cage molecules known today and offering them
a plethora of applications for the shielding of vehicles and in the future as an additive to
strengthen construction materials. This work propelled interest in fabricating nanocomposites
with enhanced mechanical properties based on the IF and NT-MoS,, etc. Tenne et al. [71] also
studied the effect of nanoparticles on the toughening and mechanical properties of low and
high temperature curing epoxy systems using IF-WS; nanoparticles and Functionalized nano-
POSS (Polyhedral-Oligomeric-Sil-Sesquioxane). The results indicated that IF-WS; increased
the fracture toughness by more than 10 fold in both epoxy systems at very low concentrations
(0.3-0.5 wt. %) while increasing its storage modulus and preserving its glass transition
temperature. Epoxy functionalized POSS demonstrated an increase in toughness in addition to
preserving rigidity and thermal properties at higher concentrations (3 wt. %). They have
concluded that chemical interaction between sulfide and the epoxy matrix and the inherent
properties of WS, were the decisive factor for the outstanding nano-effect in the case of IF-
WS,.

1.3. Surface Functionalization of Nanomaterials.

Surface functionalization or surface engineering is a sub discipline of materials science which
deals with the surface of solid matter. It introduces different chemical functionality onto the
surface of nanomaterials in order to make it robust and versatile and applicable in different
fields. Properties and performance of nanomaterials depend strongly on their surface
characteristics. The application of nanomaterials in different fields and technology is limited
owing to their restricted behavior in different protic and aprotic solvents. Molecular tailoring
on the surface of the nanomaterials helps them to tune their properties, charge, functionality

and reactivity which play a pivotal role in exploring, augmenting and developing integrated
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system for demanding applications in different fields of nanoscience and technology [72]. The
surface properties of nanoparticles determine the interactions between the components, as
well as the solubility and agglomeration behavior in different polar and non-polar solvents
and thus decide whether individual nanoparticles are stable as nano-building blocks for the
design of nanocomposites or for self organizing devices. Surface engineering techniques are
being used in automotive, aerospace, power, electronic, biomedical, chemical industries.
Furthermore surface tailoring can be used as a tool for enhancing and developing a wide range
of functional properties including physical, chemical, electronic, magnetic, and mechanical
properties at the required substrate surfaces.

A model functionalized nanoparticles can be designed as shown in Fig 1.5. which contains

(a) Nanoparticles form the core of the design, that can either be solid (e.g. quantum dots,
metal, metal oxide, layered metal chalcogenide nanoparticles) or liquid (liposomes,
micelles, dendrimers) depending on desired applications.

(b) An anchor group (Ni*?, Fe™ in case of layered metal chalcogenide nanomaterials,
dopamine (metal oxides such as TiO,, Fe,Os Fe30,4, etc), thiol (SH) (coinage
nanoparticles e.g. Au, Ag and quantum dots, e.g. CdS, CdSe etc).

(c) A spacer group which can be PEG sub units to improve solubility in hydrophilic
solvents or a long alkane chain to improve solubility in different hydrophobic

solvents.

(d) A flourophore (NBD, pyrene, Texas red) which can act as an optical tracer.

Flourophore

i
&

My

*/\I\‘ \ ® &
Anchor \
Nanoparticles

Figure 1.5. A model scheme of surface functionalization.
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There are different approaches of tailoring the surface of inorganic nanomaterials to make
organic-inorganic hybrid nanocomposites. The simplest approach is to entrap an inorganic
nanoparticle into organic host and vice versa. To connect the inorganic nanomaterials with the
organic moiety in hybrid nanocomposites by strong covalent or ionic interactions, reactive
organic groups or polymers having suitable functionality have to be attached to the surface of
inorganic nanomaterials. There are two major strategies of synthesizing organic inorganic
nanocomposites.
(a) Post-Synthesis Functionalization; in this method, the organic groups grafted to the
inorganic nanoparticles after its synthesis.
(b) In-situ Functionalization; in this method, the organic groups or ligands are
introduced during the synthesis of nanoparticles.
Post synthesis functionalization has the advantage of changing the interfacial properties of the
surface, without affecting the bulk properties, whereas in in-situ functionalization, the organic
ligand controls the size, crystalinity and growth of nanomaterials. Surface functionalization is
used as a tool for application of nanomaterials in various disciplines of nanoscience and
nanotechnology e.g. nanobiotechnology, drug delivery and tissue engineering [73-75],

nanolithography [76-79], catalysis [80], sensors [81], nanophotonics [82] etc. (Figure 1.6)

10
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Figure 1.6. Use of functionalized nanostructures in different fields of nanoscience and

technology.

1.4. Surface Functionalization of Layered Metal Dichalcogenide

Nanostructures.

As described before, LTMC nanostructures are the inorganic congeners of carbon nanotubes
and fullerenes that exhibit analogous mechanical [83-85] and electronic properties [86-87].
They consist of metal layer sandwiched between two inert chalcogenide layers where the
metal atom is in trigonal pyramidal or octahedral geometry. The MQ, layers are stacked with
each other through weak van der waals force of attraction, however within the layer the metal
and chalcogen atoms are bonded in covalent fashion. The inertness of the chalcogen layer,
that shield metal atom, prohibit further nucleophilic substitution by organic ligand, which
makes surface functionalization of LTMC nanostructures a notorious task. This section will

provide the research done in surface functionalization of LTMC nanostructures so far.
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In 2006, Tremel et al., reported a facile method for the functionalization of LTMC
nanostructures that employed nitrilotriacetic acid (NTA) as a robust anchor group to chelate to
the outer sulfur layer of LTMC nanostructures [88-91]. Since a direct anchoring of organic
ligand onto the sulfur layer is not possible because of its inertness, a chalcophilic transition
metal cation (Ni*?) with octahedral coordination is used, whose coordination sphere is
completely blocked on one side in umbrella type fashion, and the other half of the

coordination sphere is available for docking to the outer sulfur layer of LTMC (Figure 1.7).

\//

/\

- W -

Figure 1.7. Surface functionalization of LTMC nanostructures where half of the Ni*?

coordination is used for docking to sulfur layer because of its chalcophilicity.

As Nickel wet the outer sulfur layer on one side, the other half of coordination sphere is
utilized for binding to robust anchor groups that binds strongly to nickel e.g. NTA [92]. A
multifunctional polymeric ligand was devised with different functional moieties in order to
achieve the following goals;

1) Improve the solubility of LTMC nanostructures in different polar and nonpolar
solvents.

2) To build up novel strategies to attach ligands on its surface which could help in
constructing hierarchical assembly of different nanoparticles and synthesize unique
nanocomposite.

3) This fabrication strategy also paves the way for self-assembly of metal oxide

nanostructures onto the sidewall of metal chalcogenide nanotubes though bio

12
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4) recognition. To achieve all the outstanding goals, a novel polymeric ligand (Figure

1.8) was synthesized which consists of different functional groups e.g.

1) NTA, as anchor group, binds to the outer sulfur layer of LTMC nanoparticles through
Ni*?-NTA coordination.

2) 3,4-dihydroxy tyramine hydrochloride (dopamine) as an additional functional group,
which can be used for further functionalization of metal oxide nanostructures like
TiO,, ZrO,, Fe;04, Fe,03 etc. However this functional group can be alkyl chain with
thiol as head group which can be used to adhere metal nanoparticles like Au, Ag, and
Pt etc.

3) A flourophore e.g. 4-chloro, 7-nitro Benzofurazan (NBD), Texas red or Pyrene, etc

that can be used to trace nanoparticles in optical microscopy.

atechol

Figure 1.8. Multifunctional polymeric ligand used for functionalization of LTMC

nanostructures.

1.4.1. Overcoming the insolubility of IF-MoS;, nanoparticle through a high degree of

sidewall functionalization using polymeric chelating ligand.
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In 2006, Tahir et al [88], reported a facile method for the surface engineering of IF-MoS;
nanoparticles that introduces NTA as the robust anchor to immobilize functional molecule on
the outer sulfur layer of LTMC. They have reported the similar functionalization strategy that
employs a multifunctional polymeric ligand as illustrated in Fig. 1.9. The polymer contains
different features i.e. tetra dentate NTA ligand that can be used for binding to Ni*? and the rest
two coordination of Ni*2 can be exploited to bind to the sulfur layer of IF-MoS,. The resulting
functionalized IF-MoS, nanoparticles can be dispersed in water and organic solvents. As we
know, LTMC nanostructures are completely insoluble in water because of their
hydrophobicity, however they are readily dispersible in organic solvents like chloroform. It
has been observed that after functionalization of IF-MoS; using polymeric chelating ligand,
these nanoparticles could be transferred from apolar chloroform to polar aqueous phase which
can be attributed to introduction of polar group (hydroxyl, carbonyl) from polymer on the IF-

MoS; surface. (Figure 1.9).

Figure 1.9. Digital photograph of a solution/dispersion of inorganic fullerene/MoS, before
(right) and after (left) surface functionalization. Courtesy [88].

The functionalization was further confirmed by decorating TiO, nanorods with IF-MoS,. The
polymeric ligand was modified with catechol groups and NTA functional groups in different
ratio. In the first reaction step, the polymeric ligand was immobilized onto IF-MoS; and the
free catechol groups present in polymer was used for further functionalization with TiO,

nanorods as catechol group readily binds to metal oxides.
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However, it was still unclear whether the Ni*#/NTA units were bound to the close packed

sulfur surface layer of IF-MoS; or to the surface defects.

1.4.2. Hierarchical assembly of TiO, nanoparticles on WS, nanotubes achieved through
multifunctional polymeric ligands.

In 2007, Tahir et al reported a chemically specific and facile method for the
functionalization of NT-WS, and subsequent coating of the functionalized WS, nanotubes
with monocrystalline anatase TiO, nanoparticles using the multifunctional polymeric
ligand [89]. Similar functionalization strategy has been employed to tailor the surface of
NT-WS, by exploiting Ni*¥/NTA coordination chemistry. As tetra dentate ligand NTA
coordinate to the octahedral Ni*?, the rest two vacant coordination sites were used to dock
to the outer sulfur layer of NT-WS,. As the polymeric ligand contains catechol group as
an additional functionality, TiO, nanoparticles can adhere to the NT-WS; surface to form
WS2-TiO, nanocomposite (Figure 1.10).

Figure 1.10. Schematic representation of the NT-WS,/polymer/TiO, nanocomposite. NT-WS,
(dark grey) is functionalized with the multifunctional polymer (yellow thread) followed by

immobilization of TiO, nanoparticles.

Similar functionalization strategy can be generalized for synthesis of LTMC/metal oxide
nanocomposites that can be utilized for further applications.
15
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1.4.3. Enzymatic mediated deposition of a TiO, coating onto bio functionalized WS,
chalcogenide nanotubes.

Another chemically specific method for the bio-functionalization of NT-WS, was reported by
Tahir et al. [90]. The covalent modification strategy is based on the chelating properties of
Ni*? that bind to the outer sulfur layer of NT-WS, whereas the other coordination sphere
binds to tetra dentate ligand (NTA) attached on the backbone of polymeric ligand. NTA also
simultaneously acts as an anchor group for the binding of His-tagged proteins to NT-WS;

through the polymer backbone as demonstrated in Figure 1.11.

Figure 1.11. Schematic representation of the fabrication of biotitania/NT-WS, nanocomposite.

The formation of biotitania coating is mediated by immobilizing silicatein onto NT-WS;
surface. The surface bound protein, silicatein, is a biocatalyst used for fabrication of a silica
skeleton in marine sponges [93-94]. Silicatein because of its hydrolytic and polycondensating
activity is indeed found to be responsible for the formation of outer biotitania layer on NT-
WS,.

1.4.4. IF-ReS;, with covalently linked porphyrin antennae.
Similar functionalization strategy was employed to bind protoporphyrin onto IF-ReS; [91].
This has been achieved by modifying the previously used polymeric ligand. Instead of

dopamine functionality, an amine terminated hydrophobic chain is introduced. The amine
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functional group was utilized for conjugation of porphyrin, which in turn complexes the Zn*?

cation (Figure 1.12).

NiSQ,
Polymeric ligand
protoporphyrin
= NTA
* Amine groups
@ protoporphyrin
NBD
O)  IFRes,

Figure 1.12. Surface functionalization of IF-ReS, and conjugation of protoporphyrins.

1.4.5. Synthesis of hierarchically grown ZnO@NT-WS; nanocomposite.

In 2009, Tahir et al., reported an alternative strategy [95] of surface functionalization of
LTMC nanostructures is to grow nanoparticles directly onto the nanotubes by using colloidal
nanoparticles [96-98]. This functionalization was achieved without the addition of any
organic ligands, polymers or any linkers. The bound nanoparticles thus may have affinity
towards the LTMC nanoparticles, depending on their acid base properties, functional group,
or Pearson hardness [99-100]. In this communication, ZnO was attached to the sidewalls of
NT-WS; followed by the growth of ZnO nanorod onto NT-WS,. (Figure 1.13).
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® Zn(NGs),

—_—

(&)

5

5 ZnO colloids
)

HMTA

Figure 1.13. Schematic representation of the fabrication of the ZnO@NT-WS;

nanocomposite.

1.4.6. Surface functionalization of IF-WS, by alkyl-silane group and subsequent
improvement of dispersion of IF-WS,.

In 2010, Tenne et al., reported surface functionalization of IF-WS, nanoparticles with alkyl-
silane moieties [101]. It was observed that after functionalization with organosilane
(octadecyl trichlorosilane, dodecyl trichlorosilane, hexyltrichlorosilane), there is remarkable
improvement of dispersion of IF-WS; in oil based suspensions which reduced the
agglomeration. They have found out that the stability of IF-WS,-oil suspension was increased
remarkably after surface tailoring of silane group. These results were rationalized by
assuming that the silane groups preferentially stick to the defects of IF-WS,. As in LTMC
nanostructures, the coordination between the tungsten and sulfur atoms is not fully satisfied at
the edges. Water molecules adsorb [102] to these sites making the IF-WS; hydrophilic. These
water molecules were further replaced by alkyl silane group making the surface more
hydrophobic. This increased hydrophobicity is believed to reduce the surface tension between
oil and IF-WS,, thereby the tendency to agglomerate is reduced. These new coatings of IF-
WS, improve the stability of the IF-WS; solid lubricant oil suspensions, which improves the

long term tribological behavior of these nanoparticles.

1.4.7. Gold nanoparticles as surface defect probes for WS, nanostructures.
Tenne et al., in 2010, decorated gold nanoparticles onto IF and NT-WS; [103]. Here they
have demonstrated that the gold nanoparticles served as reactive site probes, mapped by both
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scanning and transmission electron microscopy. It has been found out that, gold nanoparticles
preferentially adsorb to IF-WS; at edges and corners. This can be attributed to the fact that,
edges and corners are more reactive in comparison to the bulk, which was further proved by
passivating the edges through silane coating followed by immobilization of gold
nanoparticles. In this case, the gold nanoparticles don’t bind to IF-WS,.

The nature of interaction of gold nanoparticle and NT-WS; was evaluated by AFM pushing
experiments and found out that, the interaction was simply not van der waals force. The
interaction was estimated to be approximately 2 orders of magnitude stronger than van der

Waals interaction, which indicate chemical bonding between NT-WS, and gold nanoparticles.
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1.6. Objectives of the thesis.

To conclude, surface functionalization is the most important tool to engineer novel materials
or devices operating on nanoscale range for various applications to be used in different
disciplines. Among these nanomaterials, layered metal chalcogenide nanostructures, because
of their extraordinary chemical and physical properties, offer a broad range of applications in
different fields such as nanoelectronics, fuel cells, catalysis, ultra filtration membranes etc.
Their tensile strength and shock resistivity is very high, which make them excellent
candidates for producing bullet-proof vests, helmets, high strength glues and binders.

Until now, major obstacle in applications of such materials has been their inherent inertness to
chemical and biological functionalization. Although the surface modification of metal
chalcogenide nanostructures has been documented by chelating polymeric ligands through

*2 <wet’ the outer sulfur surface and the

metal co-ordination, where chalcophilic metals like Ni
vacant co-ordination sphere of Ni*? is used to bind to tetra-dentate ligand (NTA) present in
the polymeric backbone but there is an ever growing demand to achieve new different
methods which involves more biocompatible transistion metal cations or directly anchoring
the inorganic nanomaterials to explore various optoelectronic properties.

Here in this thesis, we present some novel methodologies for surface engineering of metal
chalcogenide nanostructures based on some novel ligands using metal cations like Fe*?, and
directly anchoring metal oxides (Fe;Os, Fe3s04, MnO, ZnO etc.) or metal (Au, Pt)
nanoparticles using Pearsons concept. Moreover, these surface functionalization methods are
reversible and starting nanomaterials can be recovered and can be recycled. Also customize
functionalization of Janus like nanomaterials (Pt@Fes;O,) onto layered metal chalcogenides
nanotubes, with control over binding either Pt or Fe3sO, domains to nanotubes surface by
camouflaging one of the two domains. In addition, TiO, nanowires were functionalized with
Janus nanostructures (Au@MnO) where both domains of Janus nanostructure can be
selectively tailored with different molecules and in the last; we have explored multicolour

photoluminescence of ZrO, nanoparticles using surface functionalization.
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1.7. Outline

Chapter 2 presents a novel methodology of functionalization of metal oxide nanoparticles
(MnO) onto metal chalcogenide nanostructures, manifesting the usage of Pearson Hardness
for the first time in nanoscale. It also describes the realization of reversible functionalization
in such nanostructures.

Chapter 3 reports a novel procedure of covalent modification of metal chalcogenide
nanofullerenes (ReS;) using terpyridine as an anchor group. It explains the chelation of
terpyridine ligand onto the surface of ReS, fullerenes using iron co-ordination chemistry. This
chapter also compiles the improvement of solubility (both hydrophilic and hydrophobic
solvent) of ReS, fullerenes by modification of its surface through different terpyridine
derivatives.

Chapter 4 describes the functionalization of different metal oxide nanoparticles onto metal
chalcogenide nanostructure based on the Pearson hardness of their corresponding metal
cation. It also explains the reversibility of such functionalization.

Chapter 5 explains the concentration dependent edge functionalization and customized self-
assembly of Pt-Fe3O,4 Janus nanostructures onto WS, nanotube. It describes selective surface
binding, e.g. Platinum domain binds to NT-WS, because of its softness whereas Fe;O,4
domain binds to the sidewall of NT-WS, by selectively masking the platinum domain with an
organic functional ligand.

Chapter 6 describes the rational assembly of Au@MnO nanoflowers onto TiO, nanowires by
polymeric functionalization. However it has been observed that the individual surfaces of the
TiIO,@AU@MnO nanocomposites can further be functionalized. TiO, surface can be
activated with NBD flourophore whereas the gold surface can be immobilized with Texas red
tagged Single Stranded oligonucleotide.

Chapter 7 describes the luminescent behavior of amine functionalized zirconia nanoparticles.
ZrO, nanoparticles were chlorinated with excess of SoCl, followed by amination in presence
of 1,4-butanediamine. These amine functionalized zirconia nanoparticles develop intrinsic
luminescent properties that can be observed in photoluminiscent spectroscopy and confocal
laser scanning microscopy. The amine (butadiamine) terminated zirconia retains its
morphology and size and is highly biocompartible as proved by dynamic light scattering and
shows no toxicity (cytotoxic test).

Chapter 8 Conclusions and outlook.
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Chapter 9 Methods and Instrumentations.

Chapter 10 (appendix) describes in detail all the experimental procedures, employed in the
work presented in this thesis. Additionally, various characterization techniques and
instrumental specifications, supplementary material and a list of figures presented in the thesis

are provided.lt also contains *H NMR, FD-MS spectroscopy and XRD data.
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2.1. Introduction

Nanotechnology has reached a stage of development where not individual nanoparticles but
rather systems of greater complexity are the focus of concern [1]. These complex structures
incorporate two or more types of materials, an example of which is the formation of metal-
semiconductor hybrids, which effectively combine the properties of both materials [2]. The
assembly of multicomponent nanoparticles from constituents with different optical, electrical,
magnetic and chemical properties can lead to novel functionalities that are independent of the
individual components and may be tailored to fit a specific application. These applications
include such far-reaching challenges as solar energy conversion [3], biological sensors [4],
mechanical and optical devices [5], and potential methods for drug delivery and medical
diagnostics [6].

A specific challenge is to assemble nanoparticles into a hierarchical structure. Nanotubes
(NT-MQ-) [7] and fullerenes (IF-MQ;) [8], of layered metal chalcogenides are the purely
inorganic analogues of carbon fullerenes and nanotubes that exhibit analogous mechanical [9]
and electronic properties [10]. They consist of metal atoms sandwiched between two inert
chalcogenide layers. Their physical properties [11] are related to their crystal structures,
which contain MQ); slabs with metal atoms, sandwiched between two inert chalcogen layers.
These MQ-, layers are stacked, with only van der Waals contacts between them. The steric
shielding of the metal atoms by the chalcogen surface layers from nucleophilic attack by
oxygen or organic ligands makes chalcogenide nanoparticles highly inert and notoriously
difficult to functionalize.

Some progress has been made by employing chalcophilic transition metals in combination
with multi-dentate surface ligands: The 3d metals “wet” the sulfur surface of the chalcogenide
nanoparticles while the multidentate surface ligands partially block one hemisphere of the
metal coordination environment. This steric shielding prevents an aggregation of the
chalcogenide nanoparticles through inter-particle crosslinking [12].

The assembly of aggregates from different types of nanoparticles typically relies on chemical
modifications of the nanoparticle surface in order to achieve a specific linkage. A bifunctional
organic linker molecule having specific anchor groups for each type of nanoparticle is bound
with one of its anchor groups to the first type of the pre-synthesized nanoparticles. In a
subsequent step, the second anchor group is used for the attachment of the second type of

nanoparticles [13].
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The synthetic goal is to attach a controlled number of target molecules while avoiding
aggregation through nonspecific interaction with surfaces and other particles in solution. In
order to achieve that goal, the nanoparticles have to be stabilized with a protecting layer
containing some chemical anchor points for further modification. This covalent chemical
attachment offers high stability in different solvents and ionic environments. Therefore,
current strategies for the functionalization of nanoparticles rely (i) either on non-covalent
physisorption of linker molecules to the surface of the nanoparticles [14], (ii) electrostatic
anchoring of an additional polymeric layer [15], or (iii) the use of short bifunctional cross-
linkers. This leads to low yield [16], or surface coverage [17].

An alternative strategy is to grow nanoparticles directly on the nanotubes by using colloidal
nanoparticle synthesis methods [18]. Colloidal nanoparticles may have an affinity based on
their acid/base properties, functional groups or Pearson hardness [19] for nanotube surfaces

that allows their attachment without the aid of linkers.

2.2. Results and Discussions.

In this paper we report a novel synthetic strategy based on Pearson’s HSAB principle [19c],
that allows the formation of a hierarchical assembly of metal chalcogenide/metal oxide
nanostructures. The metal oxide particles can be functionalized in a subsequent reaction step
to tailor the chalcogenide surfaces at room temperature or to reversibly detach them from the
chalcogenide surfaces with excess surface ligand (Scheme 2.1). The recycled chalcogenide

nanoparticles can be used time and again without the use of organic ligands (Scheme 2.2).
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Dopamine NBD

Scheme 2.1. Schematic representation of reversible immobilization of MnO on NT-WS; and
surface functionalization through fluorophore labeled dopamine.

According to Pearson’s HSAB (Hard Soft Acid Base) principle, a hard Lewis acid has a
tendency to bind with a hard Lewis base and vice versa [19c]. Thus, in the layered metal
chalcogenides the soft sulfur surface layer has a tendency to bind with other nanoparticles
containing soft transition metal cations. As basic components to build these magnetic
nanohybrids, MnO and NT-WS; nanoparticles were prepared separately in the first step.
Figure 2.1a and b show representative transmission electron microscopy (TEM) images of the
building blocks, MnO and NT-WS;, nanoparticles, produced according to published
procedures [20]. As the nanoparticles carry oleic acid molecules surface ligands they are
soluble in most organic solvents (cyclohexane, toluene, or THF) [20a]. WS, nanotubes (NT-
WS,) were prepared by the sulfidization of WO3; nanorods obtained via hydrothermal
synthesis [20b]. A HRTEM image of one such WS, nanotube is shown in Figure 2.1b. The
interlayer spacing of 0.65 nm between the tubular walls is consistent with the (002) d-spacing
of the 2H-WS; lattice.
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Figure 2.1. TEM images of the as-synthesized (a) MnO, (b) NT-WS, (c-e) TEM images
showing the binding of MnO nanoparticles onto NT-WS,. (c) Overview image, (d and e)
HRTEM showing the interface of MnO nanoparticles and sidewalls (d) or the tip (e) of a WS,
nanotube. (f) EDX spectrum of the MnO@NT-WS, composite. (g) SEM image of the
MnO@NT-WS; composite.

The assembly of oxide/chalcogenide nanostructures was produced by mixing dispersions of
the chalcogenide nanoparticles and metal oxide nanoparticles in toluene under mechanical
shaking. During this process, the metal oxide nanoparticles were assembled onto the
chalcogenide nanoparticle surface via ligand exchange. In this process, the oleic acid capping
ligands on the surface of the oxide nanoparticles are substituted by the surface sulfur atoms of
the chalcogenide nanoparticles. The binding of MnO nanoparticles to NT-WS;, and EDX
analysis is illustrated in the TEM images in Figure 2.1c-e. The soft basic character of the
chalcogenide surface is of prime importance for the surface binding. The chemisorption of
ions or molecules involves their acidic or basic properties which have to be opposite to those
of the active surface sites. The overview TEM image (Figure 2.1c) shows almost all the
nanotubes are covered with MnO nanoparticles and high resolution transmission electron
microscopy shows that almost nanoparticles are sitting on the basal plane of nanotubes. The
scanning electron microscopy (SEM) (Figure 2.1g) also gives an overview image to confirm
the immobilization of MnO nanoparticles on NT-WS,. Energy-dispersive X-ray analysis
(EDX) of the composite nanotubes (Figure 2.1f) indicates the presence of the elements W, S,
Mn and O. The analytical data indicate a significant amount of MnO nanoparticles present on
the surface of the nanotubes, in accordance with the results of the TEM study.

As described earlier the tailoring of the chalcogenides surfaces is difficult and requires some

suitable approaches, whereas the metal oxides surfaces are easy to functionalize. The NT-WS,
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surface bound MnO nanoparticles can be functionalized selectively with catechol-type
ligands. In this process, the oleic acid capping ligands are replaced by the free catechol ligand.
Figure 2.2a shows the UV-vis spectrum of the NT-WS; particles decorated with surface
functionalized MnO (full line) nanoparticles with dopamine bound 7-nitrobenzofurazan
(NBD) dye. The spectrum shows a characteristic broad absorption band of WS, around 660
nm. The absorption band due to NBD appears at 490 nm. The 660 nm absorption band of
functionalized NT-WS; is weakly visible in the MNO@NT-WS, composite. The surface
decoration of NT-WS; with NBD-functionalized MnO nanoparticles was further proven using
confocal laser scanning microscopy as illustrated in Figure 2.2b. A 10 ul droplet of the
sample was placed and dispersed carefully on a thin glass slide and the solvent was
evaporated. The fluorescence of the NBD dyes was excited at 488 nm and detected from 504 -
514 nm. A 40x (NA 1.25) oil immersion objective was used for the imaging. The overview
image of as-functionalized MnO@NT-WS; (Figure 2.2b) nanoparticles with NBD ligands
shows anisotropic fluorescence images of nearly isolated nanoparticles, while the image of a
single isolated nanotube given in the inset. It is reasonable to conclude from the fluorescence
images that the nanotubes are fully coated with surface functionalized MnO nanoparticles
covalently tethered to the NT-WS; surface. It is difficult to comment on the actual size of the
functionalized nanotubes because they are below the resolution limits of CLSM. No
fluorescence was observed by exciting the unfunctionalized MnO nanoparticles or
unfunctionalized NT-WS,.
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Figure 2.2. UV-Vis absorption spectrum of a) as synthesized WS, nanotubes (red line), b)
MnO@NT-WS; nanoparticles functionalized with dopamine-NBD b) Confocal laser scanning
microscopy images of WS, nanotubes coated with dopamine-NBD, the inset shows single
nanotube.

Pearson’s hard-soft acid-base (HSAB) principle states that “hard acids prefer to coordinate
with hard bases and soft acids prefer to coordinate with soft bases for both their
thermodynamic and kinetic properties”. The effect of solvation of ions must be taken into
consideration in order to have a proper understanding of the HSAB principle. Due to their
chelating properties catechol-type ligands can compete successfully with sulfur for surface
metal atoms. Since the solvation increases with increasing the temperature, we used a
temperature of 60 °C to remove all surface-bound MnO nanoparticles from the NT-WS,
surface in the presence of dopamine as chelating ligand for the metal oxide nanoparticles
surfaces. However without addition of dopamine, it’s not possible to reversibly recover the

metal chalcogenides nanotubes.
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60 °

Dopamine

Scheme 2.2. lllustration of the reversible functionalization of MnO on NT-WS,.

Another reason for the stability of the catecholate surface complexes is the valence-taumerism
through redox-active ligands and transition metal ions. Catecholate ligands form unstrained
and unsaturated five-membered ring chelate systems with surface metal atoms via negatively
charged oxygen atoms. Complexes with non-innocent electro-active ligands may exhibit a
reversible intramolecular electron transfer between the metal ions and the ligand, leading to

stabilization through internal charge redistribution (Scheme 2.3) [21].

0 -le 0 -le- o
benzoquinone semiquinone catechol

(S =0) (S =1/2) (S = 0)

Scheme 2.3. Valence-taumerism through redox-active chelating ligands and transition metal
ions. Complexes with non-innocent electro-active ligands exhibit a reversible intramolecular

electron transfer between metal ions and the ligand, leading to internal charge redistribution.
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Scheme 2.2. illustrates the attachment and detachment of MnO nanoparticles to NT-WS,.
Whereas oxides of soft and borderline metals are chemisorbed easily to the sulfur surface
atoms, oxides of the hard metals have a much lower tendency for binding. In contrast, the
catechol-type ligands bind efficiently to hard or borderline metals (such as Ti** Fe**, AI**,
Mn®* etc.). As a result, the binding of chalcogenide nanoparticles and catechol-type ligands to
surface metal atoms of borderline metal oxides is a dynamic equilibrium reaction, whose
position depends on the reactants and temperature. By increasing the reaction temperature to
60 °C, catechol is a preferred surface ligand for the metal oxide particles. It displaces the
surface sulfur atoms of NT-WS; leaving unfunctionalized NT-WS, nanotubes behind. Adding
fresh metal oxide nanoparticles to NT-WS; leads to a partial replacement of the oleate surface
ligands by the surface sulfur atoms of NT-WS; and a concomitant binding of metal oxide
nanoparticles to NT-WS,. This cycle can be repeated several times. The recycled

chalcogenide nanoparticles can be re-used (Scheme 2.4.).

Dopamine

60 °

MnO

Scheme 2.4. Schematic representation of reversible immobilization of MnO on NT-WS; and
surface functionalization through fluorophore labeled dopamine.

The HSAB model has its basis in arguments related to bonding strength. It is applied for
systems where Kkinetic control, entropy of adduct formation, solvation effects (enthalpic and
entropic), ion-pairing effects (enthalpic and entropic), or lattice energy effects (enthalpic and

entropic) are large and even dominant. When HSAB considerations are employed, it is
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implied that the soft-soft (covalent) or hard-hard (ionic) interactions, dominate the chemistry,

I.e. that the reactions are either orbital or charge controlled.

2.3. Summary and Outlook.

In summary, we have used the principles of coordination chemistry to achieve the reversible
functionalization of highly inert chalcogenide nanotubes with metal oxide (MnO)
nanoparticles. The modification strategy is based on the chalcophilic affinity of Mn?*, as
described by the Pearson HSAB concept. The surface-bound nanoparticles are still amenable
to functionalization with anchor ligands such dopamine. As the chelating dopamine ligand is a
much more potent ligand for surface 3d metals than the sulfur atoms of the chalcogenide
nanoparticles, MnO nanoparticles can be detached from the chalcogenide surface at slightly
elevated temperature. The remaining chalcogenide particles can be the functionalized again
with fresh metal oxide nanoparticles. The “self-assembled” hybrid architecture can
incorporate various different selective nanoparticle-substrate interactions based on well-
known surface chemistries, and it may be generalized for various layered chalcogenide
nanoparticles and transition metal and main group oxides. This assembly technique offers
benefits for low-cost and low-waste manufacturing, and such methods are becoming
increasingly important in the development of green nanofabrication strategies.

The functionalization of WS, nanotubes opens several new fields for this class of materials
which have been pursued actively during the past few years for the related carbon nanotubes
and various oxide materials: (i) the functionalization of chalcogenide nanotubes for the
attachment of electronically active components (metal and semiconductors nanoparticles,
light harvesting ligands for solar cell applications) to the sidewalls of the tubes, (ii) dispersion
of nanotubes, e.g. for the integration in co