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ABSTARCT 

INTEGRATING TRANSITION METALS INTO NANOMATERIALS: 

STRATEGIES AND APPLICATIONS 

Karim Fhayli 

Transition metals complexes have been involved in various catalytic, biomedical 

and industrial applications, but only lately they have been associated with nanomaterials to 

produce innovative and well-defined new hybrid systems. The introduction of transition 

metals into nanomaterials is important to bear the advantages of metals to nanoscale and 

also to raise the stability of nanomaterials. In this dissertation, we study two approaches of 

associating transition metals into nanomaterials. The first approach is via spontaneous self-

organization based assembly of small molecule amphiphiles and bulky hydrophilic 

polymers to produce organic-inorganic hybrid materials that have nanoscale features and 

can be precisely controlled depending on the experimental conditions used. These hybrid 

materials can successfully act as templates to design new porous material with interesting 

architecture. The second approach studied is via electroless reduction of transition metals 

on the surface of nanocarbons (nanotubes and nanodiamonds) without using any reducing 

agents or catalysts. The synthesis of these systems is highly efficient and facile resulting in 

stable and mechanically robust new materials with promising applications in catalysis.   
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Chapter 1. Introduction 

Integrating transition metals into nanomaterials has been one of the major interests 

of researchers for the last decade. The main objective of this association is to add new 

properties to nanomaterials and also increase stability. Many hybrid nanomaterials present 

a great promise especially in catalytic1,2 and biomedical3,4 applications. Inorganic elements 

with distinct properties (e.g. magnetic, optical and electronic) can be integrated in organic 

polymer matrices, which results in new materials with improved features. The applications 

of these new materials include medicinal,5 photonics,6 optical,7 coating,8 catalytic1 and 

many others. These hybrid materials could have a leading role in the development of 

advanced functional nanocomposites.  

In this introductive chapter we provide an overview of the importance and applications of 

transition metals and also the two considerable approaches in designing nanomaterials 

integrating transition metals.   
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Importance and applications of transition metals 

Transition metals are located in the center of the periodic table and mainly called 

d-block elements. According to IUPAC, they are defined as “an element whose atom has 

a partially filled d sub-shell, or which can give rise to cations with an incomplete d sub-

shell”. Transition metals retain all the general metallic properties including high density, 

excellent conductors of heat and electricity and high melting and boiling points, yet their 

partially filled d sub-shell allows them to have distinct properties. Transition metals are 

able to form colored and luminescent complexes due to charge transfer and d-d electronic 

transitions9 which allow them to be used as sensors.10,11 Photolumiscence transition metal 

complexes are an essential category of phosphorescent substances that were used as oxygen 

probes,12-14 their interest application in biosensing is attributed to considerable advantages: 

(1) Several photosensitive transition metals have tremendous photostability which allows 

extended exposure of the transition metals to irradiation and allows real-time control of the 

probe.  (2) The complexes of transition metals have long-lived phosphorescence, which 

means high sensitivity. (3) Finally, less self-quenching and extended brightness. 15 Another 

characteristic of transition metals is the ability to form complexes with various oxidation 

states due to the relatively easy to lose electrons compared to other metals16 which give 

them good catalytical properties in homogeneous and heterogeneous catalysis (as an 

example palladium forms compound mainly in 0, +I, +II and +IV oxidation states). 

Furthermore, due to the presence of unpaired d electrons, the transition metals can form 

paramagnetic compounds17 which can be used as bioimaging reagents.15,18 Iron(II), 

cobalt(II) or nickel(II) have high potential to be used as paramagnetic chemical exchange 

saturation transfer (paraCEST) contrast agents for magnetic resonance imaging (MRI).19 
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The complexes of these transition metals are able to produce exceptionally shifted proton 

resonances over exchange with the paramagnetic center.20,21 Finally, transition metals have 

been used in biomedical applications including nuclear medicine,22 and also as anti-cancer 

agents.23   

 

Transition metals in catalysis 

Transition metals are considered as the ultimate critical elements in catalysis.24-28 

Due to their ability to change their oxidation state, many transition metals and transition 

metals complexes are used as catalysts often to catalyze redox reactions29 (hydrogenation, 

oxidation..) and also in organic synthesize specially in coupling reactions.30-32 Coupling 

reactions is a broad terminology for a wide range of reactions where two hydrocarbons are 

coupled through a metal catalyst often palladium (Scheme 1). 

Scheme 1 General mechanism of coupling reaction 
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The mechanism start by oxidative addition of the catalyst to an organic halide to form 

organometallic compound. The reaction of the obtained organometallic compound with a 

base place these two coupling elements on the same metallic center via transmetallation. 

Finally, the reductive elimination of the organometallic intermediate gives the desired 

organic compound and regenerate the original catalyst.33  

Haber process is another example of reactions catalyzed by transition metals. The Haber 

reaction is a combination of nitrogen and hydrogen to form ammonia catalyzed by iron 

(Scheme 2). 

Nickel transition metal is an essential catalyst in the hydrogenation reaction of C=C bonds. 

This reaction is fundamental in the synthesis of margarine from vegetable oils (Scheme 3). 

Finally, transition metals have been used in selective catalytic carbon-carbon bond 

activations via oxidative addition34,35 and also as electrocatalysts for the reduction of CO2 

to CO with high efficiency and selectivity.36    

 

Scheme 2 Haber process 

Scheme 3 Hydrogenation reaction of C=C bonds  



33 

 

Transition metals in human physiology 

The affinity of transition metals salt in the body is estimated by the diversity of 

Lewis-basic groups exist in biomolecules including nucleic acids, amino acids, hydroxyl 

groups of hydrocahydrates, etc..3  Transition metals compose approximately 0.01% of 

human body weigh; nonetheless, their value in a number of mechanism is invaluable.37 

Numerous biomolecule are adaptable to combine with transition metals, which can produce 

unique biological response.3 A notable example is cisplatin, this transition metal-based 

biomedical complex is employed as efficient anticancer drug.23 Transition metals act as 

cofactors for metalloenzymes in all living cells.38 Furthermore, Iron is the ultimate 

abounding nutritional transition metal found in human body.39 Iron is fundamental in 

hemes and also in non-hemes iron incorporated protein, therefore, iron has essential roles 

in many biological mechanisms including oxygen transportation, enzymatic mechanism, 

DNA synthesis and electron transport.40 The solubility of iron ions is directly related to pH 

and also to the presence of complexing agents. Human body can increase the uptake of Fe 

by lowering the gastrointestinal pH. At pH 1 the iron(III) salt dissolve to form iron(III) aq. 

which is adsorbed by transferrin and the interruption adsorption and of iron equilibrium in 

cells is associated with considerable disease such as hepatitis, cancer, Parkinson and 

Alzheimer diseases.41,42 Fe is released from the protein transferrin by reduction to iron(II) 

which is stored in other protein (ferritin) or used immediately. Additionally, copper is 

another important transition metal that exists in nearly all biological organism. Copper is 

particular in biology because it adopts thermodynamically stable complexes that are either 

high or low coordination numbers (n) of 2 to 6.38 Moreover, transition metals have been 
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used in biology as probes for estrogen receptors and bioimaging agents15 and they were 

also incorporated in drug delivery nanocarriers.43 

Integration transition metals into nanomaterials 

In 1959, Richard Feynman presented his memorable lecture entitled “There's plenty 

of room at the bottom”. This talk is considered as the origin of innovation for 

nanoscience.44 In the lecture, Feynman hypothesized the important properties that can be 

developed if the dimension of the materials would go to nanometer scale. From this point, 

the introduction of transition metals into nanomaterials is important to bear the advantages 

of metals to nanoscale but also to raise the stability of nanomaterials and also provide 

hybridity (organic-inorganic) to the new formed nanomaterials. On the other hand, 

integrating transition metals to nanomaterials is associated with several limitations such as: 

(1) Control the percentage of metals integrated onto the nanomaterials. (2) Control the 

newly formed morphology. (3) Toxicity of some transition metals.  

Recently, transition metals associated with nanomaterials45,46 and other sub 

nanometer clusters47 have obtained increased consideration because nanoscience has 

allowed the synthesis of metal-based nanoparticles with controlled shape and size48 over 

reactivity49 and also because of the particular optical, chemical, electronic and magnetic 

properties of metals-associated nanomaterials.50 Transition metals associated with 

nanomaterials are commercially synthesized but also exist naturally in several geological 

environments51 and also have plethora of applications such in catalysis,52 photonics and 

energy,53 nanosensors54 and nanomedicine.4,55 The association of transition metals to 

nanomaterials is mainly through two general approaches: (1) Self-assembly of the 
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transition metals with nanomaterials through non-covalent bonds and (2) Deposition of 

transition metals on the surface of nanomaterials either by electroless reduction or by using 

a reducing agents or catalysts.  

Integrating transition metals into nanomaterials by self-assembly 

Self-assembly provides the most general strategy for generating nano- and 

microstructures by non-covalent bonds which include metal coordination (Up to 150 

kcal/mol),52,56 hydrogen bonding (2-30 kcal/mol),57,58 van der Waals forces (0.1-1 

kcal/mol),59,60 hydrophobic forces (≤10 kcal/mol)61,62 and/or electrostatic interactions (1-

20 kcal/mol).63,64 A coordination bond entity constitutes of central metal atom bonded to a 

fixes number of ligands. The bond can be reversible, it has a specific directionality and it 

is strong even in polar and aqueous solvents (Scheme 4). 

Supramolecular amphiphile (SA) is also another form of self-organization based 

assembly. Nowadays, considerable number of peer-reviewed articles have described the 

self-assembly of transition metals to nanomaterials.1,43 In a recent example Kotov et al. 

reported the self-assembly of iron disulfide pyrite (FeS2) nanoparticles through 

coordination bonds which is able to facilitate ion transport (Figure 1). 65  

Scheme 4 Coordination bond 
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Several methods have also reported the formation of supramolecular amphiphile 

assemblies by metal coordination.66 as an example, Moughton et al. described  the 

formation of a micellar structure by self-assembly of a metallo-supramolecular block 

copolymer containing an initiator- based nitroxide (Figure 2).67 

 

Additionally, transition metals associated with nanomaterials have been explored for 

numerous medicinal applications.68-71 Iron ions were used as biocompatible element to 

Figure 1 NPs are linked by Zn ions supramolecular clusters involving six carboxylates. 

Zinc ions generate supramolecular complexes with carboxylate functions on the 

surface of the nanoparticles. The figure is reproduced with permission from ref (Hirai, 

2015). Copyright 2015 Wiley-VCH. 

Figure 2 Formation of micelles by self-assembly of metallo-supramolecular. The 

figure is reproduced with permission from ref (Moughton, 2008). Copyright 2011 

The Royal Society of Chemistry. 

Iron disulfide 

pyrite 
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synthesize drug delivery carriers, these carriers can be biodegradable by metal 

transchelation.72 In 2012, Pohaku et al. reported a novel biodegradable form of silica 

nanoshells coordinated-iron(III) for biomedical applications.43 It has been proved that the 

introduction of iron(III) into the silica matrix has made the nanoparticles biodegradable in 

the presence of iron chelators reagents (Figure 3).43  

In another example, a series of metal-phenolic capsules have been synthesized from a 

ligand (tannic acid) and different transition metals based on metal-organic coordination 

bonds. The functionalities of these nanoparticles are regulated by the coordinated 

assembly, enabling for capsule thickness, break-down and also fluorescence properties 

(Figure 4).73 

  

Figure 3 Biodegradable form of silica nanoshells doped with iron(III) ions. 

The figure is reproduced with permission from ref. (Pohaku, 2012). 

Copyright 2012 American Chemical Society. 
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In another example reported by Caruzo and coworkers,74 a series of coordination-driven 

self-organization between a natural and biocompatible polyphenols and iron(III) ions 

leading to surface-confined amorphous films, which might be applicable in catalysis, 

energy, optoelectronics, and the biomedicine (Figure 5) 

Figure 5 Self-assembly of metal-phenolic capsules with various metals based on 

coordination assembly. Scale bars are 5 µm. The figure is reproduced with 

permission from ref (Caruzo, 2014). Copyright 2014 Wiley-VCH. 

Figure 4 Coordination-driven self-assembly of polyphenols and iron(III) ions 

leading to surface-confined amorphous films. The figure is reproduced with 

permission from ref (Caruzo, 2014). Copyright 2015 American Chemical Society. 
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Moreover, transition metals associated with nanomaterials have been used to produce 

innovative hybrid materials with crystal features. A hybrid make-up of a self-assembled 

structure can provide multi-functionality and also multi-directionality. Zare and co-

workers have recently reported the synthesis of hybrid nanoflowers by forming complexes 

of protein and copper(II) ions where these complexes provide a location for nucleation and 

growth for primary nanocrystals of copper phosphate, the bonding between the protein 

complexes and the nanocrystals leads to the formation of hybrid flower-like petals with 

nanoscale features and enhanced enzymatic activity (Figure 6).1  
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In another example, Metal Organic Framework (MOF) hybrid nanostructures were 

obtained by metal-organic coordination of oligo-phenyleneethynylene-dicarboxylic acid 

(OPEA) with zinc acetate (Zn(OAc)2), these structures revealed the soft and dynamic 

quality of MOFs and also showed their potent light harvesting applications (Figure 7).75  

Figure 6 Formation of hybrid nanoflowers with crystal feature by complexing 

protein and copper(II) ions. The figure is reproduced with permission from 

ref. (Ge, 2012). Copyright 2012 Nature publishing group. 

Figure 7 Different MOF nanostructures obtained by metal-organic coordination of 

OPEA and Zn(OAc)2. The figure is reproduced with permission from ref. (Suresh, 

2013). Copyright 2013 Wiley-VCH. 
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Lately, Hedrick and coworkers have also reported the formation of hybrid nanostructures 

via self-assembly of an amphiphilic copolymer (PDMA-rac-PLA) with an organosilicate 

precursor but only for preparation of mesoporous films on Silica wafer (Figure 8).76,77 

 

Integrating transition metals to nanomaterials by electroless deposition  

Several techniques in literature have described the loading of metal nanoparticles 

on the surfaces of nanomaterials, essentially by electro-chemical deposition,78 

decomposing metal ions at elevated temperature,79 and by reducing metal ions.80 Recently, 

a new strategy has evolved based on electroless deposition of transition metals on the 

surface of nanomaterials without using any reducing agent or catalyst. The method consists 

of using “a metal substrate that has a redox potential less than that of the metal salts to be 

reduced into nanoparticles” (Figure 9).81 

Figure 8 . Hybrid nanotoroids were obtained by a spinning PEPE solution of 

PDMA-PLA and MSSQ onto a silicon wafer. The figure is reproduced with 

permission from ref. (Choi, 2006). Copyright 2006 American Chemical Society. 
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Based on this new strategy, well-dispersed palladium nanoparticles have been deposited 

on graphene oxide (GO) without using reducing agents.82 The Pd-nanoparticles loaded GO 

were prepared by a redox reaction between palladium salt and GO (Figure 10) 

  

In addition, supported palladium nanoparticles have been synthesized and used to catalyze 

different types of reactions such as carbon-nitrogen intramolecular bond formation to 

produce carbazoles in very high yields.83 Moreover, in 2002, Dai et al. 71 found that carbon 

Figure 9 Deposition of metal NPs on CNTs via electroless deposition. The figure is 

reproduced with permission from ref. (Qu, 2005). Copyright 2005 American 

Chemical Society. 

Figure 10 deposition of palladium nanoparticles on the surface of GO without 

using reducing agents The figure is reproduced with permission from ref. 

(Chen, 2011). Copyright 2011 American Chemical Society. 
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nanotubes treated at elevated temperatures can be used as a reducing agent to reduce AuCl4
-
 

and PtCl4
2- on their surface at room temperature (Figure 11), which could be useful for 

catalytical applications. 

 

In a paper published in 2014, Landi and coworkers84 have reported the deposition of gold 

nanoparticles (Au-NPs) on the surface of ion irradiated CNTs for selective electroless 

deposition. Raman spectroscopy revealed that the G′-band constantly downshifts for the 

SWCNTs because of ion irradiation, while purified carbon nanotubes show an upshift from 

charge transfer. An interaction between the gold nanoparticle areal density and the 

proportional ratios for the Raman D and G′ peaks shows that the system is precisely 

controlling ion irradiation-induced structural damage (Figure 12). 

Figure 11 Single walled carbon nanotubes can be used as a reducing 

agent to deposit Au and Pt ions on their surface. The figure is 

reproduced with permission from ref. (Choi, 2002). Copyright 2002 

American Chemical Society. 
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Finally, electroless deposition of transition metals on the surface has been used extensively 

to produce catalytic systems.85  Nanoparticles catalysis can be considered as a link between 

homogenous and heterogeneous catalysts generally linking the simple separation of 

heterogeneous catalysts and the selectivity of homogenous catalyst.86 Transition metals in 

nanomaterials have elevated percentage of under-coordinated surface atoms and 

accordingly can catalyze many reactions.87 In a recent example, palladium catalyst has 

been deposited on the surface of mesoporous cobalt oxide-carbon nanomaterials and were 

then tested in Suzuki coupling reaction of phenylboronic acid and chlorobenzene in water 

Figure 12 Purified single-wall carbon nanotubes which was partly 

covered by quartz during ion irradiation and exposed to KAuBr4. The 

figure is reproduced with permission from ref. (Landi, 2014). Copyright 

2014 American Chemical Society. 



45 

 

under mild conditions and showed a high yield formation of biphenyl without using ligands 

and other phase-transfer agents (Figure 13).85  

 

 

Conclusion 

 In this chapter, we discussed the importance and applications of transition 

metals and we reviewed the two considerable strategies for associating transition metals to 

nanomaterials (1) self-assembly of the transition metals with nanomaterials and (2) 

electroless deposition of transition metals with nanomaterials. Self-assembly provides the 

most general strategy for generating nanostructures by non-covalent bonds, while the 

electroless deposition of transition metals is simple loading of metal nanoparticles on the 

surfaces of nanomaterials without using any reducing agents or catalysts. The fundamental 

Figure 13 Deposition of palladium on the surface of mesoporous cobalt oxide-

carbon nanomaterials for Suzuki coupling in water. The figure is reproduced with 

permission from ref. (Duan, 2015). Copyright 2015 American Chemical Society. 
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objective of associating transition metals to nanomaterials is to add the advantages of these 

metals at the nanoscale and also to raise the stability of these hybrid systems.  
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Chapter 2. Hierarchical Organic-Inorganic Hybrid 

Supramolecular Toroids 

Objective  

Toroidal structures based on directed self-assembly of amphiphilic building blocks are 

well established however, spontaneous self-organization based assembly to prepare such 

structures has never been reported thus far. Here, organic-inorganic hybrid micro-toroids 

synthesized by simultaneous coordination-driven assembly of small molecule amphiphiles 

(SMA) and bulky hydrophilic polymers are reported. Mixing SMA with iron chloride in 

water leads within minutes to the formation of star-like nanocrystals. Addition of 

hydrophilic polymers that can further coordinate iron triggers a spontaneous self-assembly 

of the star-like nanostructures to form stable hybrid micro-toroids. Interestingly, the toroids 

also exhibit crystalline features as well as anisotropic hierarchical growth as shown by 

SAED and SEM results. These micro-rings are mechanically robust and can act as 

templates to construct hollow hybrid gold and silver plasmonic microstructures. Solution 

processing of gold micro-toroids on a green InGaN-based light-emitting diode (LED) 

demonstrated a photoluminescence enhancement of nearly 100%. 
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Introduction 

Self-assembly provides the most general and effective strategy for generating nano- and 

microstructures. The importance of this “bottom-up” approach is that it follows nature’s 

way of building up complexes through self-organization. The arrangement of lipid 

bilayers,1 colloids,2 and the organization of nucleic acid3 are all examples of self-assembly. 

Non-covalent forces such as metal coordination,4 hydrogen bonding,5 van der Waals 

forces,6 hydrophobic 7 and/or electrostatic interactions8 encompass the driving force for the 

formation of these well-defined structures. Such structures are valuable when employed 

for biomedical applications,9 catalysis,10 electronics,11 and photonics.12 Numerous 

architectures have been designed through self-assembly with the most common being 

nanoparticles,13 micelles,14 vesicles,15 and filaments.16  

 Recently, a doughnut-shape or toroidal self-assembled structure generated by a 

close plane curve, rotating about an axis but does not intersect it, has been reported.17-19 

Toroids have interesting geometrical properties, which are topologically distinctive from 

cylinders, micelles and spheres. In certain types of viruses and sperm cells, DNA is 

organized in a toroidal shape.20,21 In some bacterial species, YqaJ protein is condensed in 

a toroidal form.22 Furthermore, toroids were found in the self-assembly of transmembrane 

proteins such as ß-barrels and α-helical bundles.17 Lee et al. have reported on the directed 

self-assembly of amphiphilic molecular dumbbells to form toroids and later expanded their 

work to include ß-sheet peptides. 23,24 Other published examples of organic toroids include 

the formation of toroidal nanostructures from the directed self-assembly of block 

copolymers.18,25-27 More recently, micro-toroids were reported employing rigid-core 

monomers with anisotropically predisposed alkene groups as building blocks.28 Although 
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many techniques have been invested in directing the assembly of these structures, extensive 

synthesis was always the common dominator. On the other hand, inorganic toroidal 

nanocrystals have been synthesized from lithium peroxide,29,30 titanium disulfide exposed 

to copper ions,31 and magnetite.32 Furthermore, MOF toroids were obtained by metal-

organic coordination of oligo-phenyleneethynylene-dicarboxylic acid (OPEA) with zinc 

acetate (Zn(OAc)2).
33 However, the solution processability of these hybrid structures is still 

elusive. Hedrick and coworkers have also reported the formation of toroids via self-

assembly of an amphiphilic copolymer (PDMA-rac-PLA) with an organosilicate precursor 

but only for preparation of mesoporous films on Si wafer.34,35 Apart from the shy discussion 

of some promising applications including serving as nanoreactors,19 selective cellular 

tags,36 template for the formation of other structures,28 and encapsulating agents,37 no 

breakthrough application has been reported to harness the structural benefit of these 

structures.   

 Coordination-driven assembly constitutes a straightforward approach to 

spontaneous self-assembly of hybrid structures with interesting structures such as the 

hybrid nanoflowers reported by Zare et al.38 Here, we report the preparation of hybrid 

organic-inorganic hierarchical hollow micro-toroids with nanoscale features by 

spontaneous self-assembly of small amphiphilic molecule (SMA), saponin, and bulky 

hydrophilic polymer, chitosan, in the presence of iron(III) chloride (FeCl3). Coordination 

driven assembly of saponin and FeCl3 resulted in star-like primary nanocrystals. Addition 

of chitosan to an aqueous solution of the star-like nanocrystals prompted the assembly and 

spontaneous growth to form the hybrid toroids. The as prepared toroids were very stable 

and mechanically robust with sizes ranging from 3.9 to 4.8 μm. They also showed 
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hierarchical growth and crystalline features as verified by X-Ray Powder Diffraction 

(XRD) and Selected Area Electron Diffraction (SAED). To the best of our knowledge, this 

the first report on anisotropically self-assembled hybrid crystalline micro-toroids. 

Incorporating metal nanoparticles in crystalline material to design new functional 

metamaterials is in high demand.39 Adding an aqueous solution of gold nanoparticles 

(AuNPs) to the micro-toroid solution resulted in uniformly dispersed AuNPs decorated 

micro-structures. Solution processing of theses hybrid motifs on a green InGaN-based 

light-emitting diode (LED) showed a photoluminescence (PL) enhancement of nearly 

100%. Thus, this work provides new insights on the role of coordination chemistry in the 

preparation of new hybrid structures with complex molecular architecture that can be used 

to fabricate new generations of macroscopic plasmonic devices. 

 

Experimental section 

Materials 

The mixtures were prepared using medium molecular weight chitosan (M.W: 190,000-

310,000; Aldrich), poly(N-isopropylacrylamide) (PNIPAm) (Mn:  560 000 Polymer 

Source, Inc.), saponin (Alfa Aesar), iron(III) chloride anhydrous (Riedel-de Haën), acetic 

acid glacial (Panreac Sintesis). All these reagents were used without further purification. 

The deionized water utilized in the experiments was purified by Milli-Q (Millipore) 

system. 
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Particles preparation using chitosan 

1 mL of saponin solution (7 mg/mL) dissolved in Milli-Q water was transferred to a vial 

fitted with a magnetic stirring bar, followed by adding slowly dropwise 0.5 mL of iron(III) 

chloride solution (20 mg/mL) under stirring. Finally, 1 mL of freshly prepared stock 

solution of polymeric chitosan, corresponding to Rchitosan 0.74 (20 mg/mL, dissolved in 1% 

(v/v) acetic acid for 2 hours), was added to the stirred solution. The mixture was allowed 

to self-assemble under medium stirring speed (250 rpm) for 4.5 hours and the pH was kept 

at 1.8. Rchitosan, was defined as the ratio of weight of chitosan polymer to the total weight 

of saponin and chitosan. To obtain rod-like microstructure, 38.5 μL of chitosan was added 

corresponding to Rchitosan 0.1. To obtain separated rod-like microstructure, 87.5 μL of 

chitosan was added corresponding to Rchitosan 0.2. 

 

Particles preparation using PNIPAm 

Similarly to the method described above, 1 mL of saponin solution (7 mg/mL)  in Milli-

Q water was transferred to a vial fitted with a magnetic stirring bar, followed by adding 

slowly dropwise 0.5 mL of iron(III) chloride solution (20 mg/mL) under stirring. Finally, 

a solution of 1 mL, freshly prepared of of PNIPAm in Milli-Q water (20 mg/mL; 

solubilized for several hours in Milli-Q water) was added to the stirred solution. The 

mixture was allowed to self-assemble under medium stirring speed (250 rpm) for 6.5 hours.  

 

Preparation of star-like nanocrystals 

Star-like nanocrystals without toroids were prepared in same conditions. Dropwise of 0.5 

mL of iron(III) chloride solution (20 mg/mL) was added to 1 mL of saponin solution (7 
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mg/mL) under stirring. Finally, 1 mL Milli-Q water (1% v/v acetic acid) was added to the 

stirred solution. The mixture was allowed to self-assemble under medium stirring speed 

(250 rpm) for 4.5 hours. 

 

Synthesis of gold-decorated toroids  

Gold nanoparticles were produced by dissolving chloroauric acid (HAuCl4) (1.7 mg, 10-

4 M) in 50 mL Milli-Q water and then reduced by 5 mg sodium borohydride (NaBH4) in 

ice bath followed by dialysis in Milli-Q water (MWCO: 12-14 kD). To functionalize gold 

nanoparticles with toroids, 200 µL of previously synthesized solution was added to the 

toroid mixture in the following order: Saponin, iron(III) chloride, chitosan and finally Au 

nanoparticles. The mixture was allowed to self-assemble under medium stirring speed (250 

rpm) for 4.5 hours. 

 

Synthesis of silver-decorated toroids 

Following the same procedure described above, silver nitrate (AgNO3) (0.85 mg, 10-4 

M) were reduced by 5 mg sodium borohydride (NaBH4) and then functionalized with 

toroids. 

 

Characterization techniques  

 

Transmission Electron Microscopy (TEM) 
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TEM was used to observe the self-assembled structures using Tecnai bio T12 operating 

at an accelerating voltage of 120 kV and equipped with Energy-dispersive X-ray 

spectroscopy microanalysis (EDAX). Drop of mixture solution was placed directly on a 

carbon-coated copper grid and then dried at room temperature. Selected Area Electron 

Diffraction (SAED) was performed on the same TEM machine. 

  

Scanning Electron Microscopy (SEM)  

Surface profiles of the aggregates were analyzed using SEM (Nova Nano) with an 

accelerating voltage of 5 kV. Drop of mixture solution was placed directly on a carbon-

coated copper grid and dried at room temperature. Before the analysis, samples were 

sputtered by iridium (2 nm). 

 

 

Dynamic Light Scattering (DLS) and zeta potential  

The aggregates sizes and zeta potentials were examined using Zetasizer Nano ZS 

(Malvern). For all the analysis, DLS and zeta potential analysis were obtained for 5 

measurements and the values were then averaged. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

The spectra were recorded with a NICOLET- iS10 (Thermo Scinetific) spectrometer in 

KBr pellets. 

 

X-Ray Powder Diffraction (XRD)  
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Was performed on Bruker D8 Advance. 2 mL of solutions were freeze-dried and 

analyzed on XRD at low scan speed, increment: 0.06, scantype: Locked Coupled, Discr. 

Lower Level: 0.18 V. 

 

Steady State Photoluminescence (PL)  

The PL spectra were recorded with a LabRAM ARAMIS (Horiba Scientific) 

microphotoluminescence (µPL) spectroscopy system at room temperature. All samples 

were excited with 475 nm laser excitation source. To achieve reliability, measurement was 

collected at five different positions for each sample. The results shown are the averaged 

spectra.  

 

Time Resolved Photoluminescence (TRPL)  

Time-correlated single photon counting (TCSPC), was mesured using a Halcyone MC 

multichannel fluorescence upconversion spectrometer at room temperature. The 

experiments were performed by using a Ti:sapphire femtosecond regenerative amplifier 

operating at 800 nm with 35 fs pulses and a repetition rate of 1 kHz.  Spectrally tunable 

(240−2600 nm) femtosecond pulses. The excitation pulses at 400 nm were obtained in a 

straightforward manner by the second harmonic (frequency doubled) of the fundamental 

beam, where 100 µJ of the laser output was focused in a 100 µm BBO nonlinear crystal. 

 

Ultra Violet-Visible-Near Infrared (UV-VIS-NIR) Spectrophotometer  
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The absorption spectrum was measured with a UV3600 (Shimadzu) spectrophotometer. 

All samples were coated onto sapphire substrates. Baseline measurement was performed 

on sample with the saponin solutions. 

 

Results and discussion 

Preparation and characterization of micro-toroids 

 Chitosan has an excellent ability to chelate different transition metal ions due to the 

presence of hydroxyl groups and extra electron pairs located on nitrogen.40 Fe(III) was 

efficiently coordinate chitosan41 as well as amphiphilic ligands.42 The mode of metal 

binding of Fe(III)-chitosan is either penta- or hexa- coordinate with nitrogen and/or oxygen 

ligands40 while the coordination of iron with the amphiphilic ligand, saponin, is through 

the hydroxyl groups of sugars.43 Saponin (7 mg) was first dissolved in water followed by 

dropwise addition of Fe(III) chloride (61.7 µmol)  then chitosan solution (106.4 µmol of 

monomer; 20 mg/mL). The pH was kept at 1.8 during the reaction to avoid the formation 

of iron hydroxides and the precipitation of iron chloride.44 Fourier Transform Infrared 

Spectroscopy -FTIR- spectra of chitosan and saponin were compared before and after the 

formation of the complex (Figure 14).  
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The peak at 1592 cm-1 characteristic of –NH2 stretching frequency of chitosan has 

disappeared after the formation of the complex suggesting the implication of –NH2 in the 

coordination with iron, while the peak at 3459 cm-1 characteristic of –OH stretching 

frequency of saponin has relatively decreased due to the restricted movement of these 

bonds after coordination with iron.   

 Coordination of FeCl3 with saponin and then chitosan was closely monitored by 

Transmission Electron Microscopy, TEM (Figure 15a-c). FeCl3 and saponin form primary 

star-like nanocrystals by coordination bonds with a diameter range between 191 and 346 

nm (Figure 15a,d,g). To prove the origin of these star-like nanocrystals, FeCl3 was first 

mixed with chitosan (same concentrations as above), however, no nanocrystals were 

detected. 

  

Figure 14 FTIR spectra. (Violet) chitosan. (Orange) saponin. (Green) 

chitosan/saponin/iron complex. 
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The presence of iron ions in the coordination network was further verified by Energy 

Dispersive X-Ray Analysis (EDAX) (Figure 16).  

 

 

 

Figure 15 Proposed mechanism of formation of toroids and monitoring the evolution 

by SEM and TEM. Amphiphilic saponin and iron(III) chloride form star-like 

nanocrystals by coordination assembly (a,d,g). After addition of chitosan, the polymer 

and iron(III) form complexes which provide a location for nucleation and growth for 

nanocrystals (b,e,h). The interaction between the polymer complexes and the 

nanocrystals form hybrid toroid-like aggregates (c,f,i). 
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Dropwise addition of hydrophilic chitosan solution led to the formation of a curved rod-

like microstructure (Figure 15b,e,h). Finally, by continuous assembly and growth of 

primary nanocrystals, the curved-rod formed toroids by end-to-end connections (Figure 

15c,f,i). EDAX results of the micro-toroids showed the presence of iron as well in the final 

structure (Figure 17).  

 

 

Figure 16 EDAX analysis of star-like nanocrystals. 
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Monitoring the assembly by Dynamic Light Scattering (DLS), star-like nanostructures 

were formed after 30 mins of mixing, peak a (Figure 18.I). After 2.5 hrs, a second peak b 

with an average size of 5.06 µm was recorded (Figure 18.II). Leaving the solution to stir 

for extra 2hrs resulted in the decrease of peak a and increase in peak b (Figure 18.III) 

supporting the rapid assembly of micro-toroids. 

 

 

 

 

 

 

Figure 17 EDAX analysis of toroids. 
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Figure 18 Monitoring the evolution of DLS over time. I) After 30 min stirring, star-

like nanocrystals (a) were obtained. The average size is: 340 nm. II) After 2.5 h 

stirring, star-like nanocrystals and toroids aggregates (b) were obtained. The 

average size is: 326.4 nm and 5.06 μm respectively. III) After 4.5 h stirring, toroids 

aggregates were obtained predominately with average size of 5.08 μm.  
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As coordination bonds are the avid driving force of this assembly, investigating possible 

crystal features of the supramolecular structure was deemed necessary. Both the star-like 

primary nanocrystals and the toroids showed crystal features as confirmed by SAED 

(Figure 19a-d) and XRD (Figure 20). By comparing XRD spectra of the toroids, saponin-

Fe complex and chitosan-Fe complex, the characteristic peaks of the toroids spectrum at 

39.3̊, 40.4̊, 58.1̊, 59.0̊, 82.6̊ and 119.1̊ can be assigned to the coordination of iron(III) to 

chitosan while the characteristic peaks at 42.0º and 48.7̊ can be assigned to the coordination 

of iron(III) to saponin. The new peak appearing at 73.1̊ can be assigned to the coordination 

of iron(III) to both saponin and chitosan. Rotation Electron Diffraction (RED) tomography 

has been used to collect a three dimensional reciprocal space reconstruction of the toroid 

crystal based on multiple SAED patterns. In total 360 SAED frames were collected around 

an arbitrary axis. 
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Figure 19 SAED analysis and toroids topology. Typical TEM image and 

SAED analysis of star-like nanocrystals and toroids, (a,b) and (c,d) 

respectively. (e) Typical SEM image of toroid. (f,g) Topology of toroid 

shows a height of 1.65 μm. 
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Figure 20 XRD spectrum of (a) Toroids, (b) Saponin-Fe, (c) Chitosan-Fe 

complexes. 
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The three dimensional reciprocal lattice of toroids was viewed by two major projection 

along the a* and c* axis (Figure 21). This result confirms that the single crystalline nature 

of toroids is formed from randomly oriented nanocrystals. Furthermore, it was possible to 

determine the unit cell parameters of the toroidal crystal lattice (a=b=5.23447 Å, c =11.598 

Å, α=β=90˚, γ=120˚) in trigonal symmetry.  

Scanning electron microscopy (SEM) studies showed a hierarchical toroid growth 

through the process of self-assembly (Figure 19e). Olympus Microscopy showed a height 

of 1.65 µm (Figure 19f). Interestingly, the height of the assembled toroid did not increase 

further when left to assemble overnight (maximum height after 4.5 hrs of assembly). 

 

Mechanism of self-assembly of micro-toroids  

Metal coordination is the primary driving force of this assembly, however, induction of 

this interfacial curvature spontaneously without employing “pre-ordered” building blocks 

is quite remarkable. Lee et al. has stated that interfacial curvature can be achieved when a 

Figure 21 Three dimensional reconstructed reciprocal lattice of toroids. 

Viewed by two major projection along (a) a* (b) c* axis. 
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bulky and hydrophilic flexible segment is placed in the middle of a hydrphibic rigid 

segment.17 As a result, curvature at the interface of the building blocks can be induced to 

decrease steric repulsion between the bulky hydrophilic segments. In our case, we 

hypothesize that the coordination of iron and bulky hydrophilic chitosan (M.W: 190,000-

310,000) constitutes nucleation sites for star-like nanocrystals formed by iron(III) 

coordinated saponin, which undergoes further growth or self-assembly to form the toroids. 

Decreasing steric between the bulky hydrophilic segments in addition to minimizing 

electrostatic repulsion between the protonated amine groups of chitosan can lead to a bent 

molecular architecture and a high interfacial curvature. This theory was further validated 

by replacing chitosan by another bulky hydrophilic polymer such as poly(N-

isopropylacrylamide) PMIPAM (MW: 560000). Hollow toroidal structures were 

successfully prepared under the same experimental conditions (Figure 22). 

Figure 22 TEM images of (a) Star-like nanocrystals and (b) Toroids obtained by self-

assembly of PNIPAm with iron(III) chloride and saponin. 



79 

 

To develop a deeper insight into the mechanism of toroidal formation, we investigated 

the effect of the amount of the hydrophilic polymer used (chitosan) on the self-assembled 

structure. TEM images of the assembly at different ratio of chitosan (Rchitosan) critically 

influenced the self-assembled structure (Figure 23). At a low chitosan content (Rchitosan= 

0.1) a rod-like microstructure with a diameter of 0.19 μm, and a length of approximately 

1.3 μm can be seen (Figure 23a). With increasing Rchitosan to 0.2, separated rod-like 

microstructures were obtained with a diameter of 0.18 μm and a decreased length of 0.73 

μm (Figure 23b). Finally, toroid microstructures with an average size of 4.45 μm appear 

along with curved-rod aggregates with further increase in chitosan content, Rchitosan: 0.74 

(Figure 23c-f). 

 

Figure 23 Typical TEM morphologies of the aggregates at various weight ratio of 

chitosan. a,b, Rchitosan: 0.1. c,d, Rchitosan: 0.2. e-f, Rchitosan: 0.74.  
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Micro-toroids stability and intraspace gap size  

The stability of toroids in their initial solution was carried out by TEM. After 1 month of 

preparation, a persistent toroidal-shape was still prevalent in the prepared solution at room 

temperature. Mechanical stirring of the toroidal solution beyond 5 hours led to the 

disassembly and complete disappearance of micro-toroids. While assessing the stability of 

toroids, we realized that stirring time can affect the toroidal intraspace size. Hence, we used 

the same ratio of our starting materials and stirred it (high speed) at 4.5 hours, 2 hours, and 

1 hour (Figure 24a-c) The toroidal aggregates had a 0.31 μm intraspace size after 

continuous stirring for 4.5 hours (Figure 24a) compared to 0.65 μm after 2 hours (Figure 

24b) and 3.11 after just 1 hour (Figure 24c, Figure 25). Thus, as expected, longer assembly 

time gave rise to denser toroidal structures however, the gap size did not decrease beyond 

0.31 μm. 

 

 

 

 

 

 

 

 

 

 

 



81 

 

 

Figure 24 Typical TEM images of toroids at different intraspace sizes and the 

characterization and application of Au toroids in plasmonic. a, TEM image of 

toroid of 3.1 μm intraspace size made by stirring for 2 h. b, TEM image of toroid 

of 0.65 μm made by stirring for 1 h. c, Toroid of 0.31 μm intraspace size made by 

stirring for 4.5 h. d, Typical TEM image of toroid functionalized with gold. e, 

Gold SEM-EDX elemental mapping. f, PL enhancement of green LED with 

various intraspace of Au toroids versus AuNPs coated green LED and pristine 

green LED. g, Transmission spectra of toroids coated on sapphire with various 

intraspace size variations versus toroids only (without Au). 
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Templates for plasmonic metamaterials  

This unique hierarchical and crystalline structures prompted us to investigate the ability 

of such material to host or organize metal nanoparticles to fabricate new functional 

metamaterials. Au nanoparticles were prepared by the reduction of an aqueous solution of 

chloroauric acid (HAuCl4) by sodium borohydride, resulting in the formation of 

nanoparticles with an average diameter of 7 nm, followed by dialysis.45,46 Au nanoparticles 

were then added to the toroidal solution where they were stirred for 10 mins before the 

solution was centrifuged and washed to remove all free gold nanoparticles. Elemental 

mapping confirms the presence of gold in the entire toroid (Figure 24e). The impregnation 

of toroids with silver particles was also possible under the same conditions (Figure 26). 

Figure 25 Typical TEM image of toroids with intraspace size of 

3.11 µm after 1 hour stirring. 
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A solution of Au toroids was then coated a commercial green (operating wavelength 

approximately 525 nm) InGaN based quantum well (QW) LED to investigate localized 

surface plasmon (LSP) resonance. The PL and absorption spectra of the green LED coated 

with Au toroids as function of wavelength at room temperature are shown in Figure 27 

Figure 27 (a) Typical TEM image of toroid functionalized with silver. (b) Elemental 

mapping of silver in the toroid. 

Figure 26 Photoluminiscence (PL) and absorption spectra of green LED 

with Au toroids. 
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The overlap between PL and absorption spectra indicates that any enhancement of the 

PL for the green LED with Au toroids can be related to the resonance of LSP induced by 

the Au toroids. We varied the intraspace dimension of the Au toroids to study the effect of 

the intraspace towards enhancing the LSP resonance of the green LED. In addition, we also 

compared the PL of green LED with Au toroids against green LED with Au NPs coating 

only to investigate the hierarchical effect. The Au concentrations are the same for all 

samples. As shown in Figure 24f, the PL intensity of the green LED with Au toroids was 

enhanced in comparison to green LED with Au NPs only and pristine green LED (without 

toroids). For the green LED with Au toroids of 0.65 µm intraspace, the PL intensity was 

enhanced approximately 50%. As for the Au toroids of 0.31 µm intraspace, the PL intensity 

enhancement was nearly 100%. We attributed these PL enhancements to the coupling 

between the exciton in the InGaN QW of the LED and to the LSP from the charge density 

oscillations of confined surface plasmon modes in the Au toroids.47 The existence of the 

QW-LSP coupling is indicated by the blueshift of the PL peak observed for both green 

LED with Au toroids samples.48 The higher PL enhancement for the smaller Au toroids 

intraspace can be attributed to higher QW-LSP coupling effect because the closer hollow 

spacing (the coated Au NPs are nearer and condensed). The hierarchical structure of the 

toroids also contributed to higher PL intensity enhancement for both green LEDs with Au 

toroids compared to green LED coated with Au NPs only. This illustrate the uniqueness of 

the hierarchical toroids in providing three dimensional template for Au NPs in enhancing 

the LSP phenomena. Besides the QW-LSP coupling, the enhancement of PL can be 

attributed to the scattering of photons from the LSP generated in the Au toroids. Figure 24g 

shows the transmission spectra for the toroids with and without Au coated on sapphire. 
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Higher transmissions were obtained for Au toroids samples indicating light scattering 

effect induced by the Au existence. The increment of the transmission will improve light 

extraction efficiency for the green LED coated with the Au toroids. 

 

Conclusion  

Organic-inorganic hybrid hollow toroids with crystalline features as well as anisotropic 

growth were produced by spontaneous self-organization based assembly of SMA and bulky 

hydrophilic polymers. The synthesis is highly efficient and facile resulting in stable and 

shape-persistent morphologies. The shape of the aggregates was found to depend on the 

weight ratio of chitosan. The intratoroidal space can be precisely controlled depending on 

the experimental conditions used. The solution processing of hybrid gold micro-toroids on 

a green InGaN-based LED demonstrated a photoluminescence enhancement of nearly 

100%. These hybrid structures constitute a novel class of self-assembled systems that could 

have promising applications in photonics. 
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Chapter 3. Coordination Superamphiphiles: A 

“Trifecta” Drug Delivery Platform  

Objective 

The controlled release of active ingredients has been a challenge for scientists. To 

overcome this phenomenal problem, the synthesis of stimuli-responsive nanocarriers is 

critical to assure a precise release of therapeutics at exact time and also at exact location. 

The major goal of this chapter is aimed at developing stimuli-responsive nanocarriers for 

medicinal applications based on integrating transition metals into nanomaterials through 

self-assembly.  

 

Introduction 

Superamphiphiles are supramolecular amphiphiles that are formed by non-covalent 

interactions or dynamic covalent bonds of either small molecules or polymers. Zhang et al. 

pioneered this work by designing and synthesizing molecular architectures of 

supramolecular amphiphiles with different topologies such as single chain, double chain, 

gemini, bolaform, and rotaxane types.1 Such systems are very valuable when employed for 

biomedical applications as they break-down back to the same components that were 

originally used to make them. To this end, engineering stimuli responsive 

superamphiphiles can provide a simple and efficient way for controlled drug delivery 
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applications. Phosphatase responsive nanospherical aggregates were synthesized through 

electrostatic interactions between adenosine-5’-triphosphate (ATP) molecules and both 

methoxy-poly(ethyleneglycol)-block-poly(L-lysine)2 and chitosan.3 Peptide-amphiphiles 

were also recently triggered by pH for efficient intracellular drug delivery.4 Furthermore, 

a supramolecular nanoassemblies are formed from ATP molecules and cyanine dyes into 

thermochromic nanowires.5  Finally, ATP molecules and calixarene were employed to 

fabricate a hollow spherical assembly that may have potential application in nonmedicinal 

systems.6 Therefore, employing diversified components into a single supramolecular 

amphiphile allows for a multi-responsive system with more than just one control parameter.  

ATP is a purine nucleotide exist in every cell of the human body and performs an essential 

role in most biological activities.7 Recent reports show that ATP promotes strength, quality 

of life and maintain body weight,8-10 restore liver energy status,11 inhibit  glucose turnover12  

in patients with advanced non–small-cell lung cancer (NSCLC) and shows a dose-

dependent tumour growth inhibition in four different lung cancer cell lines13. In addition, 

ATP strongly suppress hypoxia-response in malignant cancer cells14 and in type I cells14 

which provide resistance against acidosis induced cell death compared to normoxia.15 

These reports on ATP appear favorable but more clinical research is required before ATP 

can be prescribed outside clinical trial settings. 8-13,16,17  

Metal-ligand coordination is another example of nature influenced designs as it plays a 

major role in different bio-processes like self-healing in addition to hemoglobin where 

ferrous ion strongly complexes a porphyrin ring. This type of non-covalent bonding is 

stronger than most intermolecular interactions; however, its reversibility makes it act as a 

supramolecular bond. Although transition-metals coordinated amphiphilic polymers have 
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already been reported for their eventual applications in different biomedical applications 

such as in vivo imaging,18-23 tumor therapy,19,24 bioassay25 and photo-thermal therapy,26 the 

applications in this concept for a biocompatible controlled release system were not 

explored sufficiently.  

Iron(III)-coordinated nanoparticles have emerged as an appealing class of nanoparticles. 

Iron is a limiting trace element found in nearly all living organisms.27 Heme, a biological 

oxygen carrier, is one of the most important iron cofactors.27 Catalase enzyme protects the 

cells from oxidative damage by catalyzing the decomposition of hydrogen peroxide to 

water and oxygen contains four porphyrin heme groups.28,29 Cytochromes, a primarily 

responsible proteins for the generation of ATP incorporates heme groups.30 Complexing 

ATP, with iron is well known. Recently, ATP was reported as the dominant ligand for iron 

in reticulate cytosol.31 Furthermore, Ferric-ATP complex has an essential role in the 

modification of Ehrlich carcinoma cell calcium homeostasis32 besides promoting the 

lymphocyte proliferation and infiltration.33  

Another element we choose to perform this study is chitosan. Chitosan polymer is a 

biocompatible and massively available polymer obtained from the deacetylation of chitin. 

This polymer biologically safe and it breaks down slowly to harmless products in the 

human body.34 Chitosan has a positive charge in acidic media from protonation of its free 

amino groups which makes it a good candidate for drug delivery. 35-41 

Herein, a controlled drug delivery system based on iron(III) coordinated chitosan-ATP 

superamphiphiles encapsulating anti-cancer drug doxorubicin is presented. The release of 

doxorubicin can be initiated by three triggers namely transferrin –an iron chelator-, 
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alkaline-phosphatase, and pH with an optimal result when combining all three, hence the 

“trifecta”. 

 

Experimental section 

Materials  

Chitosan (low molecular weight), doxorubicin hydrochloride, transferrin human 

≥98%, phosphate buffered saline and phosphatase alkaline from bovine intestinal mucosa 

were purchased from Sigma Aldrich. Adenosine 5′-triphosphate disodium salt 98% was 

purchased from Acros Organics. Iron(III) chloride anhydrous was purchased from Riedel-

de Haën. Dialysis membrane of MWCO: 3500 was obtained from Spectrum Laboratories. 

Transmission electron microscopy (TEM) images were acquired using Tecnai Bio Twin - 

T12 mounted with Energy Dispersive X-ray analysis (EDAX). Zeta potential and dynamic 

light scattering (DLS) measurements were obtained using a Malvern Zetasizer Nano ZS. 

Fluorescence spectroscopy was performed on a Varian Eclipse using a 480 nm as excitation 

wavelength and 592 nm as emission wavelength in a fast scan mode with excitation slit of 

10 nm. Inductively coupled plasma optical emission spectrometry (ICP-OES) was 

performed on a Varian model 720-ES. 

 

Preparation of nanoparticles 

Chitosan (low molecular weight) (0.212 mmol of monomer D-glucosamine) was 

dissolved in 3 mL Milli-Q water (1% acetic acid). Next, A solution of iron(III) chloride 

(61.6 μmol, 20 mg in 1 mL water) was dropwise added followed by adding a solution of 
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doxorubicin hydrochloride (1.72 μmol, 1 mg/mL dissolved in Milli-Q water). ATP (17.6 

μmol, 4.85 mg/mL dissolved in 1 mL Milli-Q water) was then added dropwise to the stirred 

solution. The mixture was stirred at low speed at room temperature overnight then 

transferred to a dialysis bag (cellulose ester MWCO 500-1000 D) suspended in water for 

30 hours. 

 

Determination of amount of iron coordinated into the nanoparticles 

ICP-OES was used to determine the quantity of iron coordianted into the 

nanoparticles. 1 mg portion of nanoparticles was added to 10 mL of nitric acid 2%. The 

analysis was performed at wavelengths 261.187, 260.709, 261.382, 239.563, 238.204, 

259.940 and 234.350 nm. The dilution factor was corrected by multiplying the 

concentrations by 100 and the resulting values were averaged. The concentration of iron 

measured is 6.96 mmol per one milligram of nanoparticles. 

 

Doxorubicin release studies 

 Fluorescence spectroscopy was used to analyse the total cumulative release of 

doxorubicin in all the following procedures.  

 

Release of DOX upon exposure to an iron chelator-transferrin 

1 mg of iron(III)-coordinated chitosan-ATP nanoparticles solution was submerged 

in 3 mL transferrin solution of concentration 2 mg/mL relevant to in vivo dosing.  The total 
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cumulative release was studied over 52 hours. A control sample without transferrin in same 

conditions was also tested. 

Release of DOX upon exposure to Alkaline Phosphatase (ALP) enzyme:  1 mg portion 

of iron(III)-coordinated chitosan-ATP nanoparticles solution was submerged in 1.5 mL 

ALP solution of 140 U/L concentration relevant to in vivo dosing over 92 hours. A control 

sample without ALP in same conditions was also tested. 

 

Release of DOX under different pH: 1 mg portion of iron(III)-doped Chitosan-ATP 

nanoparticles solution was submerged in phosphate buffered saline (PBS) solution at 

concentration (200 mM) at different pH (5,6 and 8) over 300 minutes.  

 

Release of DOX when combining all three triggers, pH acidic, ALP and transferrin: 

1 mg portion of nanoparticles was submerged in 3 mL PBS buffer solution of pH 5 and 

then was added transferrin (2 mg/mL) and ALP (140 U/L). 

 

Results and discussion 

Synthesis and characterizations 

The self-assembled nanoparticles were prepared by simple mixing of chitosan, 

iron(III) chloride ions and ATP in water at room temperature (Figure 28). Chitosan was 

first dissolved in water (1% v/v acetic acid) which protonate the amine groups of chitosan. 
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A solution of iron(III) chloride was then dropwise added to chitosan solution. The mode of 

metal binding of Fe(III)-chitosan is either penta- or hexa- coordinate with nitrogen and/or 

oxygen ligands.42 Next, a solution of doxorubicin was added to the mixture. Doxorubicin 

is a hydrophobic drug entrapped in the inner core of the nanoparticles. Finally, ATP was 

added dropwise to the stirred solution. 

Figure 28 Controlled drug delivery system based on iron(III) coordinated chitosan-

ATP superamphiphiles encapsulating anti-cancer drug doxorubicin. The release can 

be initiated by three triggers: transferrin, ALP, and pH. 
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ATP molecule has several negative charge due to phosphate groups, this negative charge 

allows an electrostatic interactions with chitosan polymer. Furthermore, ATP is able to 

chelate iron ions by coordination bonds. The mixture was stirred at low speed overnight to 

allow the formation of self-assembled nanoparticles then transferred to a dialysis bag for 

purification from excess amounts of ATP, iron ions and DOX. 

Transmission electron microscopy (TEM) and Energy Dispersive X-ray (EDAX) analysis 

were performed to determine the structure and the composition of the nanoparticles. 

TEM images (Figure 29) show a spherical shape of nanoparticles with an average diameter 

of approximately 59 nm. EDAX detected iron and phosphorous distribution peaks in the 

nanoparticles (Figure 31). 

Figure 29 TEM images of iron(III)-doped chitosan-ATP nanoparticles. 
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The nanoparticles were then monitored by Dynamic light scattering (DLS) to analyze their 

average size when suspended in water. DLS data (Figure 30) shows an average diameter 

of 62 nm which confirm the TEM observation and a zeta potential of +53.8 mV. 1H NMR 

of the nanoparticles in D2O shows only the presence of chitosan signals while phosphorous 

31P NMR didn’t shows any signal (Figure 32). 

Figure 30 DLS mean diameter of the nanoparticles. 

Figure 31 EDAX analysis of iron(III)-doped, chitosan-ATP nanoparticles. 

62 nm 
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After degradation of the nanoparticles by deuterium chloride acidic solution the signals of 

ATP and chitosan were revealed in 1H NMR spectrum along with a signal of phosphate 

group in 31P NMR (Figure 33). 

These results observed in NMR spectroscopy and zeta potential suggest that the 

nanoparticles are wrapped by the cationic chitosan on their surface. The amount of iron in 

the nanoparticles was calculated using inductively coupled plasma optical emission 

spectroscopy (ICP-OES). The concentration of iron measured is 6.96 mmol/mg of 

nanoparticles.  

Figure 32 (a) NMR 1H and (b) 31P NMR of the nanoparticles in D2O. 

b) 
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Release study in transferrin medium 

b) 

Figure 33 (a) 1H NMR and (b) 31P NMR spectra after degradation of the 

nanoparticles by deuterium chloride solution 37%. 
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A biological iron(III) chelation serum protein, transferrin, was employed to observe 

whether the nanoparticles disassembly can be initiated upon iron removal under conditions 

comparable to in vivo dosing. Transferrin binds iron with a high affinity43-45 and the 

transport of iron in the body essentially take place through transferrin receptors (TFR). The 

fast growth and division of cancer cells demands greater iron absorption which is the key 

factor attributed to the overexpression of TFR in cancer cells.46-48 A solution of transferrin 

with concentration 2 mg/mL, relevant to amount of transferrin present in mammals,49 was 

added to  a portion of 1 mg of nanoparticles solution. Fluorescence spectroscopy was used 

to investigate the release profile of the nanoparticles by chelating iron ions in all the 

following procedures. Figure 34 shows the cumulative release percentage of doxorubicin 

over time. 
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Figure 34 (Red) Cumulative release of DOX over 52 hours from 1 

mg portion of nanoparticles solution submerged in transferrin. 

(Green) Cumulative release of DOX from 1 mg portion of 

nanoparticles solution without transferrin. 
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A total of 32 % of DOX was released from the nanoparticles after 52 h exposure to human 

transferrin. Furthermore, the color of the nanoparticles solution has changed from shade 

brown to tint red this allows colorimetric quantification of release from the nanoparticles. 

The leakage of DOX from the nanoparticles solution without transferrin is only 1.1% after 

approximately the same time. TEM images confirm the disassembly of nanoparticles after 

their exposure to transferrin (Figure 35). 

Accordingly, it can be concluded that transferrin is chelating iron-loaded in the 

nanoparticles which facilitate its disassembly. To proof this observation, a portion of 

nanoparticles was submerged in different concentrations of ethylenediaminetetraacetic 

acid (EDTA) chelating agent solution. The release intensity of DOX from the nanoparticles 

was proportional to the concentration of EDTA, DOX was released faster at high 

concentrations of EDTA (Figure 37). Furthermore, the color of nanoparticles solution has 

changed from shade brown to tint red (Figure 36). 

Figure 35 Degradation on nanoparticles after one day exposure to human 

transferrin. 
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Release study by enzyme responsive trigger (ALP) 

To demonstrated that the release of DOX can be triggered by enzymatic cleavage 

of the phosphate groups of ATP in the nanoparticles induced by Alkaline Phosphatase 

(ALP) enzyme, a portion of 1 mg of nanoparticles solution was submerged in a solution of 

ALP of concentration 140 U/L relevant to in vivo dosing.  

Figure 36 Color change of the nanoparticles solution from shade brown to tint 

red after their exposure to EDTA. 

Figure 37 Release of DOX from 5 mg portion of nanoparticles solution after 

their exposure to 1.5 mL solution of EDTA at different concentrations. 
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The results showed in Figure 38 show that 28% of DOX was released over 92 hour 

exposure of the nanoparticle solution to ALP enzyme, indicating the disassembly of the 

nanoparticles. The leakage of DOX from the nanoparticles solution without ALP is 1.6% 

after the same time. 

Release study in different pH media 

Additionally, we have tested the release of DOX under different pH. The over 

production of lactic acid in tumor tissue produce low extracellular pH, this acidic pH can 

be employed as a controlled release trigger.50 Figure 39 shows the pH-dependent drug 

release over 300 minutes from 1 mg portion of nanoparticles solution.  
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Figure 38 (Red) Cumulative release of DOX over 92 hours by ALP. 

(Green) Cumulative release of DOX without ALP. 



109 

 

Figure 39 shows that DOX has instant release at acidic pH and reduced release under basic 

conditions. The release under acidic pH is attributed to the hydrolysis of ATP while the 

release under alkaline pH is attributed to the deprotonation of chitosan.3 

Finally, the nanoparticles were then subjected to drug release studies combining the three 

triggers (iron chelator, ALP and acidic pH). 1 mg portion of nanoparticles were suspended 

in PBS acidic buffer solution of pH 5 and then was added transferrin (2 mg/mL) and ALP 

(140 U/L). As seen in Figure 40, an optimal release (70 %) of DOX was obtained after 315 

minutes of testing.  
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Figure 39  Cumulative release of DOX at different pH in 

PBS 200 mM medium. 
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These results indicate that optimal release can be achieved by combining all three triggers: 

transferrin, ALP and acidic pH.  

Conclusions 

In conclusion, we introduce a biocompatible nanoparticles coordinating iron(III) 

and assembled through electrostatic interactions of chitosan polymer and ATP. Their 

application in the delivery of anti-cancer drug Doxorubicin was confirmed. The 

nanoparticles show a sustained release under human transferrin, enzyme alkaline 

phosphatase and have instant release in acidic milieu with an optimal result when 

combining all three triggers. 

 

  

Figure 40 Drug release profile combining pH 5, transferrin and ALP. 
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Chapter 4. Electroless Reductions On Carbon 

Nanotubes: How Critical Is The Diameter Of A 

Nanotube 

Objective 

In chapter 2 and 3 we have reviewed integrating transition metals into 

nanomaterials through self-assembly. In the following chapters, (chapter 4 and 5) we will 

review transition metal integration via electroless deposition. The method of electroless 

reduction or deposition without using any reducing agents or catalysts has been developed 

recently and consist of using “a metal substrate that has a redox potential less than that of 

the metal salts to be reduced into nanoparticles”. In this chapter we compare the ability of 

different diameters carbon nanotubes to reduce palladium salt to palladium nanoparticles 

on their surface and we also demonstrate the catalytic properties in using such system in 

coupling reactions. 

Introduction 

Carbon nanotubes (CNTs) are attractive support materials to disperse and stabilize 

metal nanoparticles (NPs) due to their high surface area, special electronic structure and 

chemical stability.1,2 NP–CNT composites are especially used in heterogeneous catalysis3,4 

and energy applications.5-7 Lots of methods have been developed to deposit NPs on CNT 

surfaces, such as electrochemical deposition,8 decomposing metal salts at high 
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temperature,9 and reducing metal salts.10 In 2002, Dai et al. 71 found that CNTs treated at 

high temperature acted as a reducing agent to reduce AuCl4
-
 and PtCl4

2- on their surface at 

room temperature. This method is simple as no reducing agents are needed. In addition, 

metal nanoparticles should be exclusively located on the CNT surface because the 

oxidation–reduction reaction occurs between the CNT (reducing agent) and metal ions 

(oxidizing agent).1,2,11 This work was motivated by the observation that metal particles 

form spontaneously on semiconductor and metal surfaces in solutions containing certain 

redox-active species.12 

However, the used CNT can only reduce AuCl4
-
 and PtCl4

2- ions1,2,11 which limits its 

application. To overcome this disadvantage, a new method is developed by loading metals 

with a redox potential lower than that of the metal ions to be reduced on the surface of the 

CNT. By using this method, many metal ions can be reduced such as PdCl4
2-, Ag(NH3)2

+ 

and Cu2+.13 CNTs treated by a mixture of sulfuric and nitric acids (98% and 70%, v/v 3 : 1) 

at 70 ˚C can even reduce PdCl4
2- into Pd nanoparticles.14 Although many CNT systems 

have been developed for the electroless reduction of metal salts, no correlation between the 

diameter of CNTs used and the reduction efficiency has been established. Herein, we 

compare the ability of commercial multi-walled carboxyl-functionalized CNTs with 

diameters of around 5 nm (CFCNT5) and 15 nm (CFCNT15) to reduce PdCl4
2- into Pd 

nanoparticles on their surface at room temperature (Figure 41). The obtained Transmission 

Electron Microscopy (TEM), Inductively-Coupled Plasmaspectrometry (ICP) and cyclic 

voltammetry (CV) results show that the reduction ability of CFCNT5 is stronger than that 
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of CFCNT15. Density Functional Theory (DFT) calculations suggest that the charge 

distributed on the CFCNT5 surface is more negative than that on CFCNT15, which makes 

the former a better electron donor to PdCl4
2-. 

Experimental and theoretical section 

Synthesis of K2PdCl4 by mixing PdCl2 and KCl 

5 mg PdCl2 and 10 mg KCl were added into a vial with 5 ml deionized water, 

followed by the stirring. 10 hours later, a clearly yellow solution was acquired and no 

precipitate was found on the bottom of vial. Ultra violet-Visible Spectrophotometer was 

used to identify if K2PdCl4 was formed since it had a specific UV absorption at 207 nm. 

 

Figure 41 the relationship between the diameter of carbon 

nanotubes and its ability to reduce palladium ions. 
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Synthesis of Pd-CFCNT5 and Pd-CFCNT15 composites 

The commercial CFCNT5 and CFCNT15 samples were characterized with Fourier-

transform infrared (FTIR) spectra, transmission electron microscopy (TEM), Raman 

spectrometer (Horiba Jobin Yvon/Labram Aramis), cyclic voltammetry (CV) method and 

inductively-coupled plasmaspectrometer (ICP). 10 mg commercial CFCNT5 was added 

into the as-synthesized K2PdCl4 solution (5 ml), followed by stirring at room temperature 

for 1 hour. For exploring the time effect on the size of Pd on CFCNT5, another reaction 

was performed with the same strategy except for that the reaction time was 24 hours. The 

synthesized Pd-CFCNT5 composites were characterized by TEM, Raman and ICP. The 

Pd-CFCNT15 composites were synthesized with the same way. 

 

Computational method 

B3LYP/STO-3G method in Gaussian 09 program was used to investigate the 

charge distribution on the surfaces of carbon nanotube and the acid-treated carbon 

nanotube. Since the reaction proceeded in water, solvent effect had been considered in all 

optimizations by using polarizable continuum model (PCM) with water as solvent. For 

simplicity, single-walled carbon nanotube models with different diameters were 

constructed to simulate the structures of CNT5, CNT15, CFCNT5 and CFCNT15. The 

unsaturated carbon atoms at the edge of carbon nanotube were saturated with H atoms. 

These complex structures were drawn with Gview program based on the optimized results. 
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Catalytic performance for Suzuki coupling 

    Potassium carbonate (277 mg, 2 mmol) and phenylboronic acid (1 mmol) were 

dissolved in 2.5 mL deionized water, heated to 80 ˚C and stirred for 20 minutes. Then, (0.5 

mmol) iodobenzene was added to the reaction mixture. 2.5 mg of Pd-CFCNT5 was added 

into 10 mL deionized water, followed by three hours of stirring. Then, 0.5 mL Pd-CFCNT5 

suspension was added into the reaction mixture prepared previously. The reaction 

proceeded under nitrogen atmosphere for 21 hours at 80 ˚C. The acquired reaction mixture 

was extracted with hexane (15 mL). NMR 1H and HPLC-MS were used to confirm the 

formation of biphenyl product. The aqueous layer containing the Pd-CFCNT5 catalyst was 

kept to study the stability test. Same procedure was followed for other catalyst Pd-

CFCNT5. 

 

Stability test for Suzuki coupling 

    Iodobenzene, potassium carbonate and phenylboronic acid were added to the 

collected aqueous layer containing Pd-CFCNT5 and stirred for 21 hours at 80 ˚C under 

nitrogen atmosphere. Next, the aqueous layer containing the Pd-CFCNT5 was collected 

again for the use next time to catalyze the Suzuki reaction of iobobenzene and 

phenylboronic acid. This procedure was repeated five times to investigate the stability of 

Pd-CFCNT5 as a catalyst for Suzuki reaction. Same procedure was followed for other 

catalyst Pd-CFCNT5. 
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Results and Discussion 

Synthesis and characterizations 

The commercial multi-walled CFCNT5 and CFCNT15 samples (purchased from 

NanoLab, Inc) were first characterized with IR, Raman and TEM before using them to 

reduce K2PdCl4 at room temperature. FTIR spectra (Figure 42) show the adsorption peaks 

around 1400 cm-1 are attributed to H–O bending of the adsorbed water and carboxylic 

groups, while the peaks around 3400 cm-1 originate from the H–O stretching vibration.15 

For the peaks around 1070 cm-1, they are assigned to the C–O stretching vibrations of 

phenols and ethers. 

The aromatic ring vibration may contribute to the IR peaks around 1530 cm-1. The peaks 

around 1730 cm-1 are attributed to the C-O stretching vibration of carboxylic or carbonyl 

groups. Raman spectra of the commercial CFCNT5 and CFCNT15 samples (Figure 43) 

show two peaks designated as the D band and G band, respectively. The D band is usually 

Figure 42 FTIR spectra of CFCNT5 and CFCNT15 samples. 
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used to characterize the structural defects, including vacancies and surface groups, while 

the G band reflects the stretching vibration of the C-C bond in CNTs.16 With the increasing 

number of defects on CNTs, the intensity of the D band increases and the G band shrinks 

accordingly. 

The intensity ratio of the D band to G band (ID/IG) indicates the level of defects, rather than 

the level of graphitic structure. It is well known that acid treatment produces defects on the 

end and side walls of CNTs.17 TEM images of CFCNT5 and CFCNT15 are shown in Figure 

44. 

Figure 43 Raman spectra of CFCNT5 and CFCNT15 samples. 

Figure 44 TEM images of CFCNT5 (a) and CFCNT15 (b). 
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K2PdCl4 was synthesized by mixing PdCl2 (5 mg) and KCl (10 mg) in 5 mL deionized 

water.18,19 The color of the solution became yellow in ten hours. The specific UV 

absorption of K2PdCl4 (207 nm)20 was found for the obtained solution (Figure 45). 

The reduction ability of CFCNT5 (sonicated for 3 h) was then investigated by adding it to 

the previously-synthesized K2PdCl4 aqueous solution, followed by continuous stirring at 

room temperature for 24 h. The same procedure was used for CFCNT15 (sonicated for 3 

h). TEM results show that Pd–CFCNT5 and Pd–CFCNT15 composites were synthesized 

in one hour (Figure 47), and the quantity of Pd nanoparticles distributed on the CFCNT5 

surface is more than that on the surface of CFCNT15.  

Figure 45 UV spectra of the as-synthesized K2PdCl4. 
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Since the amount of Pd nanoparticles on CFCNT15 is very little, we increased the reaction 

time to 24 h. The size of Pd nanoparticles on CFCNT5 (Figure 46) is increased with a 

longer reaction time (to around 20 nm).  

Figure 47 TEM images of Pd-CFCNT5 (left) and Pd-CFCNT15 

(right) produced with the reaction time of 1 hour. The Pd 

particle in the first is more than that in the latter. 

Figure 46 TEM images of Pd–CFCNT5 (left) and Pd–CFCNT15 

(right) produced with the reaction time of 24 h. The size of Pd in 

the first is larger than that in the latter. 
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The amount of Pd nanoparticles on CFCNT15 increases with a longer reaction time and 

the size ranges from 4–8 nm. EDX analysis for these two samples confirmed that these 

black particles are Pd (Figure 48).  

XPS results of Pd–CFCNT5 (335.7 eV and 341.1 eV) and Pd– CFCNT15 (335.6 eV and 

341.0 eV) also support the formation of Pd nanoparticles (Figure 49).21,22  

Figure 48 EDX of Pd-CFCNT5 (left) and Pd-CFCNT15 

(right) produced in 24 h reaction time. 



129 

 

The peaks around 337.5 eV and 342.7 eV found in XPS spectra21,22 suggest that Pd2+ also 

exists in these two samples. This may be due to the oxidation of Pd nanoparticles during 

the drying process. Pd loading will lower the graphitic structure of CNTs by inducing more 

lattice defects, and therefore, higher values of ID/IG should be observed in both types of 

CNTs after Pd loading. Raman spectra (Figure 50) show that the ratio of the D to G peaks 

Figure 50 XPS spectra of Pd-CFCNT5 (left) and Pd-CFCNT15 (right). 

Figure 49 Raman spectra of CFCNT5, Pd-CFCNT5, CNFCNT15 and 

Pd-CFCNT15. 
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(ID/IG) for Pd–CFCNT5 (0.56) is larger than that for CFCNT5 (0.46), suggesting that Pd 

nanoparticles have been attached to the CFCNT5 surface.16,17 

To better explain these results, a series of experimental investigations have been 

performed. The UV absorption peak of K2PdCl4 was monitored at 207 nm before and after 

the reaction. According to Figure 51 the UV absorption of K2PdCl4 (207 nm) decreases 

more after the addition of CFCNT5 than after the addition of CFCNT15. 

In previous reports,5,14 cyclic voltammetry (CV) was used to evaluate the reduction ability 

of the CNT by detecting its oxidation peak. The oxidation peak of CFCNT5 (Figure 52) is 

0.30 V vs. AgCl, while that of CFCNT15 is 0.59 V vs. AgCl. This means that CFCNT5 

can be easily oxidized compared to CFCNT15.  

Figure 51 UV spectra of the K2PdCl4 before and after the addition of CFCNT5 and 

CFCNT15. 
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ICP analysis of Pd–CFCNT5 and Pd– CFCNT15 shows that the percentage of Pd in Pd–

CFCNT5 is 1.6%, while 0.5% Pd is found in Pd–CFCNT15. This confirm the better 

reductive efficiency of CFCNT5. Furthermore, it has been reported that the chemical and 

physical properties of CNTs are related to their diameter, one reason for which is that a 

smaller diameter can endure a larger strain.23-26 

Moreover, a Zetasizer Nano ZS has been used to detect the electrostatic potential on 

CFCNT5 and CFCNT15 surfaces: the former has a potential of 262 mV, which is more 

negative than that of the latter (238 mV) (Figure 53). 

Figure 52 CV results of CFCNT5 and CFCNT15. 
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Density functional theory studies 

Density Functional Theory (DFT) calculations have been carried out to better 

explain this phenomenon. Since the reaction proceeds in water, solvent effect was 

considered in all optimizations by using the PCM model27 with water as a solvent. Two 

CNT models (CNT5 and CNT15) were constructed to simulate the structure of CNT 

materials: CNT5 had 120 carbon atoms with a diameter of 7 Å, while CNT15 contained 

240 carbon atoms with a diameter of 14 Å (Figure 54).  

Figure 53 Zeta potential results of CFCNT5 (up) and CFCNT15 (down). 
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After the optimization, we summed the Mulliken charges on all of the carbon atoms and 

then divided the number of carbon atoms with the acquired value. Thus, the average 

Mulliken charge (AMC) on each carbon atom can be calculated. The AMC of CNT5 is -

0.0152 e, which is more negative than that of CNT15 (-0.0150 e). Two acid-treated models 

were then constructed based on CNT5 and CNT15 models. Acid treatment will produce 

vacancies and functionalized groups (such as carboxylic groups) on the surface of the 

CNTs.28 The corresponding CFCNT5 and CFCNT15 models were constructed by deleting 

two carbon atoms to produce two vacancies with a diameter of 3.5 Å and adding two 

carboxylic groups on the edge of the vacancy, respectively (Figure 55). 

   

Figure 54 Optimized CNT5 (left) and CNT15 (right) models. 
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A similar model has been used to investigate the interaction between CNTs and small 

molecules, such as acetone.29 The average Mulliken charge (AMC) of the CFCNT5 model 

is -0.0159 e, while that of the CFCNT15 model is -0.0155 e. By comparing the AMCs of 

CNT5 and CFCNT5 models (or CNT15 and CFCNT15 models), acid treatment will make 

the surface of CNTs negative, which is consistent with a previous experimental report.30 

Furthermore, the AMC of the CFCNT5 model was calculated to be more negative than that 

of CFCNT15. This can be attributed to the more planar surface of CNFNT15, which better 

stabilize these unsaturated atoms caused by acid treatment. 

To further confirm that CNTs with a larger diameter have a weaker reduction ability, a 

multi-walled carboxylic group functionalized CNT with a diameter of around 50 nm 

(CFCNT50) was chosen to reduce PdCl4
2- under room temperature. No Pd nanoparticles 

were observed on the surface of CFCNT50 (Figure 56), suggesting that CFCNT50 cannot 

reduce PdCl4
2- in these conditions. 

Figure 55 Optimized CFCNT5 (left) and CFCNT15 (right) models. 
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Catalytic performance of Pd-CFCNT in Suzuki coupling 

The catalytic performance of Pd-CFCNT 5 and Pd-CFCNT 15 were tested by 

Suzuki-Miyaura coupling reaction of two different iodobenzenes and two different 

phenylboronic acids to form biphenyl species (Scheme 5). 

HPLC-MS (Figure 57) and 1H-NMR (Figure 58) analysis had been performed to analyze 

the reaction mixture of iodobenzene and phenylboronic acid after 21 hours, and confirmed 

the formation of the biphenyl species. No other by-products were found. 

 

Scheme 5 Suzuki coupling of iodobenzenes and phenylboronic acids. 

Figure 56 TEM images of Pd-CFCNT50 (left) and Pd-CFCNT50 (right) 

produced with the reaction time of 24 hour. 
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Both Pd-CFCNT 5 and Pd-CFCNT 15 have very good catalytic performance for Suzuki 

Figure 57 NMR 1H spectra of iodobenzene and the obtained products catalyzed by 

Pd-CFCNT5 and Pd-CFCNT15. 

Figure 58 HPLC-MS analysis for the reaction mixture of iodobenzene and 

phenylboronic acid catalyzed by Pd-CFCNT5 and Pd-CFCNT15. 
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coupling with highest conversion is 99% and the lowest conversion is 82% (Table 1).   

Additionally, the recyclability of the catalysts Pd-CFCNT 5 and Pd-CFCNT 15 were 

further studied. The reaction between iodobenzene and phenylboronic acid was chosen to 

evaluate their stability. According to diagrams below (Diagram 1) both Pd-CFCNT 5 and 

Pd-CFCNT 15 kept high catalytic conversion even after five cycles, 91% and 94% for Pd-

CFCNT 5 and Pd-CFCNT 15 respectively. Representative NMR spectra of iodobenzene 

and the crude products in the third cycle are shown in Figure 59.These results suggests that 

Pd-CFCNT 5 and Pd-CFCNT 15 are efficient catalyst for Suzuki coupling. 

Table 1 Pd-CFCNTs conversion rates in Suzuki coupling. 
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Diagram 1 Both Pd-CFCNT 5 and Pd-CFCNT 15 kept high 

catalytic performance even after the fifth cycle. 

Figure 59 NMR spectra of (1) iodobenzene and the crude products obtained 

from the Suzuki coupling using (2) Pd-CNT 5 and (3) Pd-CNT 15. 
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Conclusion 

Detailed experimental and theoretical studies have been performed to investigate 

the influence of the diameter of multiwalled carboxy-functionalized carbon nanotubes on 

their ability to reduce PdCl4
2-

 salt to Pd nanoparticles on their surface at room temperature. 

The obtained results (inductively coupled plasmaspectrometry and cyclic voltammetry) 

show that the reduction ability of CFCNTs with 5 nm diameter is stronger than that of 

CFCNTs with 15 nm diameter. Density Functional Theory (DFT) calculations suggest that 

a more negative charge distribution exists on CFCNT5, which makes it a better electron 

donor to PdCl4
2-

. Both Pd-CFCNT 5 and Pd-CFCNT 15 showed good catalytical 

performance and recyclability for Suzuki coupling which makes them efficient catalysts 

for this type of coupling.  
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Chapter 5. “Clean” Electroless Deposition Of 

Catalytically Active Pd Nanoparticles On 

Nanodiamonds 

Objective 

 As demonstrated in the previous chapter, the catalytic mechanism of Pd-loaded 

carbon nanotubes takes place on the surface of CNTs. Therefore, there is a direct 

correlation between the surface area and the catalytic performance. In the following chapter 

a high surface to volume nanomaterial “Pd-loaded nanodiamond” have been used to 

improve the catalytic performance in coupling reactions. Also in this chapter, we report for 

the first time the electroless deposition of palladium on the surface of nanodiamond. 

Introduction 

Noble metal catalysts have distinct properties due to their high surface area and 

high number of edge and corner atoms which enhance their catalytic activities. Palladium 

nanoparticles have special importance among transition metals because of their high 

catalytic activities in different reactions specially in coupling and hydrogenolysis 

reactions.1 Nowadays, the loading of a catalytic reagent (often metal) on nanomaterials 

surface is an important strategy because nanoscience has allowed the synthesis of metal-

based nanoparticles with controlled shape and size2 over reactivity3 and because of their 
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particular optical, chemical, electronic and magnetic properties.4  The metal center can be 

associated with ligands facilitating the catalytic activity.  

The synthesis of palladium nanoparticles loaded on the multi-walled5 and single-walled 

carbon nanotubes has been recently reported.6  The deposition strategy differs from classic 

deposition in that no reducing agents or catalysts are needed. Well-dispersed palladium 

nanoparticles have also been deposited on graphene oxide without using reducing agents 

and prepared by the redox reaction between palladium salt and GO.7 This type of reduction 

is “clean” without using surfactants and has high activity in ethanol oxidation relative to a 

commercial Palladium/carbon catalyst. Although many investigations have been made on 

Pd deposition on carbon nanotube and grapheme oxide, few studies have shown the 

properties of Pd loaded nanodiamonds.8,9  Furthermore, electroless deposition of Pd on 

nanodiamonds has not been reported yet. Compared to other carbon based materials, 

nanodiamonds have the advantage of cheap price, large-scale synthesis, considerable large 

surface functional groups, and proved biocompatibility.10-12 

Herein, we report the preparation of well-dispersed Pd nanoparticles on nanodiamonds (Pd-

NDs), via a clean and efficient method. Nanodiamonds and K2PdCl4 were used with no 

additional reductants, surfactants or catalysts. Furthermore, the as synthesized Pd-NDs 

particles revealed high activity for ethanol oxidation and different coupling reactions. 
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Experimental Section 

Reagents  

Deionized water was obtained from 70 ultrafiltration system (Milli-Q, Millipore). 

Nanodiamonds particles (100 nm) were purchased from Advanced Abrasives Corporation 

(US). Potassium tetrachloropalladate (K2PdCl4) was purchased from Sigma. All other 

reagents are of analytical grade and were used without further purification.  

 

Preparation of Pd loaded nanodiamonds 

Nanodiamonds are used as received after full characterization. Typical process: 300 

mg nanodiamonds and 200 mg K2PdCl4 were added to 1000 mL round bottom flask. Then 

500 mL deionized water was added. The mixture was sonicated for 3 minutes and then 

stirred in dark for 3 hours. Then, the mixture was centrifuged and washed with deionized 

water (3 times) followed by air-drying. 

 

Instrumentation  

 Transmission Electron Microscopy (TEM) and HRTEM images were acquired 

using two FEI Titan electron microscope operated at 120 kV and 300 kV (with EDAX), 

respectively. TEM samples are prepared by dropping a diluted suspension in ethanol on a 

copper grid.  Electronic binding energies of Pd3d were measured by XPS analysis. All the 

binding energies are calibrated by C1s as reference energy (C1s = 284.6 eV). Raman spectra 

were obtained by a micro-Raman spectrometer with a solid state laser of 473 nm 

wavelength as the excitation source.  
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Electrochemical measurement  

 The cyclic voltammograms was recorded on Gamry Reference 600 

Potentiostat/Galvanostat/ZRA. Glassy carbon electrode was used as electrode (0.0707 cm2 

active surface) with a counter electrode of Pt, and a reference electrode was silver/silver 

chloride. The particles were dispersed in 50 μL of 10 % Nafion, and then were dropped on 

GCE, followed by dried in vacuum. 

 

General procedure for Suzuki coupling reactions 

 4-iodotoluene (218.0 mg, 1.0 mmol), phenylboronic acid (147.0 mg, 1.2 mmol), 

and potassium carbonate (465.0 mg, 3.4 mmol) were added to 10 mL deionized water, 

followed by adding a solution of Pd-NDs (0.5 mg in 2.5 mL of H2O). The mixture was 

stirred and heated to 80 °C in N2 protection for 21 hours. Then was cooled to room 

temperature and extracted with DCM (3 x 10 mL) and dried over anhydrous sodium 

sulphate. DCM was evaporated to get a solid product. The aqueous layer was kept aside 

for re-use in the next cycle of reactions. 

 

General procedure for Mizoroki-Heck coupling reactions  

 4-iodobenzene (204.0 mg, 1.0 mmol), methyl acrylate (172.0 mg, 2.0 mmol), 

sodium bicarbonate (252.0 mg, 3.0 mmol) and CTAB (182 mg, 0.5 mmol) were added to 

15 mL of H2O. After stirring for 10 minutes, an aqueous suspension of Pd-NDs (0.5 mg in 

2.5 mL of H2O) was mixt with the solution. The solution was stirred for 3 hours at 80 °C 
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in N2 protection. The reaction was then extracted with DCM (3 x 10 mL). DCM was 

evaporated to obtain a solid product. The aqueous layer was kept aside for re-use in the 

next cycle of reactions. 

 

Stability test for Suzuki coupling  

 4-iodotoluene, potassium carbonate and phenylboronic acid were added to the 

collected aqueous layer containing Pd-NDs and stirred for 21 hours at 80 ̊ C under nitrogen 

atmosphere. Next, the aqueous layer containing the Pd-NDs was collected again for the use 

next time to catalyze the Suzuki reaction of 4-iodotoluene and phenylboronic acid. This 

procedure was repeated five times to investigate the stability of Pd-NDs as a catalyst for 

Suzuki reaction. 

 

Stability test for Mizoroki-Heck coupling 

 Same procedure was followed as described above. 4-iodobenzene, sodium 

carbonate and methyl acrylate and CTAB were added to the collected aqueous layer 

containing Pd-NDs and stirred for 3 hours at 80 ˚C under nitrogen atmosphere. Next, the 

aqueous layer containing the Pd-NDs was collected again for the use next time to catalyze 

the Heck reaction of 4-iodobenzene and methyl acrylate. This procedure was repeated five 

times to investigate the stability of Pd-NDs as a catalyst for Heck reaction. 
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Results and Discussion 

Synthesis and characterizations 

K2PdCl4 was directly added into nanodiamond colloidal suspension followed by 

stirring in dark at 25oC for three hours. The process of electroless deposition of palladium 

onto the surface of nanodiamonds is shown in Figure 60. 

The TEM and HRTEM images of Pd-NDs particles (Figure 61) show uniform palladium 

nanoparticles (with a size of ~5 nm) are well mono-dispersed on the surface of 

nanodiamonds. 

Figure 60 Preparation process of Pd-NDs particles. 



151 

 

Additional TEM images for pristine nanodiamonds and Pd-NDs particles can be seen in 

Figure 62 and Figure 63. The crystal lattice can be clearly seen in Figure 61c and Figure 

61d. We chose two particles to measure the inter-planar spacing, with 3.59 nm for 16 lattice 

spaces and 4.03 nm for 18 lattice spaces (blue lines, Figure 61d).  The results of the inter-

planar spacing of the nanoparticle lattice is ~0.224 nm, which confirm the lattice spacing 

(111) of face-centered cubic (fcc) Pd (0.224 nm).7 The insert picture in Figure 61d shows 

the FFT image of the same particle, and the regular hexagon shape further proves that 

particles are face centered cubic (fcc) Pd. 

Figure 61 (a) Typical TEM image of Pd-NDs particles and (b) Magni-

fication part of (a); (c) HRTEM image of part of (b); (d) Onter-planar 

spacing of the particle lattice. 



152 

 

 

Figure 62 TEM images of pristine nanodiamonds.  
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Figure 63 TEM and HRTEM images of Pd-NDs.  
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Figure 64 shows the TEM-EDAX spectra of Pd-NDs particles in the same area where 

Figure 61a was taken. Strong palladium peaks prove the existence of palladium on the 

surface. 

The interaction on the surface of nanodiamonds may be similar to that of PdCl4
2- and 

graphene oxide since graphite carbon shell (sp2 carbon) is found on nanodiamond surface 

by Raman spectra (Figure 65).13 

  

Figure 64 EDAX spectrum of Pd-NDs. 
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Raman peak at 1327 cm-1 can be attributed to the diamond type carbon (sp3) and the peak 

at 1578 cm-1 for graphite carbon (sp2). To further verify this observation, nanodiamond was 

heated at 475 oC for two days since sp2 carbons are removed at high temperature.14 Poor 

Pd deposition on nanodiamond surface was observed (Figure 66). 

  

Figure 65 Raman spectra of (a) pristine nanodiamonds  and (b) Pd-

NDs particles. 
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Figure 66 TEM images of electroless Pd loading on nanodiamonds treated at 475 ˚C. Pd loading 

amount and disperse is low, the Pd is not mono-dispersed. This phenomenon may due to the sp2 

shell that has been mostly removed by 475 ˚C incineration. 
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These results supports that the sp2 carbons on nanodiamond surface are involved in the 

electroless reduction of PdCl4
2- into Pd nanoparticles. 

Furthermore, Pd-NDs were characterized by X-ray photoelectron spectroscopy (XPS) to 

explore the surface nature of the Pd nanoparticles and nanodiamonds. In Figure 67, the 

binding energy of 334.7 eV and 339.8 eV corresponds to the 3d5/2 and 3d3/2 component of 

the metallic Pd (0) state, respectively. This can further verify the presence of metallic Pd. 

Catalytic performance of Pd-NDs in ethanol oxidation 

Alcohol oxidation in alkali environment (1.0 M sodium hydroxide) was studied by 

using our as-prepared Pd-NDs particles. Acidic environment is able to yield more power, 

but as a results of technical limitation the acidic environment is only applied with Platinum-

based catalysts. In alkali media, the oxidation rate of alcohol at the anode is higher than in 

Figure 67 XPS spectra of Pd 3d on Pd-NDs particles. 
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acidic media, and palladium catalysts display more power than platinum catalysts.15-18 The 

cyclic voltammogram of Pd-NDs in 1.0 M NaOH is shown in Figure 68(a). 

The oxidation peaks at 0.07 V (not very clear) reveal the oxidation of Pd to Pd oxide. The 

reduction peak at around -0.4 V is due to the reduction of oxides (Pd may be oxidized in 

air) to metallic Pd. In the ethanol oxidation reaction (Figure 68b), two oxidation peaks were 

detected in the forward scan at -0.29 V and reverse scan at -0.37 V. The peak current 

densities are high, and can reach more than 16 mA/cm2. The alcohol on the surface of 

palladium electrodes converts to H2O and free electrons. The unreacted alcohol in the 

forward scan go through oxidation cycle in the reverse scan. 

 

Figure 68 (a) Cyclic voltammogram of Pd-NDs in 1.0 M NaOH. (b) Ethanol 

oxidation reaction by Pd-NDs at 50 mV s-1 in 0.5 M ethanol /1.0 M NaOH. 
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Catalytic performance of Pd-NDs in Suzuki coupling 

After testing the catalytic activity of Pd-NDs in ethanol oxidation, we also studied 

their activities in Suzuki-Miyaura reactions. Suzuki-Miyaura coupling conditions and 

results are reported in Scheme 6. The coupling procedures were studied in aqueous medium 

at 80 °C for 21 hours. 

To prevent the homocoupling of the boronic acid that can produce biphenyl-4,4’-

dicarboxylic acid, the procedure was performed without aryl iodide. A complete 

conversion (>99%) was obtained for every reaction. The amount of Pd-NDs catalyst was 

low (~10-3 mmol Pd), using 0.5 mg of Pd-NDs particles in 2.5 mL water for each coupling 

reaction. NMR spectra of the products obtained from Suzuki-Miyaura coupling reactions 

are shown in Figure 69, Figure 70 and Figure 71. 

  

Scheme 6 Suzuki-Miyaura coupling reactions catalyzed by Pd-NDs. 
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Figure 69 NMR spectra (Chloroform-d, 400 MHz) of the crude products 

obtained from Suzuki reaction (iodobenzene with Phenylboronic acid and 4-

Tolylboronic acid) using Pd-NDs particles. 
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Figure 70 NMR spectra (Chloroform-d, 400 MHz) of the crude products obtained from 

Suzuki reaction (4-iodotoluene with Phenylboronic acid and 4-Tolylboronic acid) using 

Pd-NDs particles. 
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Figure 71 NMR spectra (Chloroform-d, 400 MHz) of the crude products obtained 

from Suzuki reaction (4-iodo-phenol with Phenylboronic acid and 4-Tolylboronic 

acid) using Pd-NDs particles. 
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We also tested the recyclability of Pd-NDs particles in Suzuki-Miyaura coupling using 

iodobenzene with phenylboronic acid. After 5 cycles, the conversion rate can still reach up 

to 97  % (Diagram 2). 

The comparison of the activity of Pd-NDs catalyst with other palladium based catalysts 

such as Pd NPs on MWCNTs prepared according to the method outlined by Corma, et al. 

19 showed that the conversion rate in Suzuki-Miyaura coupling reaction between 1-halo-4-

nitrobenzene and phenyl boronic acid dropped from 98% to 83% after the second cycle.20 

Moreover, the coupling reaction between 4-bromobenzene and phenylboronic acid using 

another palladium-based catalyst reported by Mahouche et al.21 decreased from 77% 

conversion rate after the first cycle to 69% after the fifth cycle. Furthermore, the coupling 

between bromobenzene and boronic acid with Pd catalysts supported on partially reduced 

Diagram 2 Recyclability of Pd-NDs catalysts for the Suzuki  

reaction  between iodobenzene and phenylboronic acid. 
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graphene nanosheets dropped from 100% conversion rate after the first cycle to 60% after 

the fifth cycle.22 These comparisons reported in literature demonstrate that Pd-NDs is an 

efficient catalyst for the formation of C-C bonds in Suzuki-Miyaura coupling. 

 

Catalytic performance of Pd-NDs in Mizoroki-Heck coupling 

Additionally, we have tested the activity of Pd-NDs catalyst in Mizoroki-Heck 

coupling (Scheme 7). 

Mizoroki-Heck coupling reactions were operated in aqueous medium at 80 °C for 3 hours. 

CTAB was introduced as an additive to enhance the reactivity.23 (E)-isomers were obtained 

over 97% in all experiments. The conversion rate was more than 90% in all the reactions. 

NMR spectra of the products obtained from Mizoroki-Heck coupling of iodobenzene and 

n-butyl acrylate are shown in Figure 72.  

Scheme 7 Mizoroki-Heck coupling reactions catalyzed by Pd-NDs. 
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The recyclability of Pd-NDs in Mizoroki-Heck coupling has been tested by using 

iodobenzene with n-butyl acrylate. High conversion rate was retained after five cycles 

(Diagram 3). 

 

 

 

 

 

Figure 72 NMR spectra (Chloroform-d, 400 MHz) of the crude product obtained 

from Heck coupling (iodobenzene with n-butyl acrylate) using Pd-NDs particles. 
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Recent examples reported in literature on catalysts used in Mizoroki-Heck coupling were 

compared with Pd-NDs catalyst. Yoon et al.24 reported Pd particles attached to CNTs 

prepared as a catalyst for a Heck reaction between iodobenzene and styrene, the coupling 

product was obtained with 94% conversion rate after 3 hours of the reaction. In another 

example, Mizoroki-Heck coupling of aryl iodide and butyl acrylate was obtained 97% 

using Pd nanocatalysts supported on magnetically functionalized nanotubes.25 The as 

synthesized Pd-NDs catalyst has shown comparable conversion rate with other efficient 

catalysts reported recently in both Suzuki and Heck coupling. 

In order to interpret these results, ICP analysis was carried out to determine the percentage 

of metal palladium in Pd-NDs catalyst.  ICP shows that the percentage of Pd nanoparticles 

loading is high (4.7%) which explains their good catalytic activity as well as their 

Diagram 3 Recyclability of Pd-NDs catalysts for Heck 

coupling (iodobenzene with n-butyl acrylate). 
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recyclability. The high cost of CNTs and GO with respect to NDs makes the latter efficient 

carbon based support for metallic nanoparticles. 

 

Conclusion 

Well-dispersed palladium loaded nanodiamonds have been prepared for the first 

time by electroless deposition without using any reducing agents or catalysts. TEM images 

show that Pd nanoparticles are mono-dispersed on the surface of nanodiamonds. Pd-NDs 

show improved catalytic activity in alcohol oxidation, as well as in various Suzuki and 

Heck C-C couplings. The recyclability was then tested by repeating the reactions for five 

times and constantly the conversion rate was up to 97%. The easy and clean loading of Pd 

onto nanodiamonds provides a promising new generation of recyclable and cheap carbon 

supported Pd catalysts. 
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Chapter 6. Summary And Perspective 

In this dissertation, two approaches for integrating transition metals into 

nanomaterials have been reviewed: (1) Self-organization based assembly of small molecule 

amphiphiles and bulky hydrophilic polymers to produce organic-inorganic hybrid 

materials that have nanoscale features and (2) Electroless deposition of transition metals 

on the surface of nanomaterials without using any reducing agents or catalysts. 

 In Chapter 2, Organic-inorganic hybrid hollow toroids with crystalline features as well 

as anisotropic growth were produced by spontaneous self-organization based assembly of 

SMA and bulky hydrophilic polymers. The synthesis is highly efficient and facile resulting 

in stable and shape-persistent morphologies. The solution processing of hybrid gold micro-

toroids on a green InGaN-based light-emitting diode (LED) demonstrated a 

photoluminescence decay rate of approximately 14% and enhancement of nearly 100%. 

These hybrid structures constitute a novel class of self-assembled systems that could have 

promising applications in photonics. 

Next in this study, the applications of hybrid materials was extended to biomedical field. 

In Chapter 3, a biocompatible nanoparticles coordinating iron(III) and assembled through 

electrostatic interactions of chitosan polymer and ATP were produced. Their application 

in drug delivery was demonstrated. The release of the cargo can be initiated by three 

triggers namely transferrin, alkaline-phosphatase, and pH with an optimal result when 

combining all three, hence the “trifecta”. 
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In Chapter 4, we reviewed the electroless deposition approach to associate 

transition metals to nanomaterials. Palladium nanoparticles were loaded on the surface of 

carbon nanotubes (5 and 15 nm) without using any reducing agents or catalysts. The 

obtained results show that the reduction ability of carbon nanotubes with smaller diameter 

is higher. Density Functional Theory calculations suggest that a more negative charge 

distribution exists on small-size carbon nanotubes diameter which makes it a better electron 

donor to palladium salt. We also demonstrated the good catalytical performance and 

recyclability of the obtained system in coupling reaction.  

Next, the catalytic performance of palladium loaded on the surface of nanomaterials was 

enhanced by using large surface to volume materials “nanodiamond”. In Chapter 5, 

palladium loaded nanodiamonds have been prepared for the first time by electroless 

deposition. The obtained composite showed an improved catalytic activity and 

recyclability. The easy and clean loading of palladium onto nanodiamonds provides a 

promising new generation of recyclable and cheap carbon supported palladium catalysts. 

Preparing new systems associating transition metals to nanomaterials for 

applications ranging from photonics, catalysis and biomedicine has been the focus of many 

research groups. The challenge is to control the percentage of metal incorporated in the 

nanomaterials, which allows the control of stability over reactivity and can also produce 

tunable morphologies. Finally, the combinations of different assembly approaches in one 

system might produce a new generation of nanomaterials with distinct features that are 

hard to prepare through other means. 
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APPENDIX 

Publish status of research work 

 The work and contents reported in this dissertation was partially published or in the 

publishing process. 

 

 “Chapter 2. Hierarchical Organic-Inorganic Hybrid Supramolecular Toroids” is in 

the publishing process:  

Fhayli Karim, Al-Rehili Safa’a, Sharizal Alias Mohd, Hammami Mohamed Amen, Moosa 

Basem, Ooi S. Boon and Khashab M. Niveen. Hierarchical organic-inorganic hybrid 

supramolecular toroids. In preparation.  

 

 “Chapter 3. Coordination Superamphiphiles: A “Trifecta” Drug Delivery Platform” 

includes some content published in:  

Fhayli Karim, Omar Haneen, Moosa Basem, Khashab Niveen M.. Amphiphilic self-

assembly of chitosan/ATP coordinated iron(III) system for drug delivery. 250th American 

Chemical Society (ACS) National Meeting & Exposition, Boston, MA, United States, 

August 16-20 (2015), MEDI-375. 
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 Chapter 4. Electroless Reductions On Carbon Nanotubes: How Critical Is The 

Diameter Of A Nanotube” has been published in: 

Guo Yong; Fhayli Karim; Li Song; Yang Yang; Mashat Afnan; Khashab Niveen M. 

Elecroless reductions on carbon nantubes: how critical is the diameter of a nanotube. RSC 

Advances 3, (2013) 17693-17695. 

 

 “Chapter 5. “Clean” Electroless Deposition Of Catalytically Active Pd 

Nanoparticles On Nanodiamonds” includes some content published in: 

Moosa Basem; Fhayli Karim; Li Song; Julfakyan Khatchatur; Ezzeddine Alaa; Khashab 

Niveen M. Applications of nanodiamonds in drug delivery and catalysis. Journal of 

Nanoscience and Nanotechnology 14, (2014) 1-12. 
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Other published research work 

Probing Structural Changes Of Self Assembled i-Motif DNA 

i-motif structural probing system based on Thioflavin T as a fluorescent sensor was 

reported. This probe can discriminate the structural changes of RET and Rb i-motif 

sequences according to pH change. 

 

 

 

Ref:  Lee Il Joon; P. Patil Sachin; Fhayli Karim; Alsaiari Shahad; Khashab Niveen M. 

Probing structural changes of self assembled i-motif DNA (Featured article), Chemical 

Communications (Cambridge, United Kingdom) 51, (2015) 3747-3749. 
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pH Responsive Self-Assembly of Cucurbit[7]urils and Polystyrene-Block-

Polyvinylpyridine Micelles for Hydrophobic Drug Delivery 

Polystyrene-block-polyvinylpyridine (PS-b-P4VP) polypseudorotaxanes with 

cucurbit[7]urils (CB[7]) were prepared from water soluble PS-b-P4VPH+ polymer and 

CB[7] in aqueous solution at room temperature. At acidic and neutral pH, the pyridinium 

block of PS-b-P4VP is protonated (PS-b-P4VPH+) pushing CB[7] to preferably host the 

P4VP block. At basic pH (pH 8), P4VP is not charged and thus is not able to strongly 

complex CB[7]. This phenomenon was verified further by monitoring the release of 

pyrene, a hydrophobic cargo model, from a PS-b-P4VPH+/CB[7] micellar membrane. 

Release study of UV active pyrene from the membrane at different pH values revealed that 

the system is only operational under basic conditions and that the host-guest interaction of 

CB[7] with P4VPH+ significantly slows down cargo release. 

 

Ref: Moosa Basem A.; Mashat Afnan; Li Wengang; Fhayli Karim; Khashab Niveen M. 

pH responsive self-assembly of Cucurbit[7]urils and polystyrene-block-polyvinylpyridine 

micelles for hydrophobic drug delivery. Journal of Nanomaterials (2013), 719168, 7 pp.
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